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Spondyloarthropathies (SpA) are intimately linked to new bone formation in 

response to tissue damage via the Interleukin-17A (IL-17A) and tumour 

necrosis factor (TNF) pathways. Mesenchymal stem cells (MSCs) are known 

to play a role in tissue repair due to their ability to differentiate into a range of 

tissue types which can be enhanced or suppressed by IL-17A or TNF. This 

study investigated MSCs from the spinal peri-entheseal bone (PEB) and 

entheseal soft tissue (EST) responses to IL-17A and/or TNF including their 

osteogenic, adipogenic, stromal supportive and ability to support lymphocyte 

recruitment. 

Normal spinal PEB and EST were characterised for MSCs by 

immunophenotypic, osteogenic, adipogenic and chondrogenic criteria. 

Functional and gene transcriptome analysis was carried out on 

undifferentiated, adipo-differentiated, and osteo-differentiated MSCs. 

Histology staining was carried out to identify the tissue morphology, alongside 

lymphocyte chemoattractant expression from MSCs. 

Cultured MSCs from both PEB and EST displayed a tri-lineage differentiation 

ability. EST MSCs exhibited 4.9-fold greater adipogenesis (p<0.001) and a 3-

fold lower osteogenic capacity (p<0.05). IL-17A stimulation moderately 

elevated osteogenesis in both PEB MSCs and EST MSCs, with early 

elevations of alkaline phosphatase. IL-17A suppressed adipogenic 

differentiation, with a significant decrease in fatty acid-binding protein 4 

(FAPBP4). IL-17A significantly increased the CCL20 transcript (p<0.01) and 

protein expression (p<0.001) in MSCs supporting a role in type 17 lymphocyte 

recruitment. Histology of the spinous process showed discontinuations in the 

cortical bone, EST and PEB MSCs showed increased migration molecules 

after TNF stimulation. 

Normal spinal enthesis harbours resident MSCs with different in vitro 

functionalities in bone and soft tissue, especially in response to IL-17A, which 

enhanced osteogenesis and CCL20 production and reduced adipogenesis 

compared to unstimulated MSCs. This MSC-stromal-enthesis immune system 

may be a hitherto unappreciated mechanism of “fine tuning” tissue repair 
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responses at the enthesis in health and could be relevant for SpA under-

standing. 
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The seronegative spondyloarthropathies (SpA) including ankylosing 

spondylitis (AS) and non-radiographic axial SpA (nrAxSpA) are a group of 

diseases associated with post-inflammatory excessive tissue repair 

responses that manifests as new bone formation (1). These diseases were 

first classified together due to their shared clinical and immunological features 

by Moll et al. in the 1970’s (2). This family of diseases contains AS, psoriatic 

arthritis (PsA), inflammatory bowel disease (IBD) associated with arthropathy, 

including Crohn’s disease and ulcerative colitis, enterogenic and urethrogenic 

reactive arthritis and anterior uveitis (3, 4). Typically, SpA diseases present 

with post-inflammatory excessive tissue repair in response to damage (1, 5). 

This is in contradistinction to other inflammatory diseases such as rheumatoid 

arthritis (RA), where inflammation leads to predictable bone and cartilage 

destruction (6). The prevalence of SpA varies between ethnicities, ranging 

from 0.2% in South-East Asia to 1.61% in Northern Arctic communities (7). 

These diseases all share common themes of axial inflammation or low back 

pain at the sacroiliac joint, peripheral lower limb oligoarthritis, potential 

enthesitis, evidence of infection or intestinal dysfunction and negativity for 

rheumatoid factor (1, 5). 

An interesting parallel to axial disease in SpA is psoriasis, a disease 

characterised by an excessive tissue repair response with marked epidermal 

hyperplasia (8, 9).  Likewise, the most common intestinal manifestation of AS 

is subclinical Crohn’s disease of the terminal ileum and right side of the colon 

(10). In its fully-fledged form, the inflammation of Crohn’s disease is 

associated with excessive repair responses manifesting as intestinal 

structuring and obstruction (11); 2.6% ulcerative colitis and 6% of Crohn’s 

disease patients present with AS, a figure which rises to 20% and 26% when 

considering all SpA diseases (12). 
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The discovery of the association of human leukocyte antigen B27 (HLA-B27) 

with AS, PsA axial disease, IBD related axial arthritis, anterior uveitis and 

reactive arthritis further supported the idea proposed by Moll et al. (2, 13-16). 

Subsequent genome-wide association studies (GWAS) have also implicated 

a strong link for the IL-23 pathway and related cytokines (Figure 1.1) genetic 

polymorphisms in the whole spectrum of SpA diseases (17-20).  
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Figure 1.1: IL-23 pathway involvement in SpA related tissues 

The spondyloarthropathy target tissues beyond the spine - including the gut 

and the skin - have a well-established understanding whereby the immune 

system plays a key role in physiological tissue repair. A) Damage to the skin 

leads to a rapid influx of immune cells producing cytokines including TNF, IL-

17 and IL-22 which are involved in keratinocyte proliferation and extracellular 

matrix deposition. B) The evidence for microdamage to the spinal enthesis 

and how this regulates IL-17A, TNF and PGE2 at entheses and tendons is 

discussed in the text. Mouse knockouts for IL-17A show impaired fracture 

healing responses which are rescued by IL-17A supplementation. C) The 

hostile enzymatic and microbial normal gut environment is associated with 

tissue microdamage. IL-23, IL-22, IL-17A, IL-22 or PGE2 play key roles in gut 

homeostasis in experimental models. IL-17A plays a pivotal role in the tight 

junction formation between cells that are damaged resulting in leaky gut 
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Clinically ankylosing spondylitis can have a severe impact on a patient’s 

quality of life. The early phases of AS remain largely enigmatic, with only the 

recent characterisation of oedemas seen at the vertebral body corners being 

confirmed as new fat cells replacing the destroyed bone induced by 

inflammation (21). The major clinical features associated with AS are 

inflammatory back pain caused by sacroiliitis and inflammation at other 

regions of the axial skeleton (22). The inflammation and structural changes of 

the axial spine lead to spinal stiffness and is associated with a subsequent 

reduction in spinal mobility (23). The early structural changes seen in AS 

patients are known to precede the formation of new bone at the entheseal 

attachment sites, these syndesmophytes further reduce patients quality of life 

and in severe cases can lead to complete ossification of the ligamentous 

tissue between the vertebral bodies (24). Patients are also at an elevated risk 

of vertebral fractures (25, 26), which may add to the hyperkyphosis seen in 

AS patients further reducing their quality of life and the disease burden (22). 

Due to the manner in which AS manifests in patients, methods of quantifying 

disease activity and the impacts on the patient are self-reported by patients. 

The Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) is widely 

used by both clinicians and clinical trials to assess disease activity (27-31). 

The scoring system was first published in 1994 by Garret et al. (32). BASDAI 

looks at 6 patient-reported outcomes: back pain, fatigue, peripheral joint pain 

and swelling, localised tenderness, and the duration and severity of morning 

stiffness. These outcomes are scored on a scale of 0-10, with the average of 

the questions being used to characterise disease activity. An average score 

above 4 is used to define active disease, with 10 being maximal disease 

activity and 0 being no disease activity (33-35). However, BASDAI does not 

contain any objective markers that may relate to disease activity. Further, due 

to the nature of self-reporting test scores are dependent on what a patient 

perceives to be related to their AS, with no clinician’s perspective.     

As with SpA, the prevalence of AS varies between ethnic groups, ranging from 

0.02% in Sub-Saharan Africa to 0.35% in North Arctic communities (7). The 
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pathogenesis of AS is not completely understood as it likely involves interplay 

between genetic predispositions, risk factors and environmental factors.  

 

Since it was first identified in 1973, HLA-B27 has remained the major genetic 

risk factor associated with AS (13), with over 90% of AS patients having an 

HLA-B27 polymorphism (15, 36). Though this percentage does vary with 

ethnicities the risk associated with HLA-B27 is still present (37-39). Whilst 

other major histocompatibility complex class I (MHC-I) antigens have been 

linked to AS, notably HLA-B40 (19), up to 167 variants of HLA-B27 have been 

reported to be involved in AS, and those which aren’t usually have structural 

changes within the amino acid peptide-binding groove (16). However, less 

than 5% of individuals positive for HLA-B27 will go on to develop AS, which 

suggests that other pathways and genes that must be involved in AS 

pathogenesis (40).  

GWAS have identified single nucleotide polymorphisms (SNP) in proteins 

involved in the interleukin (IL)-23 signalling pathway as well as those 

belonging to the M1 family of zinc metallopeptidases such as the endoplasmic 

reticulum aminopeptidase 1 (ERAP1) which, with its interactions with HLA-

B40 is involved with peptide trimming for T cell presentation (19, 41). Other 

non-HLA genes associated with AS, include CARD9 (19),  IL1R1 (42, 43), 

ILR2 (42, 43), IL6R (19),  IL12B (44), IL27 (19), PTGER4 (19), RUNX3 (40, 

45, 46), TYK2 (19), ZMIZ1 (19). Many of these genes are associated with type 

3 immunity, which is mediated by innate and adaptive immune effector cells 

that produce IL-17 family cytokines. 

The SNP of runt-related transcription factor 3 (RUNX3), which when combined 

with the epigenetic regulation of RUNX3 locus in cluster of differentiation 

(CD)8+ T cells affects their differentiation in AS (45, 47). This combined with 

the roles that ERAP1 and other MHC-I proteins play in antigen presentation 

and adaptive CD8+ T cell responses strongly implicates them in disease 

pathogenesis.  

However, despite all of this, a classical adaptive immune response in early AS 

has yet to be defined. As a result, other mechanisms have been investigated, 
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with CD4+ T cells being a target as they are capable of binding to and 

recognising misfolded HLA-B27 (48). This forms part of the unfolded protein 

response mechanism. The misfolded HLA-B27 protein leads to endoplasmic 

reticulum (ER) stress, which induces macrophage activation with the 

associated interleukin (IL)-23 induction (49). The problem is that whilst AS 

HLA-B27+ blood-derived macrophages have been shown to secret elevated 

levels of IL-23 compared to healthy controls, this is thought to be independent 

of ER stress (50). 

 

The archetypal enthesis organ is the Achilles tendon, where the tendons 

insertion into the bone leads to the formation of deep fibrocartilage in both the 

tendon and into the adjacent calcaneal bone (51). However, these entheseal 

attachment sites - and indeed the synovial-entheseal complex - are seen in 

the spine (52). It is recognised that the spinal enthesis is the site of high 

mechanical stress and loading, areas of high stress around the bone develop 

microcracks or micro-damage (53). 

During healthy fracture or damage repair, multiple processes occur including 

the initial formation of a blood clot at the injury site, inflammation, callus 

generation, primary bone formation and secondary bone remodelling (54). 

The damaged bone needs to be removed, it is well established that T cells 

infiltrate damaged sites and stimulate an increase in osteoclastogenesis which 

is associated with bone degradation (55, 56). However, excessive 

inflammation is known to alter the normal balance and activity between 

osteoblasts and osteoclasts (57). It can either drive excessive destruction of 

the bone (as seen in RA) or, as is the case in AS leads to an initial bone loss 

which is gradually replaced with excessive over-repair and new bone 

formation at the enthesis (6, 58). These changes in the outcomes of normal 

bone repair are driven by populations of immune cells at these sites secreting 

an array of cytokines, notably IL-17A and TNF both of which are not only 

implicated in normal fracture repair but also show heavy involvement in AS 

pathogenesis (59-61).   

The initial radiographic damage seen in early AS is associated with increased 

osteoclast activity, which is driven the acute inflammatory phase in response 
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to microdamage of the enthesis (62). The excessive cortical bone loss, which 

presents as oedema or ‘shiny corners’ (63), is seen clearly on magnetic 

resonance imaging (MRI) and is now identified as newly formed fat cells filling 

the joint space (Figure 1.2) where the cortical bone has been destroyed by 

inflammation (21). This early fatty disposition is a strong marker for 

subsequent new bone formation, which over time replaces the fat where 

increased osteoblast activity is seen in the chronic inflammatory phase at 

these sites (64, 65). During this chronic inflammatory period in AS, two key 

events occur which lead to the formation of syndesmophytes at the enthesis. 

Mesenchymal stem cells have an enhanced differentiation potential (66, 67) 

and osteoblasts ossify more of the subchondral granulation tissue leading to 

the formation of the syndesmophytes (68, 69). In more extreme cases the 

formation of syndesmophytes can lead to complete ossification of the 

ligamentous tissue between the vertebrae inducing ‘bamboo spine’ where a 

patient has significantly reduced quality of life (24). 

 

Given the heavy implication of the IL-23 pathway in AS pathogenesis, there 

was a strong rationale for IL-23 inhibition as a therapeutic intervention for AS. 

However, two separate IL-23 antibodies (risankizumab and ustekinumab) 

failed at phase II and phase III trials respectively in treating AS (70, 71), yet in 

peripheral PsA there is evidence of responses to anti-IL-12/23 or anti-p19 IL-

23 blockers (72). Experimental models in HLA-B27/Huβ2m transgenic rats 

which spontaneously develop SpA showed that IL-23 was needed for the 

initiation of SpA but not for its continuation once onset had started (73, 74). 

How this relates to humans is unclear, given that the nuances involved in 

comparing this rat model with the human phenotype are not entirely 

understood (1, 75). This supports the idea for IL-17A production independent 

of IL-23.  

The use of anti-TNF blockers has proven to be highly successful in slowing 

the new osteogenesis and formation of syndesmophytes in AS (30, 76, 77). 

Despite these strong results, there is a potential for some patients to either 

lose remission or have subsequent disease flare-ups whilst on anti-TNF 

therapy (78). An alternate target is IL-17A and as long-term results are still 
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outstanding for its efficacy in AS, the current studies show promising results 

in slowing bone formation in active AS patients (79-82). However, despite 

these promising results there is growing evidence of IL-17F having similar 

osteogenic enhancing potential as IL-17A. When dual neutralising both IL-17A 

and IL-17F in vitro there was a greater decrease in osteogenesis than when 

inhibiting either alone (83). 

Outside of anti-cytokine targeting, AS has shown good responses to 

cyclooxygenase (COX) enzyme inhibition (84). The non-steroidal anti-

inflammatory drugs (NSAIDs) are remarkably effective for the therapy of 

human AS with many patients demonstrating good and sustained responses 

with inflammation and sub-fibrocartilage neo-vascularisation abrogation as 

shown in the imaging (85).  That collectively inhibition of some of these 

pathways (COX and IL-17 axis) is so effective in AS but not RA empirically 

shows that they are central to the pathology of axial SpA.   Inhibition of other 

pathways including TNF and JAK, also appears to be pivotal in SpA whilst 

also showing strong efficacy in RA, thereby indicating shared inflammatory 

mechanisms in these situations.    
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Figure 1.2: Immune system overactivation in AS 

Overactivation of the immune system in tissue damage and excessive bone 

repair responses in ankylosing spondylitis. SNPs in PGE2 and IL-23/17 axis 

cytokines and others are linked to spinal inflammation and post-inflammation 

repair. It is proposed that the initial microdamage to the spinal enthesis as 

shown leads to inflammation and an immune driven tissue repair response. 

The same cytokine TNF and IL-23/17 pathways are responsible for both 

inflammation and also contributing to excessive repair responses. The 

dysregulation of homeostatic fine tuning of tissue repair thus results in the 

characteristic post inflammation disease phenotype. 
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Genome-wide association studies of AS have implicated several immune 

pathways which usually play a role in healthy tissue repair, of particular 

interest are those of the IL-23/ IL-17 pathway (Figure 1.3), control of  NF-ΚB 

and other genes regulating CD4+ and CD8+ T cell subsets (17, 18, 47). The 

healthy human enthesis harbours resident populations of type 3 ILC’s (innate 

lymphoid cells) (86), natural killer (NK) cells (87), γδ T cells (88), conventional 

CD4+ and CD8+ T cells (89) and populations of myeloid cells shown to be the 

main secreters of IL-23 (90). These cell populations are all capable of IL-17A 

secretion (Figure 1.3) and with myeloid cells IL-23 secretion supports the 

GWAS findings. Importantly these AS related cytokines, tumour necrosis 

factor (TNF) and IL-17A are shown in experimental models to drive primary 

enthesitis which can spread to the adjacent tissues (91-93). 

The focus on the idea of tissue repair after mechanical damage or stimulus in 

SpA does not preclude other pathogenic mechanisms exacerbating the 

condition and being involved in disease progression. Reactive arthritis is a 

sterile arthritis typically appearing after a gastrointestinal infection with 

Salmonella Yersinia, Shigella, Chlamydia trachomatis, Campylobacter and 

Escherichia coli all known to trigger reactive arthritis (94-97).  

Following infection and subsequent immune challenge, there is an increase in 

cytokines associated with host-pathogen defence such as IL-17A and TNF 

(98-100). With the increases in cytokines and the well-characterised repertoire 

of immune cells at the enthesis and joints, there is the potential to develop 

reactive arthritis. Indeed, reactive arthritis patients show increased circulation 

of Th17 cells in both the peripheral blood and synovial fluid (101-104). Both 

IL-17A and TNF not only play a role in reactive arthritis and host-pathogen 

defence but are heavily implicated in AS development. Patients with AS after 

a gastrointestinal infection saw a disturbed permeability of the gut wall 

allowing for pathogens to enter circulation (105, 106). The circulating 

pathogens were seen to induce joint and tendon inflammation, resulting in AS 

disease flare-ups and likely an active disease state as defined by BASDAI 

(105). HLA-B27 positivity in infected patients also saw a significant increase 

in joint paint when compared to HLA-B27 negative patients further supporting 
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a link for immune challenge leading to disease flare-ups in AS or SpA patients 

due to an increase in circulation of disease-relevant cytokines (96, 103, 104).     
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Figure 1.3: The IL-17/IL-23 axis 

A) Outside of IL-17A and TNF other cytokines are indirectly involved in the IL-

17/IL-23 axis, cytokines such as IL-1, IL-6, TGF-beta all independently impact 

the IL-17 pathway and/or MSCs directly. B) A wide range of cells from the 

immune system are all capable of IL-17A secretion from both the innate and 

adaptive immune system 
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TNF forms a homotrimeric cytokine, which asserts its effects through two 

different receptors; TNFR1/p55 and TNFR2/p75 (107). TNFR1 is expressed 

ubiquitously and constitutively, whilst TNFR2 is only expressed on immune, 

endothelial, and neuronal cells. TNF is mainly produced by myeloid cells such 

as macrophages, but other immune such as CD4+ and CD+ T cells (89) and 

stromal cells are capable of secretion (108). Pharmacological targeting of TNF 

has proved highly successful in the treatment of AS (30, 76), psoriasis (109, 

110), and inflammatory bowel diseases (IBD) (111, 112).  

The most compelling data on the role of TNF in tissue repair comes from 

experimental models of skin injury or wound healing.  TNF expression sources 

vary as wound healing moves through each phase. In early wound healing, 

stromal cells are the main expressers of TNF, though during the inflammatory 

phase macrophages and neutrophils become the primary expressers of TNF 

(113). The release of TNF increases the expression of cell adhesion 

molecules such as vascular cell adhesion molecule (VCAM)-1 and 

intercellular adhesion molecule (ICAM)-1, thus aiding further immune cell 

recruitment (114-116). 

The initial experimental wound repair TNF knockout demonstrated reductions 

in neo-vascularisation of the wound, and reduced re-epithelialisation and 

fibroblast proliferation (117-119). These actions of TNF can occur either 

directly or indirectly. 

TNF directs the localisation of RORγ+ Group 3 innate lymphoid cells (ILC3s) 

in a Notch1 dependent fashion. Mice deficient for RORγ+ ILC3 display a poor 

wound healing response arising from delays in epidermal proliferation and 

macrophage recruitment via a CCL-3 dependent process. Addition of TNF to 

wounds showed significant increases in the number of RORγ+ ILC3 cells at 

day 2 with greater associated wound closure by day 5 when compared to 

wounds exposed to anti-TNF therapies (116). Group 3 ILCs are known to be 

potent producers of the IL-17 family particularly IL-17F which also plays a role 

in wound repair, and is covered later on (116).   
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However, despite the beneficial role TNF plays in normal wound healing, when 

dysregulated it is shown to be a potential cause of chronic wound states. 

Mouse chronic wound models involving the knockout of a secretory leukocyte 

protease inhibitor (SLPI) caused an increase in levels of TNF in wounds (120). 

SLPI inhibits macrophage production of TNF, possibly through the inhibition 

of activation of the NF-κB complex (121). This build-up of TNF causes a 

significant reduction in the amount of Col1A1 expression at day 5 post wound 

when compared to a wild type wound (120). Via TNF’s activation of NF-κB, 

Col1A1 expression is suppressed (122-124). With the downregulation of 

Col1A1 matrix deposition becomes impaired leading to delayed wound 

healing as seen in chronic wound states. The addition of anti-TNF was shown 

to noticeably accelerate wound healing in SLPI-null mice and in wild type 

mice, though in wild type mice the change was to a much lesser extent (120). 

In septic disease states the increase in systemic TNF leads to a reduction in 

the amount of TNF present at the wound site in the early inflammatory stage, 

causing a significant delay in the wound closure (119). A translationally 

relevant parallel to the differing effects of TNFi in wound repair may be the 

fact that active inflammation in the spine may suppress tissue repair which is 

re-established with cytokine suppression and then post inflammation new 

bone formation.    

In TNFR1 knockout mice macroscopic wound healing was shown to be faster 

than wild type mice. Additionally, the TNFR1 knockout mice had significantly 

less macrophage and neutrophil influx. The knockouts also displayed 

increases in angiogenesis, collagen content and re-epithelialisation 

associated with upregulation of gene expression of TGF-β1, connective tissue 

growth factor, vascular endothelial growth factor (125). Collectively these 

findings suggest the TNF is beneficial in the epidermis when a wound is 

infected but may be counter-productive in normal tissue repair in a non-

infected environment.  

 

TNF is shown to play a role in normal fracture repair with murine knockouts of 

TNFR1 and TNFR2 resulting in a delay of MSC migration and subsequent 

postponement in the formation of endochondral tissue. The knockout of the 
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TNFR1 and TNFR2 did not prevent the eventual formation of endochondral 

tissue and its resorption, it only delayed the time at which this occurred (126). 

Conversely, supplementation of a mouse fracture with TNF resulted in 

accelerated healing, with greater callus mineralisation at 28 days post-fracture 

(127, 128).  

These premises also hold true in normal human fracture repair which is aided 

by the presence of TNF at certain time points along its repair pathway. 

Assuming that correct alignment of the fracture site is present then within 72 

hours of fracture there is a significant elevation in peri-fracture TNF, peaking 

at 24 hours post-fracture and returning to only a slight elevation above 

baseline levels by 72 hours (129, 130). The early peak in TNF is thought to 

encourage migration of MSCs to the fracture site, through the upregulation of 

ICAM-1 and VCAM-1 (131-133).  

Protracted elevated TNF expression can be undesirable since normal fracture 

repair TNF levels are at baseline levels after day 3, if levels of TNF and IL-1β 

remain elevated after this initial elevation they work in a synergistic fashion 

resulting in increased chondrocyte apoptosis and impaired chondrocyte 

proliferation (134, 135). 

Between days 7-14 of fracture repair, TNF level expression is low as during 

this phase the recently formed fracture callus is re-vascularised and at the 

same time ossification of the cartilage bridge is occurring. TNFR1 and TNFR2 

knockout models have shown that TNF plays an important role in the 

revascularisation of the fracture callus (136). TNF also acts in the ossification 

of the cartilage bridge by inducing chondrocyte apoptosis and the formation 

of hypertrophic chondrocytes, via the activation of metalloproteinase (MMP) 9 

& 14 (136, 137). After Day 14 the ossified fracture callus is replaced with 

trabecular bone, TNF is shown to cause the upregulation of certain Wnt 

(Wnt5a & Wnt10b) pathway proteins in MSCs which is involved in osteoblastic 

function and subsequent mineralisation (138, 139).  

However, in RA TNF in the presence of IL-1β causes a decrease in the 

expression of RUNX2, which leads to a decrease in collagen expression and 

consequently diminished bone formation (140-142). This decrease in bone 
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formation is unable to compensate for the cytokine driven induced bone loss 

in RA. 

Interestingly, TNF stimulates tissue nonspecific alkaline phosphatase and 

subsequent mineralisation in the presence of collagen, independent of the 

RUNX2 pathway (141). With the collagen-rich environment at the enthesis, 

this ectopic mineralisation of the collagen fibrils could be acting as a template 

for calcium crystal deposition and potentially assisting in the new bone 

formation at the enthesis. 

Elevated levels of TNF are seen to induce persistent elevation of Wnt proteins. 

Elevation activates NF-κB (p65) and c-Jun N-terminal kinase (JNK)/activator 

protein 1 signalling pathways leading to bone formation. However, both the 

canonical and non-canonical pathways are needed to induce bone formation 

via inflammation with inhibition of either pathway significantly decreasing bone 

formation (139). However, TNF is shown to elevate levels of Dickopff-1 (DKK-

1), this is shown in mouse models to suppress Wnt signalling, allowing for 

enhanced bone resorption with an increase in osteoclast activator RANKL 

(143). Inhibition of DKK-1 resulted in increased bone formation via Wnt 

signalling activation, with subsequent RANKL mediated bone resorption being 

blocked by osteoprotegerin (OPG) (143).  

In AS the role that DKK-1 remains contentious with various studies and meta-

analyses showing contrasting results with some showing significant elevation 

of DKK-1 in AS (144, 145), others showing a significant decrease (146, 147) 

whilst some showed no significant differences (148, 149). There is some 

evidence DKK-1 is dysfunctional in AS and a result is capable of abnormal 

activation of β-catenin independent Wnt signalling by binding less avidly to 

low-density lipoprotein receptor-related protein 6 (LRP6), a key receptor in the 

canonical Wnt pathway (150). Nevertheless, with the mixed literature on its 

potential effects it is impossible to determine if it plays a role in the 

pathogenesis of AS.   The idea that new bone formation occurs in AS via DKK-

1 in face of high TNF remains unsubstantiated.   
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In mammals IL-17 comprises of 6 members IL-17A-F, which signal through 5 

receptors A-E (Figure 1.4); though IL-17RD has been identified it is not 

currently known what signals through it (151). Each member of the IL-17 

family behaves differently, with some acting in a pro-inflammatory role 

whereas others act in a tissue-protective capacity (151). Due to the shared 

55% homology IL-17A is capable of forming a heterodimer complex with IL-

17F (152). 
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Figure 1.4: IL-17 receptor family 

The IL-17 family has an array of receptors with the majority all incorporating 

IL-17RA as part of the receptor heterodimer, except for IL-17RC which can 

form a receptor homodimer. IL-17D’s receptor remains unknown currently. 

Therapeutic targeting is broadly separated into IL-17RA antagonists 

(Brodalumab) and IL-17AF/AA (Secukinumab, Ixekizumab) or IL-17FF 

(Bimekizumab) proteins binders which inhibit their signalling potential. 
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IL-17A is expressed from a range of cell populations from both the adaptive 

and innate immune system including γδ T Cells (60), Th17 Cells (153), CD8+ 

Cells (89, 154), ILC3 (86, 155), invariant natural killer T cells (156, 157) and 

mucosal-associated invariant T cells (154, 158). IL-17A binds to its 

heteromeric receptor complex consisting of IL-17RA and IL-17RC, IL-17F also 

signals through this receptor complex (159).  

During wound healing IL-17A is expressed via stimulation of resident γδ T 

cells or dendritic T cells in the epidermis in response to an increase in IL-1β 

(160, 161). The elevation of IL-17A at the site of the wound is known to play 

a role in protection against potential infections such as Staphylococcus aureus 

(162) via promoting neutrophil migration into the wound site (163). Neutrophils 

are highly important in early wound repair, they play a role in cleaning up 

cellular debris, bacteria and any foreign particles in the wound, but have also 

been associated with delayed wound healing (164). An IL-17A knockout 

mouse showed improved wound healing times, associated with an attenuation 

in the number of neutrophils present in the wound (163, 165). The buildup of 

neutrophils in the wound is associated with an increase in secreted proteases 

(164). These proteases, such as MMP-2, MMP-8, and MMP-9, can damage 

extracellular matrices in the wound and perpetuate local inflammatory 

responses (166).  

However, impaired wound healing was also shown in IL-17A knockout mice 

when γδ T cells - including dendritic epidermal T cells - were absent (167). 

The differences between these studies could be because of how the wounds 

are dressed. When comparing between an open and a closed wound model, 

IL-17A knockout mice showed a delayed wound healing response compared 

to wild type in an open wound (163).  

This suggests that IL-17A’s role in skin injury is primarily associated with 

protection from infections and after a fibrinogen clot has formed, IL-17A should 

decrease in tandem with neutrophil numbers (164, 166). Though if prolonged 

elevated levels of IL-17A are present from Vγ4 T Cells, it inhibits the secretion 

of insulin-like growth factor (IGF)-1 from dendritic epidermal T cells, leading to 

a delayed wound re-epithelisation (168).  
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IL-17A clearly drives the pathogenesis of psoriasis as is evidenced by the 

excellent responses for anti-IL-17A (169). Psoriasis can be viewed as an 

excessive repair to injury model.  Briefly, psoriatic plaques occur due to hyper-

proliferation and aberrant terminal differentiation of keratinocytes in response 

to elevated IL-17A levels (170). The aberrant IL-17A levels cause 

downregulation of proteins associated with cell adhesion at the epidermis, 

such as filaggrin which is required for hydration of the stratified corneum (171, 

172). This results in a disease state presenting in red, scaly plaques 

chronically appearing at various sites on the body particularly elbows, knees, 

and the scalp. Histologically this results from thickened epidermis with marked 

keratinocyte hyperplasia with increased levels of CD8+ T cells and 

neutrophils, neo-vascularisation of the papillary dermis - allowing for 

excessive infiltration of T cells - and dendritic cells in the dermis (173). 

Pharmacological targeting of IL-17A improves the disease state in patients, 

highlighting a clear role in disease cause (169).  

It has been reported that IL-17A inhibition can increase the risk of infections 

(174) and exacerbate Crohn’s Disease (175). Innate IL-17A production, 

independent of IL-23, regulates the tight junction protein occludin during 

epithelial injury limiting excessive permeability and maintaining the gut barrier 

integrity (176). Deficiency of IL-17A in mice dextran sulphate sodium-induced 

colitis models show impaired epithelial proliferation and barrier repair (177). 

This demonstrates the key role in experimental SpA for IL-17A for tissue in 

the bone, gut and skin and the overarching concept of disease states linked 

to local tissue perturbations in intrinsic immune responses that fine tune 

repair.   

 

In the skeleton, IL-17A is seen to be elevated in the early weeks after a bone 

fracture, with γδ T Cells being the primary source (60). This early elevation 

relates to the suspected role that elevated levels of IL-17A play in fracture 

repair shortly after injury (60, 178). The reasoning for this increase is mixed 

within the literature available, with IL-17A shown to both increase 

osteogenesis (60) but in rat calvarial cells to decrease osteogenesis (179). 

The difference in effects IL-17A has on osteogenesis is suggested to be 
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dependent on the target cells origin. Immature mesenchymal cells such as 

MSCs are reported to display increased osteogenesis with exposure to IL-17A 

(59, 67, 180), whereas calvarial pre-osteoblasts are seen to show decreased 

osteogenesis (179, 181). 

Generally, it is thought that the elevation of IL-17A in the aftermath of a bone 

injury promotes bone regeneration, with murine IL-17A-/- models displaying 

impaired bone regeneration following drill holes in the femur at 14 & 21 days 

post-injury compared to wild type mice (60). Elevation of IL-17A activates 

osteoblasts via JAK2/ signal transducer and activator of transcription (STAT)3 

signalling pathway, causing osteogenesis and fracture repair (67). Yet, in 

human RA, elevated IL-17A is shown to cause joint destruction and bone loss 

(55, 182).  

 

IL-17F signals through the same receptor complex as IL-17A, which is a 

complex comprising of IL-17RA/C (159). However, IL-17RC has been 

reported to form a homodimer through which IL-17F can signal (183). IL-17F 

is often co-expressed with IL-17A and, due to their location at the same locus 

this also results in the same cell types expressing IL-17F as well as IL-17A 

(184).  IL-17F is thought to have similar biological effects to IL-17A, though 

acting as a weaker stimulus (185). IL-17F has a higher affinity for IL-17RC, 

whilst IL-17A has a higher affinity for IL-17RA (186). IL-17RC is preferentially 

expressed on nonimmune cells, with IL-17RA more on immune cells (187).  

IL-17F is required for host protection against pathogens after wound healing 

or exposure to an infectious agent (187-189), patients with an ACT1 mutation, 

which is a common adaptor for IL17A and IL-17F signalling, display chronic 

mucocutaneous candidiasis (190).  

Elevated levels of IL-17F are seen in lesional skin of psoriatic patients (191). 

Interestingly, some mouse models of imiquimod induced psoriasis display a 

greater disease resistance when they are IL-17F deficient (192). Even though 

it is thought that IL-17F is a weaker signal inducer than IL-17A, the prevalence 

of its preferred receptor on keratinocytes could explain why IL-8 and IL-6 
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production is higher from normal human epidermal keratinocytes than that of 

IL-17A (193).  

IL-17F is expressed after an inflammatory stimulus, it is seen to activate the 

CCAAT/enhancer-binding protein (C/EBP)-β-mediated osteoblastogenesis 

seen in early fracture repair (185, 194).  This is supported by a mouse tibial 

fracture model where IL-17F is seen to be elevated three days after the 

fracture at the fracture callus demonstrating a role in fracture repair (195).  

Rag1 knocked-out mice, which prevents the development of mature B and T 

cells, demonstrated impaired fracture healing compared to wild types and – 

interestingly - IL-17F was shown to rescue this impaired osteogenesis (195). 

This increased osteogenesis by IL-17F has not only been reported on MC3T3-

E1 cell lines (194) but it also increased human osteoblastic differentiation from 

human and mouse bone marrow-derived MSCs (59, 195).  Clearly, from these 

experiments, it will be important to ascertain whether IL-17F dysregulation 

could play a role in AS related inflammation and post inflammation tissue 

remodelling.  Of particular interest was the demonstration of two IL-17F gene 

polymorphisms (7383A/G & 7488A/G) associated with AS disease in a Turkish 

patient cohort (196).  

 

As described IL-17A and IL-17F have clear roles in some SpA target tissue 

homeostasis but the remaining IL-17 family members are relatively less widely 

studied, though there is evidence that they are involved in tissue homeostasis. 

The receptor complexes for some of these family members are still unknown. 

IL-17B is now known to signal through the receptor complex containing IL-

17RA and IL-17RB (197, 198), IL-17C signals through a heterodimeric 

complex of IL-17RA/E (199), IL-17D’s receptor complex is still unidentified 

(200), and IL-17E, also known as IL-25, signals through the heterodimeric 

receptor complex IL-17RA/B (197). 

During normal wound healing, IL-17C and IL-17E play a role in protection 

against infection during the early phases of wound healing (201, 202). Though 

the actions for this appear to be different. The receptor complexes for IL-17C 

and IL-17E are both found on epithelial cells (199, 203) and keratinocytes 
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(201), a difference that whilst IL-17E is expressed by lymphocytes (204) and 

eosinophils (205), IL-17C is not seen on immune cells (206). Mice 

overexpressing IL-17C show a significant upregulation in anti-microbial 

transcripts S100A8 and S100S9 (202), with keratinocytes expressing IL-17E 

leading to M2 macrophage recruitment of neutrophils to the wound site (201). 

Demonstrating a role in the removal of pathogenic agents from the wound site. 

There is also evidence that they play a role in re-epithelisation of the wound 

with both IL-17C and IL-17E capable of inducing epidermal thickening. 

Intradermal injections of IL-17C led to thickening of the epidermis (206) and 

IL-17E causing proliferation of murine keratinocytes via STAT3 activation 

(207). 

Despite an apparently beneficial role in wound healing both IL-17C and IL-

17E elevation has been identified in psoriatic plaques (202, 208). In particular, 

IL-17C’s ability to potentiate Th17 cell response via the use of the downstream 

adaptor Act1 induces the expression of IκBζ, inducing a further pro-

inflammatory response associated with psoriasis (209, 210). Neutralisation of 

IL-17C in a murine psoriasis model reduced skin inflammation (211), whilst 

the use of adalimumab in patients results in a decrease in IL-17C mRNA levels 

associated with improved disease states (212). This in part is likely due to the 

autocrine pro-inflammatory signalling cascade in keratinocytes, when 

stimulated with IL-17C and TNF significant increases in pro-inflammatory 

genes and cytokines are seen (202, 206). The role that IL-17E plays is still 

unclear, though single nucleotide polymorphism (RS79877597) in the IL-17E 

gene is associated with a more severe disease state and increased 

prevalence of psoriatic arthritis (213). It is likely that IL-17E is involved in the 

thickening of the epidermis, by inducing excessive proliferation of 

keratinocytes (207), evidenced as murine knockouts for IL-17E are resistant 

to imiquimod induced psoriasis (207). There is no known role for either IL-17B 

or IL-17D in psoriasis, despite the IL-17D being elevated in psoriatic lesional 

skin (214). 

During fracture repair IL-17B is suggested to play a role in the early phases 

post-fracture. Elevated levels of IL-17RB are seen in the first two weeks post-

fracture in rat long bones, with it localised to trabecular bone osteoblasts, 



 

    - 24 - 

primitive and pre-hypertrophic chondrocytes as well as localised MSCs (215). 

The exact role it might play is not known or well-studied. 

The compelling evidence that these cytokines are involved in SpA like 

diseases from murine CIA models. The CIA model shows a prominent 

inflammatory entheseal component, which was previously regarded as an 

experimental bulwark of RA pathogenesis (91). With both IL-17C and IL-17B 

mRNA being elevated in the arthritic paws of CIA mice, the disease is 

ameliorated with the addition of IL-17B antibodies (216). Moreover, IL-17C 

enhanced the production of TNF from murine peritoneal exudate cells, with IL-

17C transduced CD4+ T Cells exacerbating the arthritic destruction (216). 

Interestingly the addition of IL-17E to a CIA mouse model attenuated the 

disease state (217). This is associated with IL-17E role in inhibiting the 

differentiation of Th17 cells from CD4+ T cells, causing a subsequent 

reduction in pro-inflammatory cytokines associated with arthritis (217-219). 

As with IL-17A being important in the gut, IL-17C appears to be important in 

gut homeostasis and protection though its exact role remains unclear. With 

murine IL-17C knockouts were displaying exacerbated colitis induced by 

dextran sulphate sodium when compared to wild types (220). In humans with 

IBD IL-17C is seen to be elevated, though it’s not entirely clear why this is the 

case (221, 222). In patients with Crohn’s disease the use of anti-TNF can 

result in paradoxical psoriasis associated with elevated IL-17C dependent on 

a mechanism involving IL-36γ (223). 

 

IL-22 is a distant family member of the IL-10 family and acts through a receptor 

complex consisting of IL-10Rβ and IL-22Rα (224), though it acts as a soluble 

receptor complex with IL-22 first binding to IL-22Rα with the complex 

subsequently binding to IL-10Rβ (225). IL-10Rβ is ubiquitously expressed by 

both immune and non-immune cells, whilst IL-22Rα is not expressed on 

immune cells (226) but is expressed on a range of other cell types such as 

MSCs (227), keratinocytes (228) and epithelial cells (226). As with other IL-10 

family members, IL-22 signals through the Jak-STAT signal transduction 

pathways (224). IL-22 also has an alternate soluble receptor that acts to inhibit 
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the signalling actions of IL-22, known as IL-22 binding protein (IL-22BP) (229, 

230). 

IL-22’s upstream signaller IL-23 is seen to be upregulated in the days after 

femoral fracture in mice, this is likely to correlate with an upregulation of IL-22 

expression (231). IL-22 drives the migration of MSCs towards a site of injury 

where elevated levels of IL-22 could be present (227). The location of IL-22Rα 

restrictions creates a uni-directional signalling pathway, and as a result only 

immune cells are seen to express IL-22, with CD4+ T cells (232), CD8+ T cells 

(233, 234), γδ T cells (235) and natural killer T cells (236). In ILC populations 

RORγt is required to induce IL-22 expression due to the role it plays in IL-23R 

upregulation (237). Regulation by IL-23 is seen in IL-22 expression with 

blockades of mTOR in neutrophils showing inhibited IL-22 production (238). 

IL-23 is also shown to drive T cell activation and subsequent increase in pro-

inflammatory cytokines such as IL-22 (91, 239).  The use of IL-23 inhibitors in 

AS patients for a phase two trial showed no meaningful clinical improvements 

(70), with rat SpA models showing the same results unless anti-IL-23 is used 

prophylactically when there was suppression of IL-22 (74). This suggests at 

IL-22 production in a potentially independent manner from IL-23, where IL-23 

is needed for disease initiation but not its continuation or progression. 

During normal wound healing, IL-22 helps to drive keratinocyte wound 

epithelialisation (228). Keratinocyte differentiation is inhibited by IL-22, in 

combination with activation of STAT3 and increase in genes associated with 

extracellular matrix (ECM) remodelling such as MMP-1 and type I collagen 

(228, 240) pointing towards an important role for IL-22 in normal wound 

healing. With mouse IL-22 knockouts in full-thickness wounds displayed major 

defects in the ECM, manifesting as delayed wound closure and a decrease in 

ECM gene expression (241). In type 2 diabetic mice with an impaired wound 

healing response addition of IL-22 appeared to rescue the impaired wound 

healing response, by inducing re-epithelialisation and genes associated with 

ECM remodelling (242). 

IL-22 also acts in increasing the expression of antimicrobial genes (S100A7, 

S100A8 & S100A9), with mice IL-22 knockouts display a significantly worse 
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pathology at the sites of parasitic infections which was associated with a loss 

of wound healing functions in keratinocytes (228, 243). 

Despite its beneficial role in normal wound healing, IL-22 is elevated in 

psoriatic plaques and serum (244, 245). The exact role that it plays is 

unknown, though transgenic mice that overexpress IL-22 develop skin that 

mimics psoriatic skin (246). Potentially with the strong expression of the IL-

22Rα on epithelial cells in the skin the overexpression of IL-22, induces 

abnormal ECM remodelling from the local keratinocytes and fibroblasts. 

Osteogenic differentiation from MSC is enhanced by elevated IL-22, 

subsequently IL-22 activates osteoblast induced bone remodelling via 

phosphorylation of STAT3 (91, 227). Interestingly, mouse primary osteoblasts 

display only low levels of the IL-22Rα receptor, though its expression was 

upregulated when primed with bone morphogenetic protein (BMP)-2 (247). 

This suggests that it only plays a small role in normal bone remodelling in 

comparison to the skin where it has greater importance.  

Immune cells associated with IL-22 production are seen to be elevated in the 

peripheral blood, bone marrow, synovial fluid and in the gut of patients with 

AS (155, 158, 248). Though its role remains mostly unknown, based off the 

evidence that it can increase osteogenesis in an inflammatory environment it 

could well play a role in the formation of excessive bone in AS (91, 227).  

In the gut IL-22 is seen to act protectively during colitis, where IL-22BP can 

inhibit its actions (249). The protective actions of IL-22 in the gut, cause 

increased proliferation of intestinal epithelial cells (IECs) as well as migration 

of IECSs towards the site of injury (250), at the same time increasing mucus 

deposition (251). Patients with early-onset inflammatory bowel disease 

showed a defective IL-10Rβ signalling response, where they did not 

upregulate the protective transcripts when stimulated by IL-22 (252). 

However, these same protective proliferative effects are also shown to 

enhance tumorigenesis in the gut. Colorectal cancer cells are seen to show 

increased proliferation in response to IL-22 (253) 
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Prostaglandin E2 can be produced by almost every cell in the human body, it 

is a lipid mediator that is synthesised from arachidonic acid via COX enzymes 

(254). Interestingly, PGE2 acts in a homeostatic (255), inflammatory (256) or 

anti-inflammatory (257) manner in various contexts. Prostaglandin E2 exerts 

its effects through four different G protein-coupled receptors (EP1-EP4), EP4 

is of particular interest for potential roles in AS (44) and normal bone formation 

(258). 

Prostaglandin E2 has long been known to cause an increase in osteogenesis, 

with immobilized femurs of female rats treated with PGE2 showing increased 

osteogenesis in these immobilized bones (259). More recently co-culture 

models of M1 macrophages and MSCs demonstrated enhanced 

mineralisation compared to MSCs cultured alone (256). The levels of increase 

in osteogenesis were closely associated with PGE2 secretion by the M1 

macrophages in early phases of MSC differentiation, with a significant 

decrease in mineralisation observed when a COX-2 inhibitor was added to the 

culture (256). With macrophages being elevated early at fracture sites (260) 

this suggests a role for PGE2 in normal fracture repair. Knockouts of COX-2 

in mice showed a delayed initiation and an impaired endochondral bone repair 

associated with severe angiogenesis deficiency (261). Agonists for EP4 or 

EP2 can rescue impaired fracture healing seen in COX-2 knockout mice (261), 

they can also augment normal fracture repair in rat fracture models (262). This 

all suggests an early role for PGE2 in fracture healing. 

Of considerable interest after a GWAS in AS was a single nucleotide 

polymorphism (SNP) at chromosome 5p13 (44). The rs10440635 SNP in the 

prostaglandin E receptor 4 (PTGER4) gene is heavily associated with AS (44).  

PTGER4 encodes the prostaglandin E2 receptor 4 (EP4), which when 

activated is seen to amplify CD40 mediated induction of IL-23 p19 expression 

(263). The evidence that NSAIDs are highly effective at reducing new bone 

formation linked to PGE2 expression suggests at a potential role (85).  
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Aside from the TNF and IL-23/IL-17 pathways, other cytokine signalling 

pathways have been genetically linked to AS such as IL-1 and IL-6 (18, 42). 

There is evidence for the limited efficacy of anti-IL-1 (264) in AS but no 

evidence for the efficacy of anti-IL-6 (265) which appears to place these 

molecules of much lower clinical translational relevance.  Nevertheless, the 

genetic associations with AS and roles in repair merit some description 

 

The IL-1 pathway has repeatedly been identified in GWAS in AS (42, 43). With 

IL-17 appearing to be capable of being produced independently from IL-23 

(74), and IL-1β being evidence to drive maturation of IL-17 producing T cells 

(266-268). This supports a role for the IL-1 family in AS especially since IL-23 

blockade is ineffective for spinal disease. Deficiency of the IL-1 receptor 

antagonist in humans, termed DIRA, is associated with new bone formation in 

the spine (269), indicating that unrestrained IL-1 family activity may lead to 

new bone formation. 

 

IL-1α is important is in the initiation of an inflammatory response and 

subsequent tissue repair, or potentially pathological conditions. In wound 

healing IL-1α knockout mouse models demonstrate that without IL-1α early 

activation in response to cellular damage, subsequent collagen formation and 

tissue repair is delayed after damage by ultraviolet light (270). This is achieved 

by IL-1α upregulation of genes associated with tissue repair such as BMP2 

and keratinocyte growth factor whilst also acting as a chemotactic attraction 

for keratinocytes (270-272). However, just as the removal of IL-1α can delay 

the wound healing response excessive levels of IL-1α can delay wound 

healing and potentially lead to a chronic wound state (273, 274). 

IL-1α is important in normal bone metabolism and remodelling, with its 

expression seen in the early and the late phases of fracture repair and 

subsequent remodelling (275).  IL-1α can activate RANK signalling pathways 

directly, independent of RANKL (276). IL-1α enhances bone resorption by 
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stimulating osteoclastogenesis, when IL-1α is knocked out in mice they 

display an increased bone density (276). Interestingly IL-1α is also seen to 

inhibit differentiation and induce apoptosis of an osteoblast-like cell line 

(MC3T3-E1). IL-1α inhibits via its activation of the JNK and p38 mitogen-

activated protein kinases (MAPK) pathways (277). When taken together this 

demonstrates why excessive IL-1α in inflammatory diseases causes bone 

resorption and subsequent joint destruction such as RA (278, 279). 

The role of IL-1α in the heart appears to be a much more pathogenic role than 

the potentially beneficial role seen in other organs. IL-1α elevates rapidly after 

myocardial infarction, causing an upregulation of proteins associated with 

clearing of damaged tissues and a progressive further thinning of the 

myocardial walls associated with subsequent adverse events (280-282).  

 

In normal wound healing IL-1β is expressed immediately after damage by 

local keratinocytes and fibroblasts. The elevation of IL-1β expression induces 

upregulation of fibroblast growth factor-2 (FGF2), this then stimulates 

migration of fibroblasts to commence re-epithelisation of the wound (271, 

283). IL-1β has also been suggested to improve the adhesion of fibroblasts to 

MMP3-degraded fibronectin, following an inflammatory stimulus (284). The 

role of IL-1β is particularly important during the inflammatory phase of wound 

healing, where aside from inducing the migration of fibroblasts it also 

stimulates macrophage recruitment and maturation (285). However, if levels 

of IL-1β stay elevated then chronic wound states can develop due to over 

activation of immune cells and production of proteases preventing the normal 

wound healing pathway (286). This is an issue seen in diabetic patients, who 

can display impaired wound healing or ulcers. These ulcers and chronic 

wounds can be reversed and restored to a normal wound healing response 

by the inhibition of IL-1β highlighting its role in abnormal wound healing (287, 

288). 

IL-1β expression is seen to be biphasic in fracture repair, with elevation seen 

in the immediate hours after fracture and the subsequent second increase 

during the remodelling phase weeks later (275). The early elevated 
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expression of IL-1β results in an increased number of osteoclasts in a 

polarised morphology (289), the activation of osteoclastogenesis can be 

achieved independently of RANKL (276). The increase in polarised 

osteoclasts induces bone resorption seen in the early stage of fracture repair 

as well the late phases associated with trabecular bone remodelling (290).  IL-

1β effects on osteoblasts are conflicted, with one study suggesting that IL-1β 

stimulates proliferation of osteoblast-like cell lines (MC3T3-E1) and 

mineralisation of bone matrix (290). IL-1β has also been shown to suppress 

BMP-2 mediated osteoblast differentiation in MC3T3-E1 cells (291), whilst 

also inhibiting the migration of osteoblasts towards elevated levels of platelet-

derived growth factors at a fracture site (292). In humans genetic diseases 

such as Muckle-Wells syndrome results in overexpression of IL-1β during 

times of inflammation (293). In the most severe cases of Muckle-Wells 

syndrome this overexpression of IL-1β is shown to cause epiphyseal growth 

plate overgrowth associated with bony overgrowth and ossification of bones 

in particular the patella (294). These symptoms are seen to be improved with 

the application of IL-1β receptor antagonists (295). 

However, in a rat model with elevated levels of IL-1β, a fracture site 

haematoma with thinner fibres and a denser clot structure was created, which 

inhibited migration of stem cell populations towards the fracture site (296). 

Elevated levels of IL-1β and the associated changes in normal healing can 

lead to non-union fractures or inflammatory diseases resulting in abnormal 

bone resorption (297-299). 

As IL-1 plays a role in disease states, it is sometimes targeted 

therapeutically. However, due to the cytokine signalling cascade induced by 

IL-1 inhibition, it usually serves only to prevent further disease progression 

rather than completely curing the pathology (160, 300).  

IL-1β can induce the expression of other inflammatory cytokines from CD4+ 

and CD8+ cells, this allows for the initiation of an inflammatory response seen 

in tissue repair. IL-1β along with IL-23 is capable of inducing the expression 

of IL-17 from Th17 cells, but IL-1β is also shown to induce the expression of 

IL-17, IL-21 and IL-22 from γδ T cells due to their expression of the 

transcription factor RORγt (also seen on Th17 cells) (160). IL-1β is also known 
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to induce the expression of IL-6 from peripheral blood monocytes and 

epithelial cells (301, 302).  

 

IL-6 is a pleiotropic cytokine involved in a range of biological processes both 

inflammatory and anti-inflammatory (303). One such function is that it can 

assist in priming Th17 cells in conjunction with IL-23 (304). IL-6 has two 

distinct signalling pathways the classical and the trans-signalling pathway, 

both of which require glycoprotein (gp) 130 (303, 305). The trans-signalling 

pathway involves the generation of soluble IL-6 receptor by proteolytic 

cleaving of the membrane-bound precursor, the two signalling pathways can 

elicit distinct biological responses which can translate into variations between 

knockout models (305, 306).  

IL-6 is heavily involved in normal wound healing. IL-6 is expressed shortly 

after wound damage by local keratinocytes and local fibroblasts, 

macrophages and Langerhans cells peaking at 24 hours (307, 308). The 

importance of IL-6 in normal wound healing is evidenced by IL-6 knockout 

mice displaying a significantly delayed wound healing, characterised by 

impaired re-epithelisation (309, 310). IL-6 induces keratinocyte migration 

across the wound, whilst also increasing the proliferation of keratinocytes 

through activation of periostin and STAT3 (311-313). However, 

overexpression of IL-6 in the skin during wound healing is associated with 

pathological conditions such as psoriasis (314), systemic lupus 

erythematosus (315) and scleroderma (316).  

IL-6 is expressed by osteoblasts following a fracture, due to the rapid increase 

in local IL-1β (275, 317). The levels of IL-6 decrease over the course of the 

fracture repair (318), which is supported by the suspected role IL-6 plays in 

fracture healing. Knockouts of IL-6 in mice fractures causes a significant 

reduction in osteoclastogenesis and impaired callus strength, though by 6 

weeks post-fracture most of the biomechanical features of the fracture were 

similar to wild type mice (319). IL-6 also has a chemotactic effect upon 

resident mesenchymal cells, which migrate towards the site of the fracture 

(275).  
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Though just as loss of IL-6 function can have adverse effects certain pro-

inflammatory conditions that induce an abnormal and prolonged upregulation 

of IL-6, such as rheumatoid arthritis, can cause significant bone degradation 

(320). In murine models elevated levels of IL-6 (among other cytokines 

discussed) causes an upregulation in STAT3 activation in osteoblasts and 

local fibroblasts (321). This activation of STAT3 was seen to promote 

expression of RANKL and subsequent osteoclastogenesis, creating a positive 

feedback loop resulting in the prolonged inflammation and joint destruction 

associated with RA (321). Blockading of IL-6 signalling is seen to ameliorate 

osteoclastogenesis and joint destruction in both animal models (322, 323) as 

well in the use of tocilizumab for the treatment of rheumatoid arthritis in 

humans (324, 325). However, due to the redundancy associated with 

inflammatory responses even when IL-6 is targeted as a therapy it usually only 

prevents or limits further disease progression (326).   

As mentioned prior, gut homeostasis is heavily reliant on the discussed 

cytokines for homeostasis; this is also true for IL-6, with Paneth cells in the 

intestinal crypt being activated by STAT3 IL-6 driven signalling, resulting in 

increased cellular proliferation. Resident stem cell populations also respond 

to the increased IL-6 and proliferate to aid in barrier repair (327). This 

signalling pathway is capable of acting in an autocrine signalling manner (327) 

but intraepithelial lymphocytes also secret IL-6 in response to epithelial 

damage (328). IL-6 knockout mice display increased paracellular permeability 

caused by a decrease in the barrier protein claudin-1 (328). Blockading of IL-

6 with tocilizumab in RA patients was linked with substantially higher 

incidences of lower intestinal perforations than TNFi (329). This was also seen 

in the use of IL-6 blockers in Crohn’s Disease, where there were elevated 

levels of intestinal abscesses when compared to the placebo (330). This 

highlights that the roles of cytokines can differ greatly depending on tissue or 

concentration.   

As with TNF driving ILC3 recruitment (116), IL-6 is shown to drive the 

accumulation of Th17 cells in the gastrointestinal tract environment, in this 

case the oral environment (331). Damage to the gingiva, either through 

mastication or abrasion in mice models saw a rapid increase in IL-6 
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expression from a CD45- cell population in the epithelium (331). IL-6 is known 

to promote Th17 cell differentiation (332, 333) when chimeric mice were 

generated with IL-6R knockouts gingival Th17 cells had the cellular machinery 

to produce IL-17A but due to the loss of IL-6 signalling could not (331). 

However, Th17 cells taken from both gut and the skin of the same chimeric 

mice were fully capable of producing IL-17A independent of IL-6 signalling, 

demonstrating that IL-17A production in the gingiva is IL-6 dependent (331). 

Briefly, the role of the produced gingival IL-17A appears to be for protection 

against infection from the damaged gingival barrier, but also plays a role in 

age-related periodontitis and bone loss as seen in both humans (334, 335) 

and mouse models (331).  

 

There has recently been a re-evaluation into the role of the traditional Th2 

cytokines, and the SpA field. IL-4 and IL-13 are classical Th2 cytokines, with 

a documented role in atopic dermatitis and asthma (336). As well as driving 

Th2 differentiation, these cytokines are involved in IgE class switching.  The 

many shared functions of IL-4 and IL-13 is related to signalling through the 

commonly shared receptor (IL-14Rα). Recent data in atopic dermatitis 

patients undergoing dupillumab treatment (IL-4 and IL-13 blocker) reported 

the development of peripheral enthesitis (337). These observations have also 

been supported by other case reports of enthesitis development following 

dupilumab therapy (338).  

The mechanism surrounding IL-4/IL-13 blocking induced enthesitis is 

presently unknown but genetic associations of unknown functional 

significance between IL-13 and psoriatic arthritis have been reported (339-

341).  It is also of note that the IL-13 genetic associations do not appear to 

occur in AS, given the many subtle differences between these diseases.   It 

could be hypothesised that IL-4 and IL-13 blockage could change the 

differentiation of immature T cells from a Th2 phenotype to a Th1/Th17 

phenotype with subsequent increased IL-17/IL-22 and TNF production.  In 

support of this, we recently showed that IL-4/IL-13R cells are present in the 

normal enthesis, and the synovial fluid of PsA patients contains measurable 
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IL-4 and IL-13 (342).   IL-4+ T cells are also present at the normal enthesis, 

and IL-4/13 reduced Th17 cytokines from stimulated entheseal T cells (342).  

It has been known for over 20 years that IL-4 has a protective role in cartilage 

destruction, including that induced by IL-17 (343).  In the murine CIA arthritis 

model, both IL-4 and IL-13, reduced symptoms and bone erosion (343, 344), 

however this model at a pathological level is far closer to RA than SpA. The 

role of IL-4 and IL-13 in bone modelling has also been studied with KO models. 

IL-4 or IL-13 KO mice both present with reduced cortical bone mass (345).  In 

a murine fracture model,  net bone formation or mineral deposition was not 

affected by either IL-4 or IL-13 KO, however, subtle perturbations in 

associated vascularisation and innervation were noted (346). 

 

MSCs were first identified in 1970 by Friedenstein et al. (347) in the bone 

marrow of guinea pigs, and since then resident populations of MSCs have 

been identified in almost every post-natal tissue in humans (348, 349). 

However, to date they have not been characterised in the human entheseal 

tissue of the interspinous ligament, likely reflecting the comparatively difficult 

access of this tissue.  

Local populations of MSCs are known to play important roles in the 

homeostasis of tissues throughout the human body and are also shown to be 

heavily involved with tissue repair after damage (350-352). The wide range of 

tissue repair and homeostatic roles is due to MSCs containing the 

osteoprogenitor pool that is thought to drive the spinal bone formation seen in 

AS (353). Bone and periosteum-resident MSCs are known to play important 

roles in healthy skeletal tissue repair after injury, migrate to fracture sites, and 

differentiate into chondrocytes and osteoblastic cells of the fracture callus 

(178), as well as adipocytes in the long-bone marrow cavities of the elderly 

(354). It is also known that adipocytes are present at the normal enthesis and 

may play an important biological role (51). Moreover, in AS, the intraosseous 

anchorage sites of the annulus fibrosis are associated with post-inflammatory 

adipogenic differentiation, which is a harbinger of future new bone formation 

in the adjacent anterior longitudinal ligament, but the mechanisms of this are 
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poorly understood (21). Other studies on AS have produced evidence for 

osteoprogenitors from the facet joints, but whether such cells are derived from 

bone or entheseal soft tissue has not been clearly defined and it has not been 

confirmed whether such cells are multipotential and hence represent MSCs 

(67).  

The early phases of AS remain largely unknown, with recent works confirming 

the presence of fatty depositions at the entheseal attachment sites preceding 

the neo-osteogenesis seen in AS (21), there is a need to better understand 

the pathological changes seen in early disease. In particular, there is an 

absence of work investigating MSCs responses to SpA relevant cytokines in 

response to adipogenesis, and whether these changes are driven by the 

entheseal soft tissue or the bone.  

In addition to the fact that MSCs are the parent cells for osteoblasts, 

chondrocytes, and adipocytes, they are also known to be immunomodulatory 

via the secretion of immune cell mediators, including chemoattractants (355), 

notably C-C Motif Chemokine Ligand 20 (CCL20), which is a known T cell 

chemoattractant via its interaction with C-C Motif Chemokine Receptor 6 

(CCR6) (356). Importantly, previous studies have identified a range of immune 

cell populations at the human spinal enthesis, which plays a role in AS 

pathogenesis (86, 88, 90); notably, populations of CD4+ and CD8+ T cells 

capable of secreting both IL-17A and TNF (89). Populations of CCR6+ CD4+ 

and CD8+ T cells have been identified at the human spinal enthesis, helping 

to provide an insight into how MSCs may help to drive inflammation at the 

enthesis and how this can impact the differentiation capabilities of MSCs 

(357). Of interest is how other chemoattractant molecules may be secreted by 

MSCs at the enthesis and how the use of IL-17A monoclonal antibodies may 

influence suppressing the secretion of these and the subsequent reduction of 

inflammation. 

It is now firmly established that the normal enthesis including spinal enthesis 

has a resident immune system including innate lineage myeloid cells and 

innate and adaptive lymphocytes that can be induced to secrete MSC relevant 

cytokines including IL-17, TNF and IL-22. This has been well described in 

other recent publications (88-90). Based on the aforementioned ability of 
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some cytokines to “fine tune” tissue repair, the central tenet of this thesis is 

that cytokines derived from these populations in SpA may lead to aberrant 

tissue repair responses. Therefore, the disease state is ultimately due to 

subtle perturbations of “cytokine fine tuning” of repair. Given that MSCs are 

thought to be the key cell for skeletal repair these were investigated with an 

eye on the known immunopathology of AS.   
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It was hypothesised that MSCs exist in both the peri-entheseal bone and the 

entheseal soft tissue fragment of digested spinous processes and intra-

spinous ligaments. These MSCs respond in a pro-osteogenic manner when 

stimulated by pivotal SpA relevant cytokines (IL-17A and TNF), which results 

in a reciprocal suppression of adipogenesis, something of relevance given that 

adipogenesis predates osteogenesis in AS. Cytokine cross talk with MSCs 

may further augment entheseal inflammatory responses.   

The aims of this thesis are: 

1. To characterise MSCs that meet the ISCT criteria are present in both 

the peri-entheseal bone and entheseal soft tissue, with CD271+ MSCs 

being present in the peri-entheseal bone but not the entheseal soft 

tissue (Chapter 3) 

2. To investigate the roles of IL-17A and TNF on the osteogenic and 

adipogenic potential of MSCs from both the peri-entheseal bone and 

entheseal soft tissue (Chapter 4) 

3. To investigate the role of MSCs from both the peri-entheseal bone and 

entheseal soft tissue on immunomodulation of resident immune cells. 

As well as to investigate the potential for MSC migration between the 

two tissues towards sites of damage seen in AS (Chapter 5). 
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A full list of reagents, buffers, solutions, and equipment is found in the 

Appendices. 

 

The investigation was approved by North West-Greater Manchester West 

Research Ethics Committee (REC: 16/NW/0797). Patients gave informed 

consent in accordance with the declaration of Helsinki. A full sample list is 

available in Appendix A.    

 

Healthy human peri-entheseal bone (PEB) from the spinous process and 

entheseal soft tissue (EST) from the interspinous ligament were harvested 

from healthy patients undergoing operations for either scoliosis correction or 

spinal decompression of thoracic or lumbar vertebrae at Leeds General 

Infirmary. Entheseal tissue donors were not known to have any systemic 

inflammatory conditions, including SpA unless otherwise specified.  

Samples were stored overnight in saline at 4ºC before being digested as with 

previous studies (1, 86, 88, 90). Samples were carefully separated using a 

scalpel into the PEB and EST (Figure 2.1). PEB was further broken down into 

<5mm2 fragments using bone cutting forceps. The EST was also minced into 

similarly sized fragments using a scalpel (Figure 2.1). Broken down samples 

of PEB and EST were put into independent 50ml Falcon centrifuge tubes, the 

mass of the samples was then recorded to make a collagenase digestion 

solution. 

For each 1g of sample, 5ml of the collagenase solution was applied. The 

collagenase digestion solution contained 20% foetal calf serum (FCS), 80% 

Dulbecco’s Modified Eagle Medium (DMEM) and 600U/ml collagenase. 

Collagenase, as supplied, contained several isoforms of 2 different 
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collagenases, a sulfhydryl protease, clostripain, a trypsin-like enzyme, and an 

aminopeptidase. 

Samples were incubated at 37ºC in this solution for 3.5 hours with gentle 

agitation via inversion of the tube every 30-minutes. After digestion, samples 

were filtered through a 70m sterile filter and were washed with sterile 

phosphate-buffered saline (PBS). Any material that could not pass through 

the filter was discarded. 

Samples were centrifuged at 400xg for 10-minutes to pellet the cells, after 

which they were resuspended in a red blood cell lysis buffer for 5-minutes. 

After red blood cell lysis, samples were centrifuged again at 400xg for 10-

minutes before being in an appropriate volume of DMEM (supplemented with 

1% Penicillin-Streptomycin and 10% FCS), and viable cells were counted 

using a haemocytometer with Trypan blue as a viability stain. 
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Trypan blue is not taken up by viable cells as the intact cellular membrane 

prevents uptake, whereas non-viable cells which have compromised 

membrane integrity uptake it. Therefore, using the Trypan blue allowed for 

visual counting of viable cells after enzymatic digestion and discrimination 

against non-viable cells using an inverted light microscope and 

haemocytometer. 

The cell suspension had 10l diluted in a 1:1 ratio with Trypan blue and mixed 

in a 96-well round-bottom plate. From this mixture, 10l was transferred via 

capillary action to the haemocytometer and viewed under a bright field 

microscope at 10x magnification. All viable cells were counted on four 

separate 1mm2 squares and were averaged; a minimum of 100 cells was 

counted to maintain accuracy. Should viable cells be too hard to count either 

due to excessive numbers or too low numbers, the DMEM solution was either 

diluted or centrifuged and re-suspended into a more appropriate volume of 

DMEM.  

Once an average for the number of viable cells in one 1mm2 square was 

determined, the number of cells/ml of the DMEM cell solution was calculated 

using the following equation:  

𝑁𝑜. 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙

= 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 10,000 

For the total cell count of the DMEM cell solution, this value is then multiplied 

by the volume of the solution used. 
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Figure 2.1: Preparation of entheseal tissue for downstream experimental 
use 

Samples consisting of the PEB and EST are enzymatically digested. Where 

they are separated using scalpels into their constituent parts (PEB & EST) and 

minced into <5mm2 pieces and digested using collagenase solution to free the 

cells from the extra-cellular matrix. These cells are then either prepared for 

flow cytometry, colony forming unit assays or culture expansion. Alternatively, 

samples are wholly fixed using 10% formalin before decalcification in 0.5M 

EDTA and mounting in paraffin blocks for subsequent sectioning for histology 

uses. 
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After digestion, depending on the number of viable cells, digests were either 

culture-expanded or frozen for future expansion or flow cytometry.  

 

For MSC expansion, cells from both the PEB and EST digests were seeded 

into culture flasks at 15,000 cells/cm2 in StemMACS MSC expansion media 

with 1% Penicillin-Streptomycin. After 48-hours, media was removed, and 

cells were washed twice with PBS to remove any non-adherent cells. Fresh 

StemMACS media was then applied. Half media changes were subsequently 

conducted every 3-days until cells reached >70% confluence. Cells were 

cultured in humidified incubators at 37ºC and 5% CO2.  

When >70% cell confluence was observed, cells were passaged. Complete 

removal of media from the flasks was then followed by a PBS wash. Cells 

were then incubated in an appropriate volume of a 0.05% Trypsin-

ethylenediaminetetraacetic acid (EDTA) and PBS solution for 5-minutes at 

37ºC.  

After incubation, the Trypsin-EDTA-PBS solution with cells was transferred 

into a 50ml falcon tube, the flasks were then washed with DMEM to collect the 

remaining cells, which was transferred to the same falcon tube. Tubes were 

centrifuged at 500xg for 5-minutes. Following centrifugation, the supernatant 

was discarded, and the cells were resuspended in DMEM and counted using 

a haemocytometer as described previously.  

For further cells expansion, new sterile flasks were used, and cells were 

seeded at 4,500 cells/cm2; cultures were expanded until either a minimum of 

106 MSCs for both PEB and EST was counted or until a maximum of passage 

(P) 2. If MSCs were not immediately used for downstream experiments, they 

were prepared for long term storage in liquid nitrogen until use.    

 

Cells to be frozen from fresh digests were counted and then centrifuged at 

500xg for 5-minutes. The supernatant was then discarded, and the pellet was 
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re-suspended in freezing media at a concentration of 106 cells/ml. Cells were 

transferred to 1ml cryovials labelled and then initially stored a CoolCell at -

80ºC overnight before being transferred to liquid nitrogen within 1-week of 

initial freezing for long term storage. Cells frozen after culture expansion were 

treated the same as above, except they were frozen at a lower cell 

concentration of between 1-2x106 cells/ml. 

Retrieval of cells for future experiments from either frozen digests or culture 

expanded cells followed the same procedure. Selected vials were defrosted 

in a water bath at 37ºC, and the thawed cell suspension was then added to a 

15ml flacon tube containing 10ml DMEM with 10% FCS and antibiotics. Cells 

were pelleted by centrifuging at 600xg for 5-minutes at room temperature. The 

supernatant was discarded, the pellet was then re-suspended in an 

appropriate volume of DMEM, and cells were counted for use in subsequent 

downstream uses.  

 

 

Fluorescence is a key component of how flow cytometry works. In brief, 

fluorescence occurs when a compound absorbs energy in the form of light; 

this excites its electrons into a higher energy state. To return to its original 

state, the excess energy is emitted as a photon, allowing the electron to return 

to its pre-excitement state. The emitted light is always lower energy than the 

exciting light, meaning that the wavelength is higher than that of the exciting 

light. This allows for the separation of wavelengths using filters (358). 

 

Flow cytometry is a technique that uses the principles of fluorescence to label 

cells and thereby identify specific cell subsets in a heterogeneous cell 

population or even confirm the presence of MSCs in culture in accordance 

with the ISCT guidance (358, 359).   
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Flow cytometers consist mainly of three main components which all play an 

important role: the fluidic system, the optical system and the signal detection 

and processing.  

The fluidic system is responsible for the transport of the cells from their 

solution through the instrument and its detectors. This system contains two 

components: the sheath fluid and pressurised lines. Sheath fluid (commonly 

PBS) is injected into the flow chamber via pressurised lines. Another 

pressurised line also injects the suspended cells from the sample tube into the 

heart of the machine. Due to the relatively higher pressure of the sample fluid 

compared to the sheath fluid, this creates a coaxial flow based upon the 

pressure difference (360, 361). The higher pressure of the sample fluid causes 

the cells to align into single file fashion, allowing for the uniform excitation of 

the cells by the laser beams (360, 361).  

The optical system contains the detectors, filters and the lasers used to excite 

the electrons into their higher energy orbitals. Lasers will have a specific 

wavelength that is used to excite specific fluorophores. For example, an argon 

laser with a wavelength of 488nm excites fluorescein isothiocyanate (FITC), 

resulting in an emission of a higher wavelength (525nm). The emitted photons 

pass through a series of mirrors and filters to separate and direct specified 

wavelengths to appropriate optical detectors (362).  

Importantly it is not just the fluorescence produced from the electron 

excitement that is used to identify cell populations but also the forward scatter 

(FSC) and side scatter (SSC) are used to help identify (358). FSC is a 

measure of the size of the cell as a result of diffraction measured along the 

same axis as the laser beam. SSC is a measure of the granularity of the cell 

or internal complexity of the cell and is measured via the refraction and 

reflection of light at ~90º to the laser beam (358). These two measurements 

allow for the differentiation of cell types in a heterogeneous population, for 

example, the difference in scatter profiles between granulocytes and 

lymphocytes (362).  

Finally, the generated photons need to be converted to voltages by 

photodetectors as part of signal detection and processing. Two types of 

detectors are used depending on the sensitivity required; these are either 



 

    - 45 - 

photodiodes (PDs) or photomultiplier tubes (PMTs) (362, 363). When photons 

are detected by either PDs or PMTs the photons are converted into a 

proportional number of electrons to generate an electrical current. In turn the 

current travels to an amplifier subsequently converting into a voltage pulse, 

which peaks when the cells are in the centre of the laser beam before returning 

to baseline as the cell passes through the beam (363). This generates an 

analogue signal, which is amplified by two types of amplifier (linear or 

logarithmic). To generate the histograms and plots on the computer, this 

analogue signal is converted into a digital output via an analogue to digital 

converters (363). 

 

Flow cytometry was conducted on two different sample types, these being 

either culture-expanded cells or cells directly after digestion. In both cases, 

the procedure was the same; each experiment's antibodies will be listed in the 

appropriate chapter. 

For culture-expanded cells, a minimum of 500,000 viable cells/tube were 

pelleted at 400xg for 5 minutes, whilst cells straight from digestion had a 

minimum of 3,000,000 cells/tube pelleted using the same conditions as 

culture-expanded cells.  

The supernatant was discarded, and cells were then resuspended in 50µl of 

FACS block and incubated at room temperature for 15 minutes. After this 

incubation, the appropriate antibodies were added to each tube and 

subsequently incubated at room temperature in the dark for 15 minutes. At the 

end of the incubation, cells were washed with 500µl of FACS buffer, before 

being centrifuged for 5 minutes at 400xg. Cells were resuspended in 500µl of 

FACS buffer and had 5µl of 7-Aminoactinomycin-D (7-AAD) added. Any tubes 

that had cells from digestion were then filtered through a 70µm cell strainer to 

remove any larger non-cellular bodies that might interfere with the cytometer. 

Tubes were stored on ice in the dark until they were run through a Cytoflex S 

cytometer (Beckham Coulter). 

Intact cellular bodies were selected based upon their forward and side scatter 

profiles combined with doublet discrimination, with dead cells excluded based 



 

    - 46 - 

on their uptake of 7-AAD. Data were analysed and compensated on CytExpert 

V2.3 software package (Beckham Coulter). 

 

Genes are the backbone of all genetic information relating to an individual. 

The measurement of their expression has long been used to identify how 

different pathways or genes are expressed in relation to disease and cellular 

processes such as MSC differentiation. To understand which pathways or 

proteins are expressed over the course of MSC differentiation and how they 

may be affected by cytokine stimulation, gene expression experiments were 

carried out.      

 

In its simplest form polymerase chain reaction (PCR) is defined as a chain 

reaction that exponentially increases DNA quantity. This occurs via the use of 

the enzyme polymerase, primers, DNA template and nucleotides. This 

technique, however, is only qualitative and has other limitations including, the 

numbers of samples that can be run at any time and that detection of the 

amplified product is only seen after all cycles have ended. 

A more quantitative development of PCR is quantitative PCR (qPCR), which 

provides several advantages. Whilst PCR can only be detected at the end of 

all the cycles, in qPCR the use of fluorescently labelled probes allows for 

quantification at every step of the reaction. In this thesis, TaqMan probes are 

used. These probes have a fluorophore that is not active at the beginning of 

the reaction due to a quencher attachment. The fluorophore is located at the 

5’ end whilst the quencher is at the 3’ end (FAM-MGB respectively). Over the 

course of the reaction the fluorochrome is separated from the quencher by 

Taq DNA polymerase. The separation from the quencher activates the 

fluorophore; this allows for its fluorescence to be tracked in an amplification 

dependent manner providing the amplification curve. This technique also 

allows for larger numbers of samples to be run, making qPCR the preferred 

technique when investigating gene expression (as opposed to normal PCR). 
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qPCR acts as an indirect measurement of RNA via its conversion to cDNA as 

required for the procedure. 

 

Whilst qPCR is useful when looking for known genes of interest in a targeted 

pathway, of many of the downstream targets from certain inflammatory stimuli 

during differentiation are unknown. The use of a methodology that allowed for 

high quality and consistent outputs for a wide range of genes from potentially 

small cDNA samples was important. The use of integrated fluid circuits (IFC) 

chip technology met these requirements. IFC uses the principles of 

microfluidics and is based on qPCR principles but are further miniaturised 

whilst also integrating the liquid handling components on a single chip. These 

chips contain networks of minuscule diameter fluid lines (10-6m), small volume 

chambers (10-9l) and NanoflexTM valves that allow the chip to withstand high 

pressures (175mmHg) (364). Importantly these chips only require small 

volumes of samples and TaqMan primers to carry out a very high number of 

reactions.  

For this work a 48.48 chip was used, which allowed for up to 2304 reactions 

to be carried out per chip. These chips allowed 47 genes of interest plus a 

housekeeping gene to be interrogated on up 48 samples. They were used 

primarily to investigate how IL-17A influences osteogenesis (Chapter 4) and 

adipogenesis (Chapter 4) over the course of a differentiation experiment. 

 

Before any genomic work was performed, the bench areas were wiped with 

RNAse AWAYTM (ThermoFisher) to minimise potential RNA contamination 

from the environment. RNA extraction was performed using Norgen Total 

RNA Purification Kit. The purification of RNA in this kit is based on spin column 

chromatography without the use of phenol or chloroform.  

After differentiation, the cells in a monolayer had the differentiation media 

aspirated and were washed with PBS. 350µL of Buffer RL was then added 

directly to the culture plate. This was allowed to incubate for 5 minutes at room 

temperature with constant gentle agitation to lyse the cells. This lysate was 

transferred into labelled Eppendorfs and then had 200µL of 100% ethanol 
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added and vortexed to mix well. These lysates could then be frozen at -80ºC 

until all lysates were ready for further extraction. 

This lysate is then added to the column which was inserted into a collection 

tube and subsequently bound by centrifuging at 3500xg for 1 minute. The 

flowthrough in the collection tube was then discarded. After this stage, any 

leftover genomic DNA contamination is removed via on-column DNAse 

treatment. Norgen’s RNase-Free DNase I Kit was used for this. Each column 

had 100µL of Enzyme Incubation Buffer A and 15µL of DNAse I added. 

Columns were then centrifuged at 14000xg for 1 minute, at the end of this the 

flowthrough was discarded.  

The columns then had 3 washes to thoroughly remove any nonbound 

containments, 400µL of Wash Solution A was added to each column and 

centrifuged at 14000xg for 1 minute and the flowthrough was discarded. After 

the final wash, the columns were centrifuged for a further 2 minutes at 

14000xg to dry the resin thoroughly. 

The dried columns were then transferred into fresh elution tubes. Each column 

had 50µL of Elution Solution A added to the column. Columns were then 

centrifuged for 2 minutes at 200xg, followed by 2 minutes at 14000xg. The 

elution tubes were then frozen at -80ºC until reverse transcription was 

performed.  

 

Reverse transcription of cDNA from RNA was performed using a kit from 

Norgen in a programmed thermocycler. The reverse transcription master mix 

(Fluidigm) contained a mix of deoxyribonucleotide triphosphate, oligo-dTs, 

random primers, RNAse inhibitors and reverse transcriptase. Due to 

subsequent pre-amplification steps in using the Fluidigm system, RNA 

extracted from the previous step was analysed using a NanoDrop-1000 to 

record RNA concentration and purity based on 260/280 and 260/230 ratios for 

each sample. For reverse transcription a target range of 50-60ng of RNA was 

used per reaction; therefore the 5µl reaction contained 1µl of reverse 

transcription master mix and a 4µl mixture of RNA and nuclease-free water. 

For example, if a sample had an RNA concentration of 25ng/µl, then for 
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reverse transcription its reaction would contain 1µl reverse transcription 

master mix, 2µl of RNA and 2µl of nuclease-free water.  

The reverse transcription master mix, RNA and nuclease-free water mix were 

added to individual wells, the plates were then sealed, vortexed and 

centrifuged before being placed into the thermocycler. The reverse 

transcription reaction was conducted using the following parameters: 5 

minutes at 25ºC, 30 minutes at 42ºC, 5 minutes at 85ºC and then were held 

at 4ºC. The generated cDNA was stored at -20ºC until future use.  

 

For pre-amplification (PA) a mixture of all the selected 48 TaqMan probes 

(listed in the relevant chapter) was diluted in tris-ethylenediaminetetraacetic 

acid (TE) buffer to a final concentration of 0.2x. This mix then had 1.25µl 

added per well of a 96-well PCR plate, which was supplemented with 1.5µl 

nuclease-free water, 1µl PA master mix (Fluidigm) and 1.25µl of cDNA 

generated earlier. This gave a total reaction volume of 5µl/well. Samples were 

then vortexed to mix and centrifuged before being put into the thermocycler to 

undergo PA. All samples underwent 14 PA cycles using the following settings:  

2 minutes at 95ºC, denaturing at 15 seconds at 95ºC, annealing at 60ºC for 4 

minutes (the last two steps acting as the 14 cycles) before being held at 4ºC. 

After PA, all samples were diluted 1:5 by the addition of 20µl of TE/well. 

Samples were then stored at -20ºC until qPCR.  

 

The Fluidigm 48.48 IFC chip is single-use and requires priming before it can 

be loaded with samples and run. In order to prime the chip 150µl of control 

line fluid (Fluidigm) is carefully added into the two accumulator regions (Figure 

2.2). The chip is then loaded into a Fluidigm MX Loader which then runs a 12-

minute priming script.  

After completion of this script the chip was loaded with assays and samples 

(Figure 2.2). For the assays, each Taqman 3µl was added to 3µl of assay 

loading reagent (Fluidigm), from this 6µl mixture 5µl was added carefully to 

the appropriate well on the chip taking care to avoid any air bubbles which 
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could block the fluid lines. For the samples 3µl of Taqman universal master 

mix and 0.3µl of GE sample loading reagent was added to 2.7µl of the PA 

diluted cDNA from the previous step to give a 6µl mix from which 5µl was 

added to the appropriate well on the chip. After all the samples and assays 

were loaded onto the chip, the chip was placed back into the Fluidigm MX 

Loader to run a 1-hour load & mix script before being transferred into the 

BioMarkTM HD System. 

The qPCR run was managed by the Data Collection software associated with 

the BioMarkTM HD System. The pre-determined script ran a GE 48x48 

Standard v1 protocol, which contained 40 PCR cycles for around 1.5 hours.  

Figure 2.2: Image of a Fluidigm 48.48 IFC gene expression chip 

  

  



 

    - 51 - 

 

Following completion of the run, the data was analysed using Fluidigm Real-

Time PCR Analysis software. This allowed for the generation of the cycle 

threshold (CT) value for each gene, and the exclusion of any genes that did 

not meet the expression threshold. All genes were normalised to the 

expression of a housekeeping gene was hypoxanthine-guanine 

phosphoribosyltransferase 1 (HPRT1), which produced the ΔCT values. 

Normalisation occurred via the use of this equation  

ΔCT =  CT target gene –  CT housekeeping gene 

This data was then exported into Microsoft Excel for further analysis. In order 

to determine relative expression ΔCT values were put into the equation: 2−ΔCT. 

Hierarchal clustering was worked out by exporting relative expression values 

into Cluster 3.0 software. Relative expression values for genes with less than 

80% expression across all samples were excluded first. The remaining data 

was then Log transformed with both the genes and arrays being centred on 

their means. Finally, the arrays were analysed using Spearman Rank 

Correlation, which produced a final .cdt file that was exported into Java 

TreeView V1.1.6r4, which produced the heatmaps of hierarchal clustering. 

The genes that showed a high degree of clustering, were further analysed to 

investigate for any significant differences in expression, using the ΔΔCT 

methodology (365). This was performed by normalising gene expression 

changes to a control sample which in this work was an undifferentiated MSC: 

ΔΔCT = ΔCTSample – ΔCTUndifferentiated MSC. Once the ΔΔCT value was obtained, 

relative expression was worked out using 2−ΔΔCT. These values could then be 

further analysed for any significant differences. 

 

Some patient samples that showed several spinous process segments with 

connecting intra-spinous ligament were selected to be used for histology to 

gain a clearer view of the micro-environment at the spinal enthesis (Figure 

2.1). 
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To preserve tissue integrity and stop autolysis of the samples, which could 

occur over the decalcification process, samples were fixed thoroughly. Upon 

receipt samples were washed twice in PBS to wash out any red blood cells or 

other circulating immune cells, which could disrupt downstream staining. After 

the wash samples were immediately fixed in a 10% neutral buffered formalin 

solution. Samples were allowed to fix for 48 hours. After this period the 

samples were removed and washed three additional times with PBS to 

remove any residual fixative before decalcification. 

 

Due to the mineralised nature of bone being impossible to section without 

damaging the tissue, decalcification was performed to remove the mineral 

content whilst preserving the microscopic tissue structure. Slow 

decalcification was performed using 0.5M EDTA. This methodology is slow 

but causes little tissue damage compared to other faster methods utilising 

stronger acids (366). The decalcification of mineralised bone is achieved by 

chelating calcium from the bone and is seen to be pH dependent. The 

equation best demonstrates this:  

𝐶𝑎1𝑜(𝑃𝑂4)6(𝑂𝐻)2 + 8𝐻+  ↔  10𝐶𝑎2+ +  6𝑃𝑂4
2− + 2𝐻2𝑂 

Decalcification gradually moves the calcium from the tissue into the 

surrounding liquid. The solution was changed every week to avoid reaction 

equilibrium allowing for continual progressive decalcification. To prevent 

tissue damage associated with over decalcification, especially in the intra-

spinous ligament where maceration may occur. From the second week and 

every subsequent week, decalcification samples were X-rayed to look for 

decalcification progression. The X-ray machine used was a CS2200 

(Carestream Health) with an exposure time of 0.113s at 70kV, with images 

captured on standard dental films read on the automated unit. Transparency 

of samples after X-ray was used as an indication of sufficient decalcification.  
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Following decalcification, larger samples were cut using a scalpel into sizes 

that would fit into a plastic cassette (Figure 2.3). Decalcified samples were 

then processed for paraffin embedding, which involved a 10% neutral buffered 

formalin (30-minutes) through graded ethanol: 

1. 70% ethanol for 1 hour 

2. 90% ethanol for 1 hour 

3. 95% ethanol for 1 hour 

4. 100% ethanol for 1 hour 

5. 100% ethanol for 2 hours 

6. 100% ethanol for 2.5 hours 

Then into 3 separate xylene buckets for 2x 1 hour and 1.5 hours respectively 

and finally into 2 buckets of molten paraffin wax for 4 and 5 hours respectively. 

Embedding into the paraffin blocks was performed in a Leica embedding 

centre using a hot paraffin dispenser and hot plate. Before the molten wax 

was poured into the cassettes, samples were oriented in the coronal plane 

(Figure 2.3). Once the wax hardens, this allows for the samples to be easily 

sectioned. 
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A Leica RM2234 microtome (Leica Microsystems) using an S+ type blade was 

used to section paraffin blocks. Due to wax covering the tissue sample, blocks 

were initially sectioned at a thickness of 10m until the tissue was exposed. 

The tissue was sectioned at a thickness of 5m, and sectioned samples were 

allowed to stretch and smooth out any creases by flotation in a 45ºC water 

bath. Samples were then lifted out onto SuperFrost Plus glass slides. Any 

residual water was dried from the slides by incubation overnight at 37ºC. 

Figure 2.3: Sample preparation for histology 

A) Fixed and decalcified samples were cut using a scalpel into sizes that would 

fit inside the plastic cassettes (B). Samples were mounted in the coronal plane 

to best see the tissue anatomy for staining (B). 

 

For over a century, Haematoxylin and Eosin (H&E) have been used to identify 

a wide array of tissue types. The stain consists of two components: the 

haematoxylin stains cell nuclei a deep blue-purple colour through staining of 

the nucleic acids (367, 368). All extra-cellular matrix is stained non-specifically 
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a pink colour with Eosin, though, in areas of high proteoglycan content, this 

can have an element of a blue colour present (368). This makes H&E staining 

perfectly useful for discerning subtle variations in tissue composition such as 

those seen at the enthesis, where ligament transitions to fibrocartilage and 

subsequently into cortical bone.    

Slides selected for Haematoxylin and Eosin were deparaffinised by standing 

the slides on a hot plate at 70ºC for 20 minutes. Residual paraffin was cleared 

by immersion in Xylene (3x 5 minutes). Tissue was then rehydrated by 

immersion in graded ethanol: 

1. 100% ethanol 3x 3 minutes 

2. 75% ethanol 1x 3 minutes 

3. 50% ethanol 1x 3 minutes 

4. Tap water 1x 2 minutes 

After rehydration, slides were immersed in Harris’ Haematoxylin for 2-minutes 

after which any no bound stain was cleared by immersion in tap water for 1-

minute. The ‘blueing’ of the nuclei was performed by immersing the slides in 

Scott’s tap water for 2-minutes, before washing in running tap water for 1-

minute followed by immediate immersion in Eosin-Y for a further 2-minutes. 

After this incubation, any non-bound stain was removed by washing in tap 

water for 1-minute. The slides were then dehydrated using graded ethanol in 

an inverse protocol to the hydration of slides, and finally, slides were cleared 

using Xylene. The slides were then mounted using DPX medium and allowed 

to dry overnight at room temperature (RT) before imaging.  

 

Masson’s trichrome, as the name suggests produces three different coloured 

stains. Nuclei are stained black, with mature bone staining red and collagen 

fibres (ligaments), regenerated bone or osteoids staining blue (369). The 

nuclei are stained by Weigert’s iron haematoxylin, which is resistant to 

degradation by subsequent acidic staining solutions. The acidophilic elements 

of the tissue, such as collagen, are stained bright red by Ponceau Fuchsin 

solution (370). The subsequent addition of phosphotungstic acid causes this 

bright red colour to be diffused out of the ligamentous tissue but leaves the 
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mature bone stained red (371). The ligamentous tissue is then stained with 

methylene blue to create the counterstain and the trichrome characteristic of 

Masson’s trichrome staining. Masson’s trichrome was used to provide an 

insight into any micro-damage or bone remodelling present at the site of the 

spinal enthesis.  

Selected slides for Masson’s trichrome staining were dewaxed and rehydrated 

in the same way as described in 2.6.2. After slides were rehydrated, they were 

immersed in Wiegert’s iron haematoxylin for 10-minutes. They were then 

placed in 1% acid-alcohol for 15-seconds before being immersed in running 

tap water for 1-minute. This was followed by immersion in Ponceau fuchsin 

for 5-minutes, with a subsequent 1-minute wash in running tap water. Slides 

were subsequently placed into phosphotungstic acid for 15-minutes, before a 

final wash in running tap water for 1-minute. Finally, slides were stained using 

methyl blue for 1-minute before being dehydrated and mounted as described 

in 2.6.2. 

 

Slides were scanned on a Leica Aperio AT2 at an original magnification of x20 

and images were captured using its software Aperio Imagescope (Leica). 

Areas of interest around the entheseal insertion site at the spinous process 

were imaged at an appropriate magnification to look for potential channels of 

communication between the spinous process and the intra-spinous ligament.  

 

All data were analysed for statistical significance using IBM SPSS Statistics 

26 software package. Data were assessed for normality using a Shapiro-Wilks 

Test. Any data that was found to be normally distributed underwent 

subsequent parametric testing, whilst those that were found to be not normally 

distributed (p<0.05) were further analysed using non-parametric equivalent 

tests. The tests used for each experiment are specified in the respective 

chapters. For all data, p-value of <0.05 was considered significant (*p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001).  
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Mesenchymal stem/stromal cells (MSCs) were initially characterised in the 

bone marrow of guinea pigs in 1970 (347). These cells were initially defined 

as a high proliferative population of plastic adherent cells, that formed colonies 

on plastic dishes (347). Since this initial classification MSCs have been 

identified in almost every post-natal tissue in the human body (348, 349). They 

are capable of differentiating under the appropriate conditions into bone, fat 

and cartilage lineages (359). Interestingly they are also known to be capable 

of some immunomodulation (372), this combined with their tri-lineage potential 

gives them an important role in both normal tissue repair and in disease (20). 

For a population of cells to be definable as MSCs they must meet the minimum 

criteria as set forth by the International Society for Cellular Therapy (ISCT). 

Cells must be plastic adherent when under normal culture conditions, and tri-

lineage differentiation capable (being adipogenesis, chondrogenesis and 

osteogenesis). Finally, they must also display the appropriate surface 

markers. Positive (≥95%) expression for cluster of differentiation (CD) markers 

73, 90 and 105. At the same time as being negative (≤2%) in expression for 

markers associated with haemopoietic cell lineages these being; CD14 

(myeloid lineage marker), CD19 (B cell marker), CD34 (haematopoietic stem 

cell marker), CD45 (pan-leukocyte marker) and Human Leukocyte Antigen – 

DR isotype (HLA-DR, seen on antigen-presenting cells) (359).  

However, since these initial criteria were established, it has been recognised 

that CD34 - depending on tissue origin and other factors - may not be a good 

negative marker for MSCs. Some adipose tissue-derived MSCs in vivo display 

a low expression of CD34 (373-375), this negative expression requirement for 

CD34 is likely due to in vitro expansion conditions altering surface marker 

expressions. Similarly, HLA-DR expression on MSCs is upregulated by 

stimulation with interferon-γ (IFN-γ) (376, 377).  
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The expression of CD73, CD90 and CD105 are stable on MSCs in both in vivo 

and in vitro conditions; they are not specific markers for MSCs and are 

displayed on other cell types. For example, positive expression for CD73, 

CD90 and CD105 is seen on dermal fibroblasts isolated from the foreskin 

(378), and populations of endothelial progenitor cells display CD73 and 

CD105 (379). With populations of CD90, in particular, seen in the bone 

marrow and ligamentous tissue (380) which are not MSCs, the need for more 

specific markers to truly isolate MSC populations can be seen.  

One candidate molecule to be explored is CD271 or low-affinity nerve growth 

factor receptor (LNGFR), which is part of the tumour necrosis factor 

superfamily (381). The PEB consists primarily of bone marrow and CD271+ 

MSCs are seen to be specific to bone marrow; expression is also seen on 

bone lining cells (382-385). Importantly - unlike CD73, CD90 and CD105 - 

CD271 is not displayed on fibroblasts (386). The CD271+CD45lo/- MSC 

phenotype also meets all of the criteria defined by the ISCT, being positive for 

CD73, CD90, CD105, plastic adherent and tri-lineage differentiation capable 

(382, 387, 388).   

 

Differentiation of MSCs is broadly a two-step process, lineage commitment or 

the differentiation into lineage progenitor cells and then their subsequent 

maturation into mature differentiated cells. These differentiation pathways are 

regulated by several key pathways, some of which act across numerous 

differentiation routes. These pathways are covered in more detail in later 

chapters. 

Osteogenesis and adipogenesis are the two most relevant differentiation 

pathways when relating to AS, with adipogenesis associated with the early 

formation of fatty tissues at the enthesis preceding new bone formation at 

these sites (21, 58, 389). The master regulators of osteogenesis and 

adipogenesis are runt-related transcription factor 2 (RUNX2) (390) and 

peroxisome proliferator-activated receptor  (PPAR) (391). Respectively 
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these two transcription factors also suppress each other’s actions when 

undergoing differentiation (392, 393).  

MSCs are known to display a preference for differentiating down specific 

lineages based on their tissue origin (394-396). Adipose tissue-derived MSCs 

have a significantly higher adipogenic potential than MSC populations isolated 

from the bone marrow (397). The converse is true regarding osteogenesis 

with bone marrow-derived MSCs having higher osteogenic and chondrogenic 

potential (397, 398). The difference in the chondrogenesis is likely due to the 

evidence that chondrogenesis and osteogenesis follow a similar differentiation 

pathway (399).  After the stimulus to differentiate is applied to MSCs if heading 

down an osteogenesis or chondrogenesis lineage single-cell RNAseq shows 

that they share commonly upregulated genes such as SP7 or osterix, which 

is not seen in adipogenic lineages (400). However, despite the evidence that 

tissue residency plays an important role in determining the differentiation 

ability of MSCs recent work shows that adipogenesis requires significantly 

more histone and transcriptional changes than osteogenesis, regardless of 

the MSC tissue origin and that as a result MSCs prefer to head down 

osteogenic lineages (401). This appears to go against what is seen with 

comparisons between MSCs populations showing different differentiation 

potentials.  

 

This chapter of work aimed to investigate three main hypotheses: 

1. Two populations of MSCs exist at the human enthesis, one in the PEB 

and one in the EST 

2. These populations will have distinct functional differences depending 

on their tissue origin, with PEB MSCs being more osteogenic than 

matched EST MSCs 

3. A population of CD271+ MSCs exists at the human spinal enthesis, at 

least in the PEB fragment. 
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Following tissue digestion (section 2.2), fresh cells from PEB and EST (both 

n=17) had 10,000 viable cells seeded onto 10mm plastic petri dishes (in 

duplicate) containing 15ml of StemMACS MSC expansion media 

supplemented with 1% Penicillin-Streptomycin. After 48-hours dishes had all 

the media aspirated and were washed with PBS to remove any non-adherent 

cells, before having 15ml of fresh StemMACS media applied. Half media 

changes were performed every 3-days for the duration of the time in culture. 

Dishes were cultured for 14-days in a humidified incubator at 37ºC and 5% 

CO2. 

On the 14th day in culture, dishes had all media removed and were washed 

twice with PBS before being fixed for 15-minutes in a 3.7% formaldehyde 

solution.  After fixation dishes were washed with PBS before being stained in 

a 1% methylene blue in borate buffer solution for 30-minutes at room 

temperature (RT). After staining dishes were washed with PBS until the PBS 

ran clear, dishes were subsequently allowed to air-dry overnight.  

Dishes were scanned at 1200dpi resolution using an Epson 3590 flatbed 

scanner and colonies were manually counted using ImageJ software 

V1.8.0_112. Colonies were only counted if greater than 50 cells were present. 

The percentage of MSCs from each digest was calculated using the equation:  

%𝑀𝑆𝐶𝑠 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑙𝑜𝑛𝑖𝑒𝑠

10,000
 ×  100. 

 

Variations in colony size of MSC populations are seen within bone marrow-

derived MSCs indicating heterogeneity within the populations of the MSCs 

(385, 402, 403).  To explore whether such heterogeneity exists within the 

MSCs from either the PEB or EST colony density and size was investigated. 

To work out how dense colonies of cells were after their time in culture PEB 

(n=7) and EST (n=7) samples that had at least 15 colonies per dish were 

scanned (as above in 3.2.1) and converted into an 8-bit grayscale image using 
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ImageJ. An 8-bit grayscale image is an image where each pixel of an image 

is assigned a luminance value from 0-256, which in grayscale equates to 256 

representing black and 0 representing white. In terms of colony density after 

the image has been converted into 8-bit grayscale, areas of more stained 

(denser) colonies will have a richer colour and subsequently have a higher 

grayscale value. Converted images then have their colonies manually circled 

using the software and the mean of the grayscale density of all the colonies 

was recorded along with the standard deviation of all the colonies (402). 

For the colony size, the images had their colonies circled one at a time and 

the area which the colony covered was recorded using ImageJ. This was 

repeated across a minimum of 15 colonies per dish for the seven selected 

samples. 

 

Culture expanded MSCs (<p3, n=3 for both PEB and EST) were assessed for 

the expression of the positive MSC markers: CD73, CD90 and CD105 whilst 

being negative for immune cell lineage markers (359). Cells were stained 

using the methodology explained in section 2.4, using the antibodies listed in 

Table 3.1. Three samples of PEB and EST had a minimum of 500,000 MSCs 

divided into 6 tubes after they were incubated in FACs block as described in 

section 2.4.    Tubes were labelled for their contents: 

I. CD45-V450, HLA-DR-FITC, CD34-PE, 7-AAD 

II. CD19-FITC, CD14-VioGreen, CD73-PE, 7-AAD 

III. CD90-FITC, IgG1-PE, IgG1-V450, 7-AAD 

IV. CD105-PE, IgG1-FITC, IgG1-VioGreen, 7-AAD 

V. Unstained control, 7-AAD 

VI. Unstained control 

Compensation was performed using compensation beads utilising the 

selected antibodies on each fluorophore. Data were analysed as described in 

section 2.4.  
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Table 3.1: Table of antibodies used in ISCT flow cytometry 

Surface Marker-

Conjugate: 

Volume 

Used (µl): 

Clone: Laser 

(nm): 

Emissionmax 

(nm): 

Company: Isotype: 

CD14-VioGreen 1 REA599 405 520 Miltenyi Biotec Mouse IgG1 

CD19-FITC 2.5 HIB19 488 520 BD Biosciences Mouse IgG1 

CD34-PE 10 563 488 578 BD Biosciences Mouse IgG1 

CD45-V450 2.5 HI30 405 448 BD Biosciences Mouse IgG1 

CD73-PE 1 AD2 488 578 Miltenyi Biotec Mouse IgG1 

CD90-FITC 2.5 F15-42-1 488 518 Bio-rad Laboratories Mouse IgG1 

CD105-PE 5 REA794 488 578 Miltenyi Biotec Mouse IgG1 

HLA-DR-FITC 10 L243 488 520 BD Biosciences Mouse IgG1 

Mouse IgG1-PE 10 MOPC-21 488 578 BD Biosciences N/A 

Mouse IgG1-FITC 5 IS5-21F5 488 520 Miltenyi Biotec N/A 

Mouse IgG1-VioGreen 5 IS5-21F5 405 520 Miltenyi Biotec N/A 

Mouse IgG1-V450 10 X40 405 448 BD Biosciences N/A 

7-AAD 5 N/A 488 647 BD Biosciences N/A 
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The population of uncultured bone marrow-derived MSCs have previously 

been described as CD271+CD45low/- (382, 384, 388). As a result, PEB and 

EST digests with high viable cell counts (>1x106 for EST digests) were 

selected for flow cytometry to investigate the presence of CD271+ MSCs at 

the human spinal enthesis.  

The enzymatic digestion process can stress the cells. There will also be a 

number of dead cells which will have a tendency to clump together. This 

clumping of dead cells can interfere with the staining and fluorescent 

characteristics of cells undergoing flow cytometry. To minimise any 

interference from such clumping after enzymatic digestion (section 2.2) 

40units/ml of DNAse I was added to the digests, before being pelleted at 

500xg for 10-minutes at RT. After this, cells were resuspended into FACS 

block as described in section 2.4.3 and were stained as described using the 

antibodies listed in  

Table 3.2 in the following tube setups: 

I. Unstained Cells 

II. 7-AAD only 

III. Isotype controls 

IV. CD73-PE, CD45-V450, CD271-PE-Vio770, 7-AAD 

V. CD90-APC, CD45-V450, CD271-PE-Vio770, 7-AAD 

VI. CD105-FITC, CD45-V450, CD271-PE-Vio770, 7-AAD 

Before being investigated in the Cytoflex S cytometer (Beckham Coulter), 

stained cells were passed through a 70m cell strainer to minimise any debris 

or clumping cells that would interfere with readings.
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Table 3.2: Antibodies used for CD271 flow cytometry phenotyping

Surface Marker-

Conjugate: 

Volume 

Used (µl): 

Clone: Laser 

(nm): 

Emissionmax 

(nm): 

Company: Isotype: 

CD45-V450 15 HI30 405 448 BD Biosciences Mouse IgG1 

CD73-PE 7.5 AD2 488 578 Miltenyi Biotec Mouse IgG1 

CD90-APC 7.5 5E10 633 660 BD Biosciences Mouse IgG1 

CD105-FITC 7.5 43A4E1 488 520 Miltenyi Biotec Mouse IgG1 

CD271-PE-Vio770 30 ME20.4-1.H4 488 775 Miltenyi Biotec Mouse IgG1 

Mouse IgG1-V450 10 X40 405 448 BD Biosciences N/A 

Mouse IgG1-PE 10 MOPC-21 488 578 BD Biosciences N/A 

Mouse IgG1-APC 10 IS5-21F5 633 660 Miltenyi Biotec N/A 

Mouse IgG1-FITC 10 IS5-21F5 488 520 Miltenyi Biotec N/A 

Mouse IgG1-PE-Vio770 10 IS5-21F5 488 775 Miltenyi Biotec N/A 

7-AAD 10 N/A 488 647 BD Biosciences N/A 
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The adipogenic potential of cells from both the PEB and EST (both n=11) was 

assessed using Oil Red O staining after adipogenesis in differentiation media. 

Culture expanded cells <P3 were seeded at a density of 50,000 cells/well (in 

duplicate) in 24-well plastic culture plates and were cultured in an adipogenic 

differentiation media. This adipogenic media has been used extensively by 

prior studies (384, 404, 405) and contained: DMEM, 10% FCS, 10% horse 

serum, 0.5mM isobutylmethylxanthine, 60µM indomethacin and 0.5mM 

hydrocortisone. Control wells were seeded at the same density and into the 

same 24-well plastic culture plates but were cultured using DMEM with 10% 

FCS only. Plates were incubated at 37C and 5% CO2 for 3 weeks with half 

media changes every 3 days. 

On the 21st day after initiation of adipogenesis cells were stained using an Oil 

Red O solution. A stock solution of 0.5% Oil Red O in isopropanol was first 

prepared. This solution was then incubated in a water bath at 37C for at least 

30 minutes. After incubation the solution was further diluted with 3 parts Oil 

Red O solution to 2 parts deionised water. This was then filtered through a 

0.8µm filter then a 0.22µm filter. 

Prior to staining with the diluted Oil Red O solution wells had all their media 

aspirated and were gently washed twice with PBS. Wells were then fixed with 

10% formalin for ten minutes at room temperature. At the end of incubation, 

the formalin was removed, and the wells had two more washes with PBS. The 

filtered Oil Red O solution was then added and allowed to stain any lipid 

vesicles for 30 minutes, at the end of the staining cells were washed with PBS 

to remove and excess Oil Red O. Stained wells were stored in 1ml of PBS to 

prevent drying out and rupture of stained vesicles. An Olympus CKX41 light 

microscope with an Olympus C-7070 camera attachment was used to take 

images at 3 locations of each well. ImageJ software was used to analyse Oil 

Red O stained area, hence quantifying adipogenesis (406).    
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The chondrogenic potential of MSC was assessed by culturing 250,000 cells 

(in triplicate) for both PEB (n=4) and EST (n=4) in a chondrogenic media for 3 

weeks at 37C and 5% CO2 with half media changes three times per week.  

MSCs were pelleted in Eppendorf tubes by centrifuging at 650xg for 5 

minutes. After this they were cultured in chondrogenic media. The 

chondrogenic media (CM) consisted of high glucose DMEM, antibiotics, 40 

μg/ml L-proline, 1.5 mg/ml bovine serum albumin, 4.7 μg/ml linoleic acid, 1× 

insulin–transferrin–selenium (ITS), 50 μg/ml L-ascorbic acid-2-phosphate, 

100nM dexamethasone and 10 ng/ml TGF-β3. Control MSCs were pelleted 

into Eppendorf tubes at the same density and were cultured for the same 

duration except only in DMEM with 10% FCS. 

Glycosaminoglycan (GAG) content of the pellets was assessed on the 21st 

day of differentiation. The CM was carefully aspirated taking care not to disturb 

the pellet, which was then washed twice gently with PBS. The pellet was then 

dissolved by the addition of 100l of 1mg/ml papain and overnight incubation 

in a water bath at 65C. The following day the contents were mixed well and 

frozen at -20C until GAG content could be assessed.  

The GAG content of differentiated MSCs was assessed using the Blyscan™ 

Glycosaminoglycan Assay (Bicolor Limited) (388). This assay was conducted 

following the manufacturer’s instructions. Briefly, the papain digest solution 

was thawed and had 1ml of the dye reagent added and was incubated for 30 

minutes with vortexing every 5 minutes to ensure thorough mixing. The dye 

(1,9-dimethylmethylene blue) binds to sulphated glycosaminoglycans 

(sGAG). After incubation any unbound dye was removed by centrifuging at 

12,000 rotations per minute (rpm) for 10 minutes, this pelleted the bound 

sGAG-dye complex. Any non-bound dye was aspirated from the Eppendorfs 

leaving the pellet intact. After this 500l of dissociation reagent was added, 

and the tubes were vortexed and incubated for ~10 minutes or until all the dye 

has dissociated. Tubes were then centrifuged at 12,000 rpm for a further 10 

minutes to remove any foam. A 96-well plate then had 200l of the dissociate 
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dye transferred into each well, which was then placed in a Cytation 5 Imaging 

Plate Reader (Biotek) with absorbance measured at 656nm. 

 

The osteogenic potential of MSCs was assessed using two qualitative 

methods (alizarin red and alkaline phosphatase) or a quantitative calcium 

deposition assay. In triplicate MSCs from both the PEB and EST (both n=11) 

were cultured in an osteogenic media (OM) containing low glucose DMEM 

supplemented with 10% FCS, 100nM dexamethasone, 10mM β-

glycerophosphate, 0.05mM ascorbic acid and antibiotics (382, 384, 388). 

Control wells had MSCs seeded at the same density into the same plastic 

culture plates and were supplemented with DMEM with 10% FCS for their 

duration in culture. Cells had half media changes twice per week and were 

cultured at 37C and 5% CO2 for the duration of their time in culture. 

Wells which were used for alizarin red or alkaline phosphatase staining had 

10,000 cells/well seeded into 12-well plastic culture plates. Alizarin red 

(3.2.5.1) wells were cultured for 3 weeks, whilst alkaline phosphatase (3.2.5.2) 

were cultured for 2 weeks (405). Calcium deposition assays (3.2.5.3) had 

3,000 cells seeded per well in a 48-well plastic culture plate and were cultured 

for 2 weeks (227). 

 

Prior to staining a 70% ethanol solution was placed in a -20ºC freezer and was 

allowed to cool overnight. Plates had their media aspirated and the wells were 

gently washed twice with PBS. After the final PBS wash, wells were fixed for 

1 hour using the cold 70% ethanol. After fixation, wells were rinsed once with 

distilled water, before being stained for 10 minutes using the alizarin red 

solution at RT. After staining wells were washed three times with PBS to 

remove any leftover alizarin red solution, plates were allowed to dry overnight 

before being scanned at 1200dpi resolution using an Epson 3590 flatbed 

scanner.   
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Alkaline phosphatase was performed using Fast blue RR Salt and Naphthol 

AS-MS phosphate alkaline solution. After differentiation wells had their media 

gently aspirated and were washed gently twice with PBS. After the final PBS 

wash wells were fixed using a fixative solution consisting of 3 parts acetone 

to 2 parts citrate working solution for 30 seconds. After fixation wells were 

washed twice with deionised water, importantly wells were not allowed to dry 

during this step. After the final wash the prepared Fast blue dye mixture was 

added to the wells and allowed to stain for 30 minutes at room temperature in 

the dark. At the end of the staining, the Fast-blue dye mixture was aspirated, 

and the wells were washed twice with deionised water. Plates were allowed 

to dry overnight and stained wells were scanned at 1200dpi resolution using 

Epson 3590 flatbed scanner.  

 

The calcium deposited by differentiated MSCs was assessed as a 

measurement of mineralisation. On the 14th day of differentiation, the 

osteogenic media was carefully aspirated, and the wells were washed twice 

with PBS gently, taking care not to disturb the cell monolayer and any 

deposited calcium. After the final PBS wash, wells were exposed to 100µl of 

600mM hydrochloric acid for 4 hours at 4ºC with constant gentle agitation. Flat 

bottom 96-well plates were loaded with 5µl of sample/well (in duplicate), a 

Sentinel Calcium Kit (Sentinel Diagnostics) was then used to determine 

calcium content as per manufacturer’s instructions. In brief, the kit contains 

0.3mmol/l of cresolpthalein complexone, which when in the presence of 

calcium ions at pH>10 reacts to form a red coloured complex. The intensity of 

this complex is proportional to the amount of calcium ions in the sample and 

can be quantified by measuring the absorbance at 600nm in a Cytation 5 

Imaging Plate Reader (Biotek). 

 

As described in section 2.7 data were tested for normality using Shapiro-Wilk’s 

Test. All data comparing the differentiation potentials between PEB and EST 

were analysed using paired tests, either Paired T-Tests for parametric data or 
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Wilcoxon signed-rank test for non-parametric data. Except for colony area 

analysis, as individual colonies cannot be directly paired between PEB and 

EST, data were analysed using a Mann-Whitney U Test.  

A linear regression model was used to test if increasing age was associated 

with the decreased adipogenic potential of MSCs, with a slope being shown 

to be significantly different from 0, supporting the Mann-Whitney U Test used 

to compare the two age groups which had differentiation data.    
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Cells from both PEB and EST digests were shown to be plastic adherent under 

standard culture conditions. Plastic adherent cells from both PEB and EST 

digests also formed colonies after 14 days in culture (Figure 3.1).  

 

  

Figure 3.1: Plastic adherent cells form colonies from both PEB and EST 
digests 

Representative images of MSCs 12 days after digestion adhering to plastic 

culture flasks from both the PEB (A) and EST (B). Representative stained 

colonies from patient-matched PEB (C) and EST (D) MSCs show greater 

heterogeneity in colony size in PEB MSCs than EST MSCs. Scale bar = 

250µm.  
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EST digests formed significantly more (7.2-fold) colonies than matched PEB 

digests (p<0.001, Figure 3.2). The significantly higher colony count in EST 

digests meant, that as a proportion of all viable cells after sample digestion 

colony forming cells constitute 0.65% (range: 0.02-3.16%), compared to 

0.09% (range 0.01-1.53%). Sample age did not correlate with the number of 

colonies formed per 10,000 viable cells from either PEB or EST.   

Figure 3.2: EST digests have significantly more colony forming cells 
than matched PEB 

EST have significantly more colony forming cells than matched PEB. The 

large range of colonies per 10,000 was not seen to be related to donor sample 

age. Wilcoxon matched-pairs signed-rank test was used to analyse 

colonies/10,000 viable cells. *** = p<0.001.  
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Over the course of MSC enumeration experiments colonies from PEB 

displayed a greater heterogeneity in the size of their colonies compared to 

matched EST. The colonies from PEB were seen to be larger in general, 

though there was also a larger range of colony sizes. Comparatively, EST 

colonies were seen to be more numerous, but smaller and more uniform in 

size across each dish (Figure 3.1).   

Indeed, PEB colonies were shown to be nearly 2-fold larger than matched 

EST colonies (Figure 3.3, p<0.0001). Though not only were they larger, but 

there was a greater degree of variance in colony sizes in PEB dishes 

compared to EST dishes. Additionally, PEB colonies have a median area of 

11.12±89.29mm2 compared to EST colonies mean area of 5.41±37.49mm2, 

which equates to a 1.98-fold increase for the standard deviation of PEB colony 

area compared to EST colonies. However, the density of the colonies was not 

seen to be significantly different between PEB and EST colonies (Figure 3.3). 

  



 

  - 73 - 

Figure 3.3: PEB MSCs form significantly larger colonies than matched 
EST  

A) Individual colonies of MSCs from the PEB are significantly larger than those 

from EST sources. There was also a greater degree of variation in colony size 

for PEB MSCs than those from the EST. B) Colony density between PEB and 

EST MSCs was not seen to be significantly different with both sources 

producing colonies of similar density. Mann-Whitney U test was used to 

compare colony area. **** = p<0.0001. Red lines represent median  range. 
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In accordance with the ISCT minimum criteria for the definition of MSCs, cells 

had to display the correct surface markers (being positive for CD73, CD90 and 

CD105 whilst also being negative for haematopoietic lineage markers (359)). 

After gating out of doublets and dead cells (Figure 3.4), culture-expanded cells 

(p3) from both the PEB (n=3) and EST (n=3) were seen to display greater than 

90% expression for CD73, CD90 and CD105 (EST Figure 3.5, PEB Figure 

3.6). Culture expanded EST MSCs showed meanstandard deviation (SD) 

expression of 98.62%0.11 for CD73, 93.60%5.370 for CD90 and 

98.45%0.10 for CD105. PEB MSCs displayed 98.80%1.76 for CD74, 

97.06%1.76 for CD90 and 98.53%0.41 for CD105.  

Cells from both EST and PEB cultures were negative for expression of CD14, 

CD19, CD34, CD45 and HLA-DR. However, whilst EST MSCs showed 

meanSD expression of: 1.45%1.03 for CD14, 1.09%0.95 for CD19, 

0.3%0.3 for CD45 and 1.7%0.85 for HLA-DR, one sample did show some 

CD34 expression (Figure 3.5).  

Culture expanded MSCs from the PEB had a mean expression of: 

0.52%0.55 for CD14, 0.77%0.57 for CD19, 0.63%1.09 for CD34, 

0.25%0.44 for CD45 and 1.00%1.56 for HLA-DR (Figure 3.6).  
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Figure 3.4: Gating strategy for culture expanded MSCs 

Intact cellular bodies were gated for, after which doublets were discriminated 

against based off their forward height/area profiles. Viable cells were gated for 

based on their exclusion of uptake of 7-AAD. 
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Figure 3.5: Expression of ISCT surface markers on EST MSCs 

Culture expanded EST MSCs (n=3) show greater than 90% expression for 

CD73, CD90 and CD105, and also being negative for CD14, CD19, CD34, 

CD45 and HLA-DR. One sample showed some CD34 expression, though the 

majority of its cells were still negative as seen by the peak on CD34 (RC265) 

flow histogram. Error bars = mean  SD.  

MSCs 

Isotype Control 

CD73 CD90 CD105 

CD14 CD19 CD34 

CD45 HLA-DR CD34 (RC265) 
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Figure 3.6: Expression of ISCT markers on PEB MSCS 

Culture expanded PEB MSCs (n=3) all showed greater than 90% expression 

for CD73, CD90 and CD105, and also being negative for expression of CD14, 

CD19, CD34, CD45 and HLA-DR. Error bars = mean  SD. 
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Uncultured bone marrows MSCs have previously been defined as having 

population of CD271+ MSCs (382, 388, 405), after digestion CD45lowCD271+ 

MSCs were identified in the PEB (n=6, Figure 3.7).  When gating off 

CD45lowCD271+ MSCs had greater than 95+/-12.63% median expression for 

CD73, 55.54+/-55.15% CD90 and 37.62+/-36.55 CD105% (Figure 3.7).  

However, the EST (n=2) fraction of entheseal digests did not have any 

measurable populations of CD45lowCD271+ MSCs (Figure 3.8). The low 

viable cell count meant that only a low number of cells fell within the 

determined gates for CD45lowCD271+, and those that did were so few in 

number it could not be confidently stated that there is a clear population. When 

gating off CD45- cells, there were clear populations of CD73+CD90+CD105+ 

MSCs.     
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Figure 3.7: Representative population of CD271+ MSCs at the PEB 

Representative flow cytometry plots of MSCs at the PEB. (A) CD271+ MSCs 

represented ~0.9% of total viable cells. CD271+ MSCs display CD73, CD90 

and CD105 surface marker expression (B). Gating for CD271+CD45low MSCs 

was carried out on isotype controls. 

A B 

Isotype Gating 
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Figure 3.8: CD271+ MSCs are not abundant at the EST 

There are no clear populations of CD271+ MSCs in the EST, with insufficient 

cells falling within the determined gate. However, gating off CD45- cells 

showed CD73+CD90+CD105+ MSCs are in the EST from both samples.  
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Culture expanded cells from both the PEB and the EST were capable of 

undergoing adipogenic differentiation when stimulated by adipogenic media 

compared to a control media (Figure 3.9). There were however significant 

differences in their differentiation potentials, with EST cells having a 

significantly higher (p<0.001) adipogenic potential than matched PEB cells. 

This was demonstrated by a 4.9-fold increase in Oil Red O stained lipid 

vesicles in EST cultures compared to matched PEB.  

In particular for EST MSCs their adipogenic potential showed a wide range in 

the area stained by Oil Red O. A linear regression analysis of sample ages 

against Oil Red O stained area demonstrated for EST cells a significantly non-

zero slope (p<0.0001) decreasing with age. There were no significant 

differences relating to the gender of the sample. 

This pattern appeared to be consistent for PEB cells undergoing 

adipogenesis. The exceptionally poor adipogenic potential of PEB cells, in 

general, meant that any potential differences were not seen to be significant 

despite similar trending. 
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Figure 3.9: Oil Red O stained differentiated MSCs from both PEB and 
EST 

Representative images of Oil Red O stained adipocytes differentiated from 

both PEB (A) and EST (B) MSCs. EST MSCs produce a significantly greater 

area covered by Oil Red O stained adipocytes than matched PEB MSCs (C). 

Scale bar = 100m. **=p<0.01, ***=p<0.001 

  

A

 

B 
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Figure 3.10: Age related changes in adipogenesis of PEB and EST MSCs 

A) PEB MSCs show little age affected influence on their adipogenic potential, 

though there is a small trend it is not seen to be significant. At the same time 

as EST MSCs (B) show significant loss of adipogenic potential with increased 

age, with a Linear regression with a significantly non-zero slope (p<0.0001) 

supported by an R2 value of 0.7993.  
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Both MSCs from the PEB and EST can differentiate into chondrocytes. PEB 

and EST MSCs after a three-week chondrogenesis assay have significantly 

increased sGAG levels compared to control pellet, but there is no significant 

difference between their chondrogenic ability, with sGAG level remaining at 

similar levels between matched samples (Figure 3.11).  

Figure 3.11: sGAG levels after chondrogenesis in both PEB and EST 

Both PEB and EST MSCs are capable of chondrogenesis with a significant 

increase in sGAG levels compared to controls, but there is no significant 

difference between the two. * = p<0.05. 
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The osteogenic potential between PEB and EST MSCs was significantly 

different. This was seen in both the qualitative alizarin red staining at 3 weeks 

post differentiation induction and the quantitative calcium assays at 2 weeks 

post-induction. Alkaline phosphatase and alizarin red staining showed that 

MSCs from both the PEB and EST underwent osteogenic differentiation, 

though there was seen to be a large variance in alizarin red staining for PEB 

MSCs after osteogenic differentiation. Comparatively EST MSCs showed 

visually similar levels of alizarin red staining across the samples (Figure 3.12). 

PEB MSCs produce significantly more calcium than matched EST MSCs 

(2.75-fold increase, p<0.01, Figure 3.12, Figure 3.13). The alizarin red staining 

in particularly (combined with the calcium deposition assays) showed that 

PEB MSCs had a large variation in their osteogenic potential (PEB range: 

18.39-171.7µg/ml, Figure 3.12). EST MSCs have particularly poor osteogenic 

potential (median: 20.48µg/ml), the range in osteogenic potential was smaller 

compared to PEB MSCs (EST range: 12.08-37.5µg/ml). MSCs from both the 

PEB and EST did not have measurable calcium deposition when cultured in a 

control media after 2-weeks. Subsequent investigation into whether the large 

variance in osteogenesis for PEB MSCs was related to the patient age for that 

sample, showed that patient age was not responsible for the differences in 

osteogenic potential in PEB MSCs (Figure 3.14).  
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Figure 3.12: Alizarin red and alkaline phosphatase staining of PEB and 
EST MSCs 

Representative images showing the variation in the osteogenic potential 

between different patient samples in particular for PEB samples. A) Alizarin 

red staining of PEB shows that whilst there is a greater osteogenic potential 

for PEB MSCs, there is a great deal of variation between samples. RC217B 

has a lower potential compared to RC234B. B) Alkaline phosphatase staining 

of the same patient samples shows a similar pattern with low alkaline 

phosphatase staining correlating with low alizarin red stains seen in (A). 

  

A 

B 
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Figure 3.13: Calcium deposition in both PEB and EST MSCs 

Both PEB and EST MSCs are capable of osteogenic differentiation, with PEB 

MSCs producing significantly more calcium than matched EST MSCs. 

*=p<0.05, **=p<0.01, ****=p<0.0001. 

 

 

 

Figure 3.14: Age influences on osteogenesis for PEB and EST MSCs 

Osteogenic potential for both PEB (A) and EST (B) MSCs was not seen to 

significantly influence the osteogenic potential of cells.  
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Traditionally ligaments have been thought either incapable of naturally 

repairing or having exceptionally slow repair due to their naturally low 

fibroblastic cells in the ligamentous body being mainly composed of 

extracellular matrix (>96% being collagen, proteoglycans, elastin) (407-409). 

However, with the new bone formation or syndesmophytes seen in AS 

observed at the ligamentous insertion into the bone (58), populations of MSCs 

must be [at the] present insertion sites.  

This chapter identified two distinct populations of MSCs at the human spinal 

enthesis, which are seen to have significantly different differentiation 

potentials. This would fit with the notion that MSC populations display 

significant preferential differentiation potentials based on their tissue origin 

(397, 410).  

As a proportion of viable cells after digestion EST MSCs had a significantly 

higher (7.2-fold) percentage of colony forming cells when compared to 

matched PEB MSCs. This is likely due to the tissue of origin of these digests, 

ligaments are largely seen to be acellular (407) and avascular meaning that 

there is a lower total number of cells which was also seen with our digests. 

Compared to bone marrow, which is what the PEB consists of, has a higher 

proportion of immune cells, as can be seen by the higher percentage of 

CD45+ cells in fresh digests. The percentage of colony-forming cells is similar 

to other studies conducted after enzymatic digestion which saw ~0.2-1.89% 

being colony-forming cells (405, 411, 412)  The larger average colony size for 

PEB MSCs compared to EST is likely a reflection of this. Comparisons 

between periosteum derived MSCs, another type of connective soft tissue, 

and bone marrow-derived MSCs, show bone marrow-derived MSCs have 

significantly larger colony area and lower total colony counts compared to 

matched periosteum (385).  

The classical phenotype of AS is the neo-osteogenesis seen at the spinal 

enthesis, it has long been seen that fatty depositions at the enthesis are visible 

using MRI and precede new bone formation at these sites (21). Both 

populations of MSCs identified at the human spinal enthesis are capable of 
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adipogenesis, but EST MSCs produce significantly more adipocytes than 

matched PEB MSCs. This would fit with the anatomy as entheseal attachment 

sites often have a fat pad to act as a cushioning mechanism to help disperse 

the high mechanical strain applied to this region (51, 413). This is also 

supported by the low levels of CD34 staining seen in one of the samples used 

to assess for ISCT surface markers. CD34 is seen on MSC populations 

derived from adipose tissues, and these populations have higher adipogenic 

potential than when compared to CD34- MSC populations (373, 397, 414).  

The large variation within EST MSCs adipogenesis was seen to be 

significantly correlated with the patient’s age. The older the patient at the time 

of the sample digestion the worse the adipogenic potential of their MSCs. This 

seems to be slightly counterintuitive, as with increasing age the higher the fat 

content observed within the bone marrow space (415).  

As mentioned above whilst the fatty corners are seen to precede new bone 

formation in AS, the endpoint is still neo-osteogenesis and as both PEB and 

EST MSCs are capable of osteogenesis provides the basic mechanism for 

bone formation. PEB MSCs showed significantly higher calcium deposition 

than matched EST MSCs. At the same time populations of CD271+ MSCs 

were identified in PEB digests, whilst no significant populations were 

observable in the EST digests.  CD271+ MSCs have significantly higher 

osteogenic potential than CD271- MSCs (374), which could be a partial 

explanation as to the significant differences between the osteogenic potential 

of the two MSC sources. However, it would be rash to suggest that this is the 

sole reason for the increased osteogenic potential of PEB MSCs when tissue 

origin is known to play a significant role in differentiation potential. As both iliac 

crest and vertebral body MSCs display CD271+ cells, yet the vertebral body 

has a significantly higher osteogenic potential (384).  The large variation seen 

within the osteogenic potential of PEB MSCs could not be identified by this 

work, especially given the much smaller variation seen within EST MSCs 

osteogenic potential. The smaller variation within the EST MSC population is 

likely due to the tissue specificity, as the ligamentous tissue is devoid of bone 

the MSCs do not need large osteogenic potentials. It is important to 

acknowledge that the differences in differentiation potential between MSCs 
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from both the PEB and EST could be attributed to cells being slightly more 

differentiated into progenitors as opposed to traditional stem cells. 

Adipogenesis requires more histone modification than osteogenesis in MSCs 

and as a result, cells isolated from more fatty tissues are more adipogenic, 

likely due to being more adipo-progenitors than MSCs (401, 416).Interestingly 

when osteoblasts that were dedifferentiated back into MSCs, they displayed 

an epigenetic memory favouring a redifferentiation back down an osteogenic 

lineage (417). This could also help explain the strong preferences of MSCs 

from both the EST and PEB to differentiate down lineages that fit with the 

anatomical location they were isolated from.  

In conclusion, the establishment that there are two functionally distinct 

populations of MSCs at the human spinal enthesis capable of tri-lineage 

differentiation provides the groundwork for how pathological changes seen in 

AS are implemented. In particular the evidence that MSCs from the EST are 

capable of osteogenic differentiation and rapid high levels of adipogenesis 

provides a rationale for the fatty corners at the enthesis seen in early AS.  
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Ankylosing spondylitis is a typical spondylarthritis characterised by 

inflammation driven damage and subsequent over repair in the axial skeleton, 

namely at the entheseal attachment sites (1, 51). An array of cytokines some 

involved in the IL-17/IL-23 axis and those which are not are involved in the 

inflammatory changes seen in AS (20). TNF and IL-17A are both seen to be 

critically involved with the pharmacological antagonism of TNF, eventually 

reducing new bone formation (30, 418), whilst long-term results are awaited 

for IL-17A inhibition. 

 

Pro-inflammatory cytokines are known to play a role in normal tissue repair 

and in particular in fracture repairs; TNF and IL-17A are shown to be heavily 

involved in bone repair with knockouts of either showing impaired bone 

healing after fracture (20, 60, 128).  

Despite the evidence of IL-17A involvement in bone repair, the exact role of 

IL-17A in new bone formation in AS is largely still to be elucidated with 

experimental findings sometimes producing contradictory findings. Resident 

MSC populations display enhanced osteogenic differentiation when 

stimulated with IL-17A (59, 419, 420), with the resulting differentiated 

osteoblasts becoming activated via JAK2/STAT3 signalling associated with 

osteogenesis (67). These in vitro findings are supported by in vivo mouse 

models, where IL-17A knockout mice are seen to have impaired bone 

regeneration after a tibial drill-hole fracture (60), and in humans, IL-17A levels 

are seen to be elevated in the days following the fracture and are associated 

with callus formation (178). Mycobacterium tuberculosis induced AS utilising 

HLA-B27 rat models saw significant suppression of new bone formation (420).  

However, some reports show IL-17A significantly reduces the osteogenic 

potential of cells, though these cells usually come from sources where high 

osteogenesis is an unfavourable outcome, such as pre-osteoblast calvarial 
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cells (179, 181). Also, elevated systemic levels of IL-17A are associated with 

bone loss (421), such as that seen in psoriatic arthritis, where inhibition is 

associated with preventing bone erosion (422, 423). This highlights the need 

for further research into the role of IL-17A on osteogenesis in AS at disease-

relevant sites, given the discrepancies amongst the literature.  

TNF has a well-established role in driving osteoclastogenesis in inflammatory 

arthritides (424-426). However, in AS TNF inhibition has been associated with 

reduced pathological new bone formation at the enthesis (30). The reasons 

for these two opposing mechanisms has been suggested to be down to 

concentrations of TNF (427, 428), with higher concentrations showing 

impaired osteogenesis and increased osteoclastogenesis (134, 139, 140, 

429) whilst lower concentrations stimulate osteogenesis (139, 420, 430, 431). 

TNF is known to synergise with IL-17A to cause even, more significant 

increases in osteogenesis than either cytokine individually in MSCs (420, 432, 

433).  

 

In AS formation of fatty tissues around the enthesis after the initial bone loss 

is seen to precede the characteristic new bone formation and subsequent 

syndesmophytes (21, 434). However, despite this very little work has been 

conducted into investigating how these fatty changes occur and how the 

inflammation seen in AS affects this new adipogenesis.  

The effects of inflammatory cytokines have been investigated when looking at 

different diseases, in particular diabetes and obesity. IL-17A knockout mice 

show enhanced diet-induced obesity (435) and an expansion of bone marrow 

adipose tissue with increasing adipogenesis seen by an increase in leptin 

levels (436). In the mouse-derived 3T3-L1 pre-adipocytes cell line IL-17A 

stimulation prevented adipocyte differentiation (435, 437). The suppression of 

maturation of adipocytes from either MSCs or 3T3-L1 cell lines by IL-17A 

occurs via suppression of the master adipogenic regulator transcripts 

PPARGγ and CEBPβ (438). Human bone marrow MSCs adipogenesis is also 

suppressed by IL-17A stimulation (439).  



 

  - 93 - 

TNF is also known to suppress adipogenesis both from the 3T3-L1 cell line 

(440, 441) and from human MSC populations where M1 macrophages 

secreting TNF reduced the adipogenesis of these MSCs (442). This loss of 

adipogenic function could be partially rescued by TNF inhibition (442). 

In differentiated adipocytes, stimulation using IL-17A causes an increase in 

the secretion of IL-6 and also increase adipolysis of these adipocytes, further 

breaking down fatty tissues (437, 439). At the same time as co-stimulation 

with TNF causes a synergistic upregulation of these cytokines and other 

chemoattractants of CD4+ T cells, namely CCL20 (443).    

 

 

Given the known reciprocal relationship between MSC mediated 

osteogenesis and adipogenesis (400, 401) and the evidence that IL-17A and 

TNF participate in both osteogenesis and adipogenesis, it is important to 

investigate how adipogenesis from these disease-relevant cells is affected by 

IL-17A and TNF, whilst also investigating how osteogenesis may be 

influenced. 

 

This chapter of work aimed to investigate four main hypotheses: 

1. IL-17A and/or TNF significantly increases the osteogenic potential of 

MSCs from either the PEB or EST 

2. IL-17A and/or TNF significantly suppresses the adipogenic potential of 

MSCs from either the PEB or EST 

3. Adipogenically suppressed MSCs show significant downregulation in 

gene transcripts associated with adipocyte maturation 

4. Cytokine stimulation of MSCs undergoing adipogenesis induces 

significant changes in genetic transcripts relating to MSC stromal 

function and immune cell immunomodulation 
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Culture expanded MSCs (<p3, n=3 for both PEB and EST) were assessed for 

expression of the cytokine receptors IL-17RA (CD217) and TNFRI (CD120a). 

Cells were stained using the methodology explained in section 2.4.3, using 

the antibodies listed in Table 4.1. Three samples of PEB and EST had a 

minimum of 500,000 MSCs divided into 6 tubes after they were incubated in 

FACs block as described above section 2.4.3.   Tubes were labelled for their 

contents: 

I. TNFRI-APC, 7-AAD 

II. IL-17RA-Alexa Fluor® 647, 7-AAD 

III. IgG1-Alexa Fluor® 647, 7-AAD 

IV. IgG2a-APC, 7-AAD 

V. Unstained control, 7-AAD 

VI. Unstained control 

Compensation was performed using Compensation beads using the selected 

antibodies on each fluorophore. Data were analysed as described in section 

2.4.3. 



 

  

- 9
5
 - 

Table 4.1: Table of antibodies used for cytokine receptor testing

Surface Marker-

Conjugate: 

Volume 

Used 

(µl): 

Clone: 
Laser 

(nm): 

Emissionmax 

(nm): 
Company: Isotype: 

IL-17RA (CD217)-Alexa 

Fluor® 647 
2.5 BG/hIL17AR 633 660 Biolegend Mouse IgG1 

TNFRI (CD120α)-APC 2.5 W15099A 633 660 Biolegend Mouse IgG2a 

Mouse IgG1-Alexa 

Fluor® 647 
2.5 X40 633 660 Biolegend N/A 

Mouse IgG2a-APC 2.5 MOPC-173 633 660 Biolegend N/A 

7-AAD 5 N/A 488 647 BD Biosciences N/A 
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The influences of the SpA associate cytokines IL-17A and TNF on 

osteogenesis was conducted at concentrations used in similar works. IL-17A 

was used at 50ng/ml and TNF was used at 1ng/ml (83, 420, 433). 

MSCs from both the PEB and EST were seeded at 3,000 cells per well into 

48-well plastic culture plates. Osteogenic media was applied to the wells as 

described in section 3.2.5, except that cells were supplemented with either 

5% or 10% FCS. Due to the variations in osteogenic potential of MSCs two 

different concentrations of FCS were selected to ensure that any changes 

induced by the pro-inflammatory cytokines were observable and not masked 

by either poor osteogenic potential for EST MSCs or maxed out the 

osteogenic potential of PEB MSCS. Cultures for 5% and 10% FCS were either 

supplemented from day 0 with;  

I. no cytokine control 

II. IL-17A 

III. TNF 

IV. IL-17A & TNF. 

Cultures were differentiated for 2-weeks with half media and cytokine changes 

every 3 days. On day 14, osteogenesis was assessed by calcium deposition 

quantification using the same method described in section 3.2.5.3.  

 

IL-17A was the only cytokine to consistently increase osteogenesis from both 

PEB and EST MSCs, it was selected to investigate transcriptional changes in 

osteogenic differentiation. The transcriptional changes associated with IL-17A 

stimulation during osteogenesis were investigated using a 48*48 gene chip. 

RNA extractions, reverse transcription, pre-amplification, and chip running 

were all performed as described in section 2.5. All samples were assessed for 

a 260/280 purity of between 1.8-2.0, with mRNA ranging from  18.2 to 

50.0ng/l for EST MSCs and 18.3 to 50.4ng/l for PEB MSCs.  

PEB and EST (both n=4) MSCs were osteogenically differentiated with either 

no stimulation or IL-17A (50ng/ml) for 2-weeks in osteogenic media (section 
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3.2.5) with either 5% or 10% FCS. RNA was extracted at Day 0 

(undifferentiated MSCs), Day 7 and Day 14. TaqMan probes for 47 targeted 

osteogenic, adipogenic and stromal supportive genes and one housekeeping 

gene were used to investigate IL-17A influences on osteogenesis (Table 4.2). 
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Gene: Gene Name: Gene ID: Group: 

ACAN Aggrecan Hs00153936_m1 Chondrogenesis 

ALPL Alkaline Phosphatase Hs01029144_m1 Osteogenesis 

BMP1 
Bone Morphogenetic 

Protein 1 
Hs00241807_m1 Osteogenesis 

BMP2 
Bone Morphogenetic 

Protein 2 
Hs00154192_m1 Osteogenesis 

BMP6 
Bone Morphogenetic 

Protein 6 
Hs01099594_m1 Osteogenesis 

BMP7 
Bone Morphogenetic 

Protein 7 
Hs00233476_m1 Osteogenesis 

CEBPA 
CCAAT/enhancer binding 

protein alpha 
Hs00269972_s1 Adipogenesis 

CEBPB 
CCAAT/enhancer binding 

protein beta 
Hs00942496_s1 Adipogenesis 

COL1A1 Collagen type I alpha 1 Hs00164004_m1 Osteogenesis 

COL1A2 
Collagen type I alpha 2 

chain 
Hs01028956_m1 Osteogenesis 

COMP 
Cartilage Oligomeric 

Matrix Protein 
Hs00164359_m1 Chondrogenesis 

CTNNB1 Catenin beta 1 Hs00355045_m1 Osteogenesis 

CXCL12 
C-X-C motif chemokine 

ligand 12 
Hs00171022_m1 Stromal 

CXCL2 
C-X-C motif chemokine 

ligand 2 
Hs00601975_m1 Stromal 

DKK1 
Dickkopf WNT signaling 

pathway inhibitor 1 
Hs00183740_m1 Osteogenesis 

DKK2 
Dickkopf WNT signaling 

pathway inhibitor 2 
Hs00205294_m1 Osteogenesis 

DLK1 
Delta like non-canonical 

Notch ligand 1 
Hs00171584_m1 Adipogenesis 

FABP4 
Fatty acid binding protein 

4 
Hs00609791_m1 Adipogenesis 

FRZB Frizzled-related protein Hs00173503_m1 Osteogenesis 

GDF2 (BMP9) 
Growth differentiation 

factor 2 
Hs00211913_m1 Osteogenesis 

GSK3B 
Glycogen synthase kinase 

3 beta 
Hs00275656_m1 Adipogenesis 

HPRT 
Hypoxanthine 

phosphoribosyltransferase 
1 

Hs99999909_m1 Housekeeping 

JAK1 Janus kinase 1 Hs01026983_m1 Signalling 

JAK2 Janus kinase 2 Hs01078136_m1 Signalling 

JAK3 Janus kinase 3 Hs00169663_m1 Signalling 

LEPR Leptin receptor Hs00174492_m1 Adipogenesis 

OMD Osteomodulin Hs01060466_m1 Osteogenesis 

PDGFRL 
Platelet derived growth 

factor receptor like 
Hs00185122_m1 Adipogenesis 

PDPN (E11) Podoplanin Hs00366766_m1 Osteogenesis 

PPARG 
Peroxisome proliferator 

activated receptor gamma 

Hs01115513_m1 

 
Adipogenesis 
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RUNX2 
Runt related transcription 

factor 2 
Hs01047973_m1 Osteogenesis 

SOST Sclerostin Hs00228830_m1 Osteogenesis 

SOX9 SRY-box 9 Hs00165814_m1 Chondrogenesis 

SP7 Sp7 transcription factor Hs01866874_s1 Osteogenesis 

STAT1 
Signal transducer and 

activator of transcription 1 

Hs01013996_m1 

 
Signalling 

STAT2 
Signal transducer and 

activator of transcription 2 

Hs01013123_m1 

 
Signalling 

STAT3 
Signal transducer and 

activator of transcription 3 

Hs00374280_m1 

 
Signalling 

STAT4 
Signal transducer and 

activator of transcription 4 
Hs01028017_m1 Signalling 

STAT5A 
Signal transducer and 

activator of transcription 
5A 

Hs00234181_m1 

 
Signalling 

STAT5B 
Signal transducer and 

activator of transcription 
5B 

Hs00273500_m1 

 
Signalling 

STAT6 
Signal transducer and 

activator of transcription 6 

Hs00598625_m1 

 
Signalling 

TGFBR2 
Transforming growth 
factor beta receptor 2 

Hs00234253_m1 Osteogenesis 

TGFBR3 
Transforming growth 
factor beta receptor 3 

Hs01114246_g1 Osteogenesis 

TNFRSF11B 
TNF receptor superfamily 

member 11b 
Hs00900358_m1 Osteogenesis 

WNT10B WNT family member 10B Hs00928823_m1 Osteogenesis 

WNT3 WNT family member 3 Hs00902255_m1 Osteogenesis 

WNT6 WNT family member 6 Hs00362452_m1 Osteogenesis 

WNT7B WNT family member 7B Hs00536497_m1 Osteogenesis 

Table 4.2: TaqMan probes used to investigate osteogenesis 
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Due to the limited work conducted on IL-17A’s influence on MSC adipogenesis 

a concentration titration was performed to identify the appropriate 

concentration going forward. One was not performed for TNF due to the low 

concentration (1ng/ml) already used. 

Five concentrations of IL-17A were selected to be investigated:  

I. 10ng/ml 

II. 25ng/ml 

III. 50ng/ml 

IV. 100ng/ml 

V. 200ng/ml.  

MSCs from both the EST and PEB (n=3 for both) were differentiated in 

adipogenic media (section 3.2.3) for 3 weeks supplemented with either no IL-

17A or one of the concentrations described. Oil Red O staining was used at 

the end of differentiation to determine cytokine influences. 

 

MSCs from the PEB and the EST (n=5) were seeded at 50,000 cells per well 

in 24-well plastic culture plates and supplemented with adipogenic media as 

described in section 3.2.3. Wells were either supplemented with:  

I. no cytokine control 

II. IL-17A (50ng/ml) 

III. TNF (1ng/ml) 

IV. IL-17A (50ng/ml) & TNF (1ng/ml) 

Plates were cultured for three weeks with half media changes every 3 days; 

on the 21st after initiation wells were fixed and stained for adipocytes using Oil 

Red O as described in section 3.2.3. 
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Gene expression changes over the course of adipogenesis and the influence 

of IL-17A on them was investigated using a time course differentiation 

experiment. RNA extractions, reverse transcription, pre-amplification and chip 

running were all performed as described in section 2.5. TaqMan probes for 47 

genes of interest relating to adipogenesis and stromal function were targeted 

(Table 4.3). All samples were assessed for a 260/280 purity of between 1.8-

2.0, with a mRNA quantity ranging from 20.1 to 73.9ng/l for EST MSCs and 

19.5 to 61.5ng/l for PEB MSCs. 

MSCs from the PEB and EST (n=4) were seeded at a density of 50,000 cells 

per well in a 24-well plastic culture plate, and either unstimulated or stimulated 

with IL-17A (50ng/ml). Wells had half media changes every 3 days. RNA 

extractions were performed on Day 0 (undifferentiated MSCs), Day 3, Day 5, 

Day 7, Day 15 and Day 21 into differentiation. At each time point from Day 3, 

wells were also stained using Oil Red O to look for lipid vesicle formation.  

 

Gene: Gene Name: Assay ID: Group: 

ABCA1 
ATP binding cassette 
subfamily A member 1 

Hs01059137_m1 Adipogenesis 

ABCG1 
ATP binding cassette 

subfamily G member 1 
Hs00245154_m1 Adipogenesis 

ADIPOQ Adiponectin Hs00605917_m1 Adipogenesis 

AGPAT2 
1-acylglycerol-3-

phosphate O-
acyltransferase 2 

Hs00944961_m1 Adipogenesis 

CCL20 
C-C motif chemokine 

ligand 20 
Hs01011368_m1 Immunomodulatory 

CCL8 
C-C motif chemokine 

ligand 8 
Hs04187715_m1 Immunomodulatory 

CEBPA 
CCAAT/enhancer binding 

protein alpha 
Hs00269972_s1 Adipogenesis 

CEBPB 
CCAAT/enhancer binding 

protein beta 

Hs00942496_s1 

 
Adipogenesis 

CIDEA 
Cell death inducing DFFA 

like effector A 
Hs00154455_m1 Adipogenesis 
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CIDEC 
Cell death inducing DFFA 

like effector C 

Hs00535724_gH 

 
Adipogenesis 

CXCL12 
C-X-C motif chemokine 

ligand 12 
Hs00171022_m1 Stromal 

CXCL2 
C-X-C motif chemokine 

ligand 2 
Hs00601975_m1 Stromal 

FABP4 
Fatty acid binding protein 

4 
Hs00609791_m1 Adipogenesis 

GSK3B 
Glycogen synthase kinase 

3 beta 
Hs00275656_m1 Adipogenesis 

HPRT 

Hypoxanthine 
phosphoribosyltransferase 

1 
Hs99999909_m1 Housekeeping 

IL17RA Interleukin 17 receptor A Hs01056316_m1 Cytokine receptor 

IL17RB Interleukin 17 receptor B Hs00218889_m1 Cytokine receptor 

IL17RC Interleukin 17 receptor C Hs00994305_m1 Cytokine receptor 

IL17RD Interleukin 17 receptor D Hs00296982_m1 Cytokine receptor 

IL17RE Interleukin 17 receptor E Hs00979824_m1 Cytokine receptor 

IL6 Interleukin 6 Hs00174131_m1 Immunomodulatory 

JAK1 Janus kinase 1 Hs01026983_m1 Signalling 

JAK2 Janus kinase 2 Hs01078136_m1 Signalling 

JAK3 Janus kinase 3 Hs00169663_m1 Signalling 

LEP Leptin Hs00174877_m1 Adipogenesis 

LEPR Leptin receptor Hs00174492_m1 Adipogenesis 

LPL Lipoprotein lipase Hs00173425_m1 Adipogenesis 

LRP1 
LDL receptor related 

protein 1 
Hs00233856_m1 Adipogenesis 

MAPK1 
Mitogen-activated protein 

kinase 1 
Hs01046839_m1 Adipogenesis 

MAPK3 
Mitogen-activated protein 

kinase 3 
Hs00385075_m1 Adipogenesis 

PLIN1 Perilipin 1 Hs00160173_m1 Adipogenesis 

PLIN5 Perilipin 5 Hs00965990_m1 Adipogenesis 

PPARG 
Peroxisome proliferator 

activated receptor gamma 

Hs01115513_m1 

 
Adipogenesis 

PREF1 Pre-adipocyte factor 1 Hs00171584_m1 Adipogenesis 

SCARB1 
Scavenger receptor class 

B receptor 1 
Hs00969821_m1 Adipogenesis 

SLC25A4 
Solute carrier family 25 

member 4 
Hs00154037_m1 Adipogenesis 
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SLC2A4 
Solute carrier family 2 

member 4 
Hs00168966_m1 Adipogenesis 

STAT1 
Signal transducer and 

activator of transcription 1 

Hs01013996_m1 

 
Signalling 

STAT2 
Signal transducer and 

activator of transcription 2 

Hs01013123_m1 

 
Signalling 

STAT3 
Signal transducer and 

activator of transcription 3 

Hs00374280_m1 

 
Signalling 

STAT4 
Signal transducer and 

activator of transcription 4 
Hs01028017_m1 Signalling 

STAT5A 

Signal transducer and 
activator of transcription 

5A 

Hs00234181_m1 

 
Signalling 

STAT5B 
Signal transducer and 

activator of transcription 
5B 

Hs00273500_m1 

 
Signalling 

STAT6 
Signal transducer and 

activator of transcription 6 

Hs00598625_m1 

 
Signalling 

TNF Tumour necrosis factor Hs99999043_m1 Immunomodulatory 

TNFRSF1A 
TNF Receptor 

Superfamily Member 1A 
Hs01042313_m1 Cytokine receptor 

TNFRSF1B 
TNF Receptor 

Superfamily Member 1B 

Hs00153550_m1 

 
Cytokine receptor 

UCP3 Uncoupling protein 3 Hs01106052_m1 Adipogenesis 

Table 4.3: TaqMan probes used for IL-17A influence on adipogenesis 
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To demonstrate the presence of receptors for IL-17A and TNF and 

demonstrate that they would respond to the cytokine signalling. Culture 

expanded MSCs from both the PEB and EST displayed IL-17RA and TNFRI 

(Figure 4.1).   

Figure 4.1: IL-17RA and TNFRI expression on PEB and EST MSCs 

MSCs from both the PEB (A) and EST (B) showed positive expression for both 

IL-17RA and TNFRI, with greater than 95% expression for both PEB and EST 

for IL-17RA and greater than 85% for PEB and 95% for EST for TNFRI.  

  

A 

B 
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Due to the high osteogenic potential in PEB MSCs, two concentrations of FCS 

were used for this section, either a 5% or 10% FCS concentration in 

osteogenic medium.  

PEB MSCs cultured in a 5% FCS osteogenic media stimulation with IL-17A 

caused a 2-fold increase in calcium deposition (p<0.01) compared to an 

unstimulated control culture. Compared to in a 10% FCS osteogenic media, 

this was a 1.3-fold increase (p<0.05, Figure 4.2) in calcium deposition for PEB 

MSCs after osteogenesis. Interestingly, TNF stimulation in either a 5% or 10% 

FCS did not cause any significant increases in calcium deposition in PEB 

MSCs, though there was a small increase of 1.3-fold for 5% FCS. Co-

stimulation with both IL-17A and TNF in a 5% FCS osteogenic media caused 

a significant 1.65-fold increase (p<0.05) in calcium accumulation, though this 

was not seen in 10% FCS osteogenic media, there was a 1.34-fold increase, 

but this was not significant. 

EST MSCs have a generally poor osteogenic potential, which was further 

evidenced by the large variability and some sample producing almost no 

calcium after osteogenesis in a 5% FCS osteogenic media. However, when 

cultured in a 10% FCS osteogenic media stimulation with IL-17A caused a 

modest 1.34-fold increase (p<0.01, Figure 4.2) in calcium deposition, which 

was also seen when co-stimulating with IL-17A and TNF where a 1.32-fold 

increase (p<0.05) in calcium deposition was seen. TNF stimulation alone did 

not cause a significant change in calcium deposition for EST MSCs in a 10% 

FCS osteogenic media.  
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Figure 4.2: IL-17A moderately increases osteogenesis in both PEB and 
EST MSCs 

After analysis using repeated measures one-way ANOVA with Tukey Post-

Hoc testing PEB MSCs (A) showed moderate significant increases in calcium 

accumulation when stimulated with IL-17A in either a 5% or 10% FCS 

osteogenic media, whilst in a 5% FCS osteogenic media co-stimulation with 

IL-17A and TNF induced a significant increase. Freidman’s test with Dunn’s 

multiple comparisons of EST MSCs (B) showed a significant increase in 

calcium deposition in a 10% FCS osteogenic media when stimulated with 

either IL-17A or a combination of IL-17A and TNF. * = p<0.05, ** = p<0.01   
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The moderate increases seen in PEB MSCs osteogenic potential by IL-17A 

were seen over the course of their two-week differentiation. Though no 

significant changes were seen when looking at calcium deposition for either a 

5% or 10% FCS osteogenic media at either day 7 or day 14 after initiation 

Figure 4.3. The patterns of increase were similar to those seen in Figure 4.2. 

 

 

Figure 4.3: Increasing calcium accumulation over 2 weeks of 
osteogenesis for PEB MSCs 

On day 7, after initiation, there were no obvious differences for calcium 

deposition by PEB MSCs (n=4) for either 5% or 10% FCS osteogenic media. 

This was the same on day 14, IL-17A was trending to deposit more calcium 

than matched unstimulated wells. 

 

The hierarchal clustering of PEB in either a 5% (Figure 4.4) or 10% (Figure 

4.5) FCS osteogenic media showed clear clustering between undifferentiated 

MSCs, MSCs at Day 7 of differentiation and finally MSCs at Day 14 of 

differentiation. The clustering did not show clearly defined clusters for cells 

stimulated with IL-17A, with relative expression looking at similar levels to 

unstimulated cells of the same patient and at the same time point.  
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Figure 4.4: Hierarchal clustering of PEB MSCs in a 5% FCS osteogenic 
media +/- IL-17A 

PEB MSCs (n = 4) undergoing 14 day osteogenesis ± IL-17A. Hierarchical 

clustering demonstrates the distinct clustering of unstimulated MSCs 

undergoing osteogenesis away from MSCs stimulated by IL-17A. Colour 

denotes the relative expression compared to Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1), with green representing low, black 

representing equal, red representing higher, and grey representing below 

detection. Numbers denote the sample ID, and D indicates the days in culture.  
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Figure 4.5: Hierarchal clustering of PEB MSCs undergoing osteogenesis 
in a 10% FCS osteogenic media 

PEB MSCs (n = 4) undergoing 14 day osteogenesis ± IL-17A. Hierarchical 

clustering demonstrates the distinct clustering of unstimulated MSCs 

undergoing osteogenesis away from MSCs stimulated by IL-17A. Colour 

denotes the relative expression compared to Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1), with green representing low, black 

representing equal, red representing higher, and grey representing below 

detection. Numbers denote the sample ID, and D indicates the days in culture. 
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Genes that showed a high degree of clustering for both 5% and 10% FCS 

osteogenic media were selected for further paired T-test statistical testing to 

look for any significant differences in expression induced by IL-17A 

stimulation.  

For both 5% and 10% FCS osteogenic media stimulation with IL-17A showed 

minor significant changes in osteogenic transcripts. Two regulators of 

osteogenesis OMD and BMP2 had comparable levels of expression between 

both control wells and IL-17A stimulated wells. Though at Day 7 BMP2 for 

both 5% (Figure 4.6A) and 10% FCS (Figure 4.6B) had higher expression but 

did reach statistical difference when stimulated by IL-17A compared to the 

control wells. Interestingly, looking at the expression for transcripts associated 

with mineralisation ALPL and E11 (PDPN) at Day 7, expression was higher 

for the IL-17A stimulated well compared to the control well and did not see 

much more increase in expression by Day 14 whilst the control well at Day 14 

matched the levels of expression. A 5% FCS osteogenic media at Day 7 ALPL 

expression was significantly elevated by IL-17A stimulation compared to the 

control well (p<0.05, Figure 4.6A). 

Interestingly, RUNX2 and SP7 appeared to be suppressed by IL-17A 

stimulation, which was a significant suppression in a 10% FCS osteogenic 

media (Figure 4.6B). On Day 7 SP7 was significantly downregulated by IL-

17A stimulation (p<0.05), and RUNX2 was significantly suppressed at Day 14 

(p<0.05) but IL-17A stimulation compared to control wells. 
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Figure 4.6: Osteogenic transcript changes in PEB MSCs with IL-17A 
stimulation 

PEB MSCs (n=4 for both) undergoing a 14 day osteogenic differentiation in 

either a 5% (A) or 10% (B) FCS osteogenic media +/- IL-17A. Using Paired T-

tests transcripts relating to mineralisation (ALPL) showed significant early 

increases at Day 7 in 5% FCS, whilst RUNX2 and SP7 were suppressed by 

IL-17A. * = p<0.05 



 

  - 112 - 

 

In a 5% FCS osteogenic differentiation media, EST MSCs showed early 

elevation of calcium deposition at Day 7 when stimulated with IL-17A, which 

became significantly elevated (p<0.05) at Day 14 (Figure 4.7). However, in a 

10% FCS osteogenic media, there were no significant changes in calcium 

deposition when EST MSCs were stimulated with IL-17A at either time point.  

 

 

Figure 4.7: Increases in calcium deposition by EST MSCs after a 2 weeks 
osteogenesis +/- IL-17A 

Addition of IL-17A caused a significant increase in calcium deposition in a 5% 

FCS osteogenic media at Day 14 (n=4). There wasn’t a significant increase in 

calcium deposition for EST MSCs for a 10% FCS osteogenic media when 

stimulated by IL-17A (n=4). Analysed using paired T-tests. * = p<0.05 

 

There was clear clustering of EST MSCs for both 5% FCS (Figure 4.8) and 

10% FCS (Figure 4.9). Importantly undifferentiated MSCs were seen in their 

own distinct cluster for both 5% and 10% FCS osteogenic media. For EST 

MSCs in a 5% FCS osteogenic media, all the conditions clustered together 

with unstimulated control wells showing clustering together at both time points 

were also seen for the IL-17A stimulated wells (Figure 4.8). Compared to EST 

MSCs in a 10% osteogenic media, clustering was seen primarily related to 

time with Day 7 for both control and IL-17A wells clustering together and the 

same for Day 14 (Figure 4.9).   

 



 

  - 113 - 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Hierarchal clustering of EST MSCs undergoing 14 day 
differentiation in 5% FCS osteogenic media +/- IL-17A 

EST MSCs (n = 4) undergoing 14 day osteogenesis ± IL-17A. Hierarchical 

clustering demonstrates the distinct clustering of unstimulated MSCs 

undergoing osteogenesis away from MSCs stimulated by IL-17A. Colour 

denotes the relative expression compared to Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1), with green representing low, black 

representing equal, red representing higher, and grey representing below 

detection. Numbers denote the sample ID, and D indicates the days in culture. 
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Figure 4.9: Hierarchal clustering of EST MSCs undergoing 14 day 
differentiation in 10% FCS osteogenic media +/- IL-17A 

EST MSCs (n = 4) undergoing 14 day osteogenesis ± IL-17A. Hierarchical 

clustering demonstrates the distinct clustering of unstimulated MSCs 

undergoing osteogenesis away from MSCs stimulated by IL-17A. Colour 

denotes the relative expression compared to Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1), with green representing low, black 

representing equal, red representing higher, and grey representing below 

detection. Numbers denote the sample ID, and D indicates the days in culture. 
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After investigating clustering for both the 5% and 10% FCS osteogenic media, 

genes displaying high clustering and noticeable visual differences were 

selected for subsequent paired T-tests to look for differences between control 

and IL-17A stimulation. 

As with PEB MSCs, EST MSCs in both 5% (Figure 4.10A) and 10% (Figure 

4.10B) FCS osteogenic media stimulated with IL-17A showed significant 

increases with transcripts associated with mineralisation and osteoblast 

proliferation. ALPL in both the 5% and 10% FCS osteogenic media was 

significantly upregulated by IL-17A stimulation compared to the control. For 

the 5% FCS osteogenic media, whilst at Day 7 there was a higher increase in 

ALPL expression associated with IL-17A this only became significant at Day 

14 (p<0.05). The inverse is true in the 10% FCS osteogenic media where IL-

17A induced a significant increase in ALPL expression at Day 7 (p<0.01), 

which became non-significant by Day 14 with the control wells matching 

expression levels. Interestingly, expression of E11 matched this pattern with 

significant increases in expression induced by IL-17A on Day 14 for 5% FCS 

osteogenic media (p<0.05) and a significant increase compared to control 

wells on Day 7 (p<0.05) for 10% FCS osteogenic media. BMP2 as an inducer 

of osteogenesis from MSCs  (66) was seen to be significantly elevated by IL-

17A stimulation at Day 7 (p<0.05) compared to control well in 10% FCS 

osteogenic media, though at Day 14 this had inverted with IL-17A showing 

significantly lower BMP2 expression compared to control wells (p<0.001). No 

significant differences for BMP2 were observed in 5% FCS osteogenic media. 

IL-17A induced suppression of other osteogenic transcripts, OMD, RUNX2 

and SP7. In a 5% FCS osteogenic media, the addition of IL-17A saw trended 

suppression of all the aforementioned transcripts, and for OMD at Day 14 this 

was a significant suppression (p<0.01). With SP7 showing significant 

suppression by IL-17A at Day 7 (p<0.05). These patterns of suppression were 

also observed in a 10% FCS osteogenic media, with OMD being significantly 

suppressed at Day 7 (p<0.05), RUNX2 at Day 14 being significantly 

suppressed (p<0.05), along with SP7 at the same time point (p<0.05). 
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Figure 4.10: IL-17A significantly influences osteogenic transcripts in 
EST MSCs 

EST MSCs (n=4 for both) undergoing osteogenesis have significant increases 

in osteogenic transcript relating mineralisation and early osteogenesis for both 

5% (A) and 10% (B) FCS osteogenic media with IL-17A stimulation. Other 

transcription factors RUNX2 and SP7 are both suppressed by IL-17A. 8 

=p<0.05, ** = p<0.01, *** = p<0.001. 
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Adipogenesis for MSCs from both the PEB and the EST had significant 

decreases in Oil Red O staining (p<0.05 both) from the lowest concentration 

of IL-17A used at 10ng/ml (Figure 4.11). The amount of adipogenic 

suppression was greater at larger concentrations of IL-17A with an eventual 

levelling off at around 50ng/ml; as a result of this, to keep it consistent with 

osteogenic assays for all subsequent adipogenesis assays, IL-17A was used 

at 50ng/ml.  
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Figure 4.11: IL-17A at all tested concentrations suppress adipogenesis 
from both PEB and EST MSCs 

The addition of IL-17A at 10ng/ml caused a significant decrease in 

adipogenesis from both PEB (A) and EST (B) MSCs, with increasing 

concentrations also showing significant inhibition of adipogenesis. Increasing 

concentrations of IL-17A decreased adipogenesis compared to lower 

concentrations for PEB MSCS, whilst EST MSCs appeared to show maximal 

inhibition at lower levels. * = p<0.05, ** = p<0.01. 

  



 

  - 118 - 

The addition of either IL-17A (p<0.05 for both PEB and EST), TNF (p<0.05 for 

PEB, p<0.01 for EST) or a combination (p<0.05 for both) significantly 

suppressed the adipogenic potential of both MSCs from both the PEB and the 

EST (Figure 4.12). IL-17A is the strongest single driver in suppressing 

adipogenesis from both PEB and EST MSCs, with a 3.75-fold decrease and 

a 1.95-fold decrease in Oil Red O staining, respectively. This is in contrast to 

TNF where in PEB MSCs, there was a 2.06-fold decrease and for EST MSCs 

a 1.22-fold decrease. Of interest was when IL-17A and TNF co-stimulation 

levels of adipogenic inhibition for both PEB and EST MSCs are comparable 

levels to IL-17A alone. For PEB MSCs co-stimulation induced a 7.85-fold 

decrease and in EST MSCs a 1.87-fold decrease in Oil Red O staining. 

Though this was not seen to be significantly lower when compared to TNF 

alone. Stimulation of IL-17A caused a change in lipid vesicle morphology, and 

they are seen to be smaller in size and more numerous or immature compared 

to the larger mature vesicles seen in control wells.    
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Figure 4.12: IL-17A and TNF inhibit adipogenesis from both PEB and EST 
MSCs 

The addition of IL-17A, TNF or a combination of them both caused significant 

reductions in adipogenesis for MSCs from both the PEB (A) and the EST (B). 

Representative images of MSCs after adipogenesis when stimulated by either 

IL-17A, TNF or a combination of them both (C). * = p<0.05, ** = p<0.01. Scale 

bar = 100µm.  
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The visual changes in lipid vesicle formation seen during IL-17A were 

investigated using a time course adipogenic differentiation with RNA 

extractions at 5 separate time points as well as Oil Red O staining. 

The addition of IL-17A caused a significant increase in the number of vesicles 

stained for Oil Red O in both PEB (Figure 4.13) and EST (Figure 4.14) MSCs 

(both p<0.05) at Day 3 after initiation. However, by Day 5 this difference in 

staining had closed to near-identical levels and the same was seen at Day 7. 

On Day 15 there was a significant reduction in Oil Red O staining for both EST 

(p<0.01) and PEB (p<0.05) when stimulated with IL-17A compared to control 

well. This was also seen on Day 21 with IL-17A inducing significant 

suppression of adipogenesis for both PEB and EST MSCs. 
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Figure 4.13: IL-17A associated suppression of adipogenesis over 21 day 
differentiation in PEB MSCs 

IL-17A shows a significant increase in Oil Red O stained area on Day 3 after 

initiation of adipogenesis compared to the control well. The suppressive 

effects of IL-17A are only seen from Day 15 onwards where there is a 

significant decrease in Oil Red O stained area compared to the control well. 

N=4, * = p<0.05.  
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Figure 4.14: IL-17A associated suppression of adipogenesis over 21 day 
differentiation in EST MSCs 

IL-17A shows a significant increase in Oil Red O stained area on Day 3 after 

initiation of adipogenesis compared to the control well. The suppressive 

effects of IL-17A are only seen from Day 15 onwards where there is a 

significant decrease in Oil Red O stained area compared to the control well. 

As the control wells adipocytes appear to mature from Day 15, those which 

are stimulated by IL-17A appear to be held in an immature vesicle phase with 

limited vesicle fusion. N=4, * = p<0.05, ** = p<0.01. 
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The hierarchal clustering of EST MSCs over a time course of adipogenesis 

with or without IL-17A stimulation showed cleared clustering of an array of 

genes associated with not only adipogenesis but also some 

immunomodulatory transcripts (Figure 4.15). The clustering was split into 

three main clusters of undifferentiated MSCs, control well and wells, which 

were stimulated with IL-17A all showing different expressions of transcripts. 

 

Figure 4.15: Hierarchal clustering of EST MSCs undergoing 21 day 
adipogenesis +/- IL-17A 

EST MSCs (n = 4) undergoing 21-day adipogenesis ± IL-17A. Hierarchical 

clustering demonstrates the distinct clustering of unstimulated MSCs 

undergoing osteogenesis away from MSCs stimulated by IL-17A. Colour 

denotes the relative expression compared to Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1), with green representing low, black 

representing equal, red representing higher, and grey representing below 

detection. Numbers denote the sample ID, and D indicates the days in culture. 
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In EST MSCs despite the early elevation at Day 3 of Oil Red O staining in IL-

17A stimulation compared to control wells (Figure 4.14), this was not reflected 

in genetic transcription regulation. The master regulator of adipogenesis 

PPARγ (391, 444) was significantly downregulated by IL-17A compared to a 

control well at Day 3 (p<0.05), with larger levels of suppression seen at Day 

15 (p<0.01) and Day 21 (p<0.001, Figure 4.15). With significant suppression 

by IL-17A of PPARγ co-regulator CEBPα seen from as early as Day 3 (p<0.01) 

that remained significantly suppressed at every other time point, this suggests 

at an alternate explanation for the increase Oil Red O staining seen at Day 3 

after IL-17A stimulation. 

The observed lipid vesicle morphology changes when EST MSCs were 

stimulated with IL-17A (Figure 4.12, Figure 4.13) and their more immature 

appearance is supported by the suppression of genes associated with mature 

vesicles and proteins associated with vesicle fusion. Two transcripts that 

showed high degrees of clustering and are associated with mature adipocytes 

were FABP4 and ADIPOQ, both showed significant downregulation in IL-17A 

stimulated cultures from Day 7 onwards (p<0.01 for both). At this time point in 

the Oil Red O staining the forming of mature adipocytes start with greater 

numbers being present in the two subsequent time points in the control well. 

With only a few number seen in IL-17A stimulated well, in fact reducing in the 

two subsequent time points.  

Supporting the low number of mature adipocytes seen in IL-17A stimulated 

wells significant downregulation was compared to control wells of vesicle 

fusion proteins needed for adipocyte maturation. PLIN1 and CIDEC, both 

vesicle fusion proteins, were significantly downregulated from Day 3 (p<0.05 

for both) and remained so for the remainder of the time in culture.       

Two other genes of interest that show high clustering were CXCL12 and 

CCL20. Whereas CXCL12 expression decreased in control well over the 

course of adipogenesis, when stimulated with IL-17A expression of CXCL12 

remained significantly elevated from Day 3 compared to the control wells 

(p<0.05) and at all remaining time points. At the same time, CCL20 was 

significantly upregulated by stimulation of IL-17A compared to the control 

wells from Day 3 (p<0.01, Figure 4.15) and at all subsequent time points.  
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Figure 4.16: Changes in adipogenic and immunomodulatory transcripts 
induced by IL-17A during adipogenesis 

EST MSCs (n = 4) undergoing 21 day adipogenesis ± IL-17A. Transcripts 

relating to adipogenesis and vesicle fusion (paired t-tests) show significant 

downregulation by the stimulation of IL-17A. Transcripts relating to MSC 

stromal support (CXCL12) and inflammatory cell migration (CCL20) show 

significant upregulation by the stimulation of IL-17A compared to a control 

adipogenic media. * = p<0.05, ** = p<0.01, *** = p<0.001, and **** = p<0.0001 
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When looking at the clustering of PEB MSCs, due to the poor adipogenic 

potential of these cells, often it was hard to detect gene expression changes 

as they were very subtle in some cases. Though the clustering was not as 

clear as EST MSCs, clusters were still evident, and similar gene clustering 

was seen between undifferentiated MSCs, control wells and well that were 

stimulated with IL-17A (Figure 4.17). 

 

 

Figure 4.17: Hierarchal clustering of PEB MSCs undergoing 21 days 
adipogenesis +/- IL-17A  

PEB MSCs (n = 4) undergoing 21 day adipogenesis ± IL-17A. Hierarchical 

clustering demonstrates the distinct clustering of unstimulated MSCs 

undergoing osteogenesis away from MSCs stimulated by IL-17A. Colour 

denotes the relative expression compared to Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1), with green representing low, black 

representing equal, red representing higher, and grey representing below 

detection. Numbers denote the sample ID, and D indicates the days in culture. 
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Despite the poor adipogenic potential of PEB MSCs, the transcripts relating 

to immunomodulation and vesicle fusion all showed the same suppression 

patterns by IL-17A as EST MSCs. PPARγ was only seen to be significantly 

suppressed (p<0.05, Figure 4.18) at Day 15 of adipogenesis by IL-17A. 

Adipogenic transcripts for mature adipocytes (FABP4) was seen to be 

significantly downregulated from as early as Day 5 (p<0.01) in PEB MSCs by 

IL-17A, which was supported by the suppression of the vesicle fusion proteins 

CIDEC and PLIN1 which were seen to be suppressed from Day 5 (p<0.05) for 

PLIN1 and Day 7 (p<0.01) for CIDEC with continued suppression for the 

remainder of the time in culture. The poor adipogenic potential of PEB MSCs 

was also supported by the similar expression of the stromal support marker 

CXCL12 when comparing between control and stimulated wells, as it was 

upregulated by IL-17A in EST MSCs. 
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Figure 4.18: Adipogenic and immunomodulatory transcripts influenced 
by IL-17A in PEB MSCs undergoing adipogenesis 

PEB MSCs (n=4) undergoing adipogenesis showed significant suppression of 

transcripts associated with adipogenesis and immunomodulation. Though the 

stromal support marker CXCL12 was not significantly changed. * = p<0.05, ** 

= p<0.01, *** = p<0.001, **** = p<0.0001. 
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The human spinal enthesis is an area that by its very nature is subjected to 

continual loading and an array of biomechanical stresses (51, 445). As a result 

of this continual loading, the normal axial enthesis shows microdamage which 

needs to be repaired via immune system interventions (51, 445). During this 

tissue repair process, the immune system involves an array of cytokines, 

though these same cytokines which normally help tissue repair can also 

facilitate AS pathogenesis with IL-17A and TNF being particularly prevalent in 

normal tissue repair (20). 

Briefly for osteogenic assays, it is important to acknowledge the limitations 

associated with in vitro differentiation assays, with their reliance on 

corticosteroids for differentiation induction, and the difficulty in extrapolating 

the results to the in vivo scenario. Dexamethasone is essential in the initial 

stages of in vitro osteogenic differentiation and is likely to play an inhibitory 

role in any inflammatory cytokine signalling.  

While some studies have reported that TNF increases MSCs’ osteogenic 

potential (433), we found that TNF only increased spinal MSC osteogenesis 

in PEB-derived MSCs in 5% FCS osteogenic media. Further work would be 

needed to fully determine why this is the case across these populations of 

MSCs, though these cells may require an additional stimulus to respond to 

TNF in an osteogenic manner. Dual stimulation with IL-17A and TNF 

significantly increased the osteogenic potential of both PEB and EST MSCs, 

matching the previously reported synergistic effects on the osteogenic 

potential of MSCs from bone marrow and synovium (420, 433).  

When stimulated with IL-17A both PEB and EST MSCs showed moderate but 

significant increases in osteogenic potential; this broadly fits with other studies 

investigating the effects of IL-17A on osteogenesis. Multipotential cells 

isolated from the facet capsule showed increased osteogenesis when 

stimulated with IL-17A (67), in fact in murine fracture models IL-17A knockout 

mice show an impaired fracture response associated with decreased 

osteoblastic differentiation (60). This impaired fracture repair by IL-17A 

knockouts could be rescued by supplementation of IL-17A, demonstrating 
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increase MSC differentiation down an osteoblastic lineage (60). Other work 

looking at bone marrow-derived MSCs also shows an increase in 

osteogenesis induced by IL-17A stimulation (419, 432, 433).  

Changes in osteogenic transcripts associated with IL-17A stimulation 

suggested that IL-17A drives a rapid differentiation of MSCs from EST MSCs 

into osteoblasts. BMP2 is a known potent inducer of osteoblastogenesis (446). 

Indeed sera from SpA patients show significantly higher levels of BMP2 

compared to osteoarthritis, which is associated with bone loss (447). The 

levels of BMP2 also correlated with increased IL-17A levels in the sera (447), 

which fits with what this chapter found where IL-17A stimulation of MSCs also 

induced increased BMP2 expression. There is a reported synergistic effect 

between BMP2 and IL-17A where co-stimulation enhanced ectopic bone 

formation in in vivo bone implants of rabbits (419). The stimulation of 

osteogenesis by IL-17A was also seen with increased expression of ALPL and 

E11 which are osteoblastic lineage marker (383, 448, 449). 

However, IL-17A caused significant decreases in three transcripts associated 

with osteogenesis and are seen to be downstream of BMP2’s signalling 

pathway. Silencing of OMD in human dental pulp stem cells caused significant 

downregulation of ALPL and mineralisation and was reported to synergise 

with BMP2 to enhance more mineralised bone in rat mandible defects (450). 

The decreases in RUNX2 and SP7 given the elevation of BMP2 caused by IL-

17A is surprising given that both RUNX2 and SP7 are not only heavily involved 

in osteogenesis but are known to be induced by BMP2 stimulation (451, 452). 

This could be due to the early increases in differentiation as decreasing 

numbers of cells are capable of differentiation, as RUNX2 expression is seen 

to decrease in expression over time in culture (67). It is possible that any effect 

IL-17A may have had on increasing Run2 expression in line with the elevated 

BMP2 expression may have occurred at earlier time points and was 

subsequently missed by the time points selected in this study. The same is 

likely true of the lack of changes seen in the previously reported JAK2/STAT3 

induced osteogenesis activated by IL-17A (67), where this study extracted 

RNA at set time points up to 3 days after the last stimulation given the rapid 
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phosphorylation of these pathways gene expression was most likely missed 

(453).  

A potential alternate pathway to RUNX2 involves tissue-nonspecific alkaline 

phosphatase which in AS MSCs is seen to be overactive in driving 

mineralisation (454) and when bone marrow-derived MSCs were stimulated 

with TNF or IL-1 they showed a decrease in RUNX2 expression associated 

with an increase in mineralisation in collagen-rich environments driven by 

tissue-nonspecific alkaline phosphatase (455). With mineralisation only 

requiring the presence of collagen and tissue-nonspecific alkaline 

phosphatase (456), this could explain the decreased RUNX2 transcripts with 

increased osteogenesis given the fact that  in vivo,  the enthesis is a collagen-

rich environment and this is where new bone is preferentially formed. Though 

further work is needed to fully elucidate any mechanisms.   

The SpA-associated cytokines IL-17A and TNF caused significant reductions 

in the adipogenic potential of both EST MSCs and PEB MSCs, with a greater 

impact of IL-17A adipocyte vesicle maturation suppression. CIDEC and 

PLIN1, which are both transcripts that enable the fusion of lipid vesicles to 

progress into more mature adipocytes (457), were seen to be significantly 

downregulated in EST and PEB MSCs stimulated with IL-17A. This was 

supported by the significant downregulation of PPARγ, meaning that 

subsequent transcripts associated with mature adipocytes (CEBPα, FABP4, 

and ADIPOQ) (444) were further downregulated.  

Notably, CXCL12 remains at levels similar to those of undifferentiated MSCs 

in cultures stimulated IL-17A, which suggests that IL-17A inhibits the 

differentiation of EST MSCs into adipocytes, whilst maintaining their ability to 

attract immune-lineage cells. Interestingly, CXCL12 expression levels in PEB 

MSCs were comparable between control wells which in EST MSCs saw a 

significant decrease compared to IL-17A stimulated wells. This would support 

the poorer adipogenic potential seen in PEB MSCs where more of the cells 

are maintaining in their undifferentiated state or acting as a more supportive 

role than EST MSCs.  

Though literature for IL-17A’s role in the formation of the fatty tissues is 

sparse, our findings are similar to those seen in investigations on obesity and 
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the potential role of IL-17A in developing insulin resistance (435, 439). IL-17A 

induced the downregulation of proteins associated with protection against 

lipolysis (PLIN1 (458)). The in vitro findings show the IL-17A suppression of 

adipogenesis and augmentation of osteogenesis. In AS after inflammation 

there is an increase in adipogenesis and the formation of shiny corners, these 

disappear over the following months after which the new bone is typically seen 

(21, 434). This is also in keeping with the known MSC biology, where full 

commitment to osteogenesis or adipogenesis represents two different fates 

(401).  
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The enthesis organ concept has long been recognised as the keystone of the 

progression and indeed initiation of AS and other SpA diseases (52, 413). The 

enthesis is the area in which the ligament transitions into fibrocartilage which 

anchors to the bone. In the case of the present thesis the spinous process 

was studied.  Like other entheses, the human spinal enthesis is an area 

subjected to continual loading throughout life (51, 445). The normal continual 

loading at both the peripheral and axial entheseal tissues is associated with 

microcracks in health, thus affording an opportunity for direct cellular 

communication between bone and soft tissue (51, 445). Throughout the 

various entheseal attachments of the body there is an abundance of 

adipocytes, which are likely to play a role in shock absorption at the anchorage 

sites (52, 459).  

Due to the microcracks that develop in healthy physiological “wear and tear” 

responses, these regions may facilitate both MSCs capable of differentiating 

down the stromal lineages required for repair, but also populations of immune 

cells which secrete the cytokines associated with fracture repair (20).  Immune 

cells such as ILC3’s (86), γδ T cells (88) CD4+ and CD8+ T cells are all 

resident to the spinal enthesis (89); other cells such as neutrophils, NK cells 

and more T cells - as well as other local MSCs - may need to be recruited to 

the site of the damage to aid in tissue repair (460). A parallel to the 

microcracks seen in healthy spinal entheseal bone is that of long bone fracture 

repair, wherein the hours and early days after injury there is a rapid increase 

in pro-inflammatory cytokines (178, 460). In particular, there is an increase in 

TNF, which is known to encourage the chemotaxis of MSCs towards the site 

of injury via upregulation in expression of ICAM-1 and VCAM-1 (131-133).  

Beyond TNF, the GWAS studies incriminating the IL-23/17 axis, mouse 

models of enthesitis dependent on IL-23 and the amelioration of psoriatic 

arthritis under IL-23/17 pathway blockade turned attention to this pathway (60, 
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227). A recently emergent pathway is IL-36 (5, 461), there is already evidence 

of elevated serum levels of IL-36 in psoriasis patients (223, 462). Though its 

exact potential role is yet to be elucidated it is known to promote lymphocyte 

infiltration in arthritis and psoriasis (461). 

 

It is important to acknowledge that whilst a lot of in vitro work on MSCs is 

conducted using cytokine stimulation in either a single or co-stimulatory 

fashion with other molecules, in vivo this is not the case. Single cytokine 

stimulation still proves valuable especially when targeting the key drivers of 

disease. In the case of AS, these are TNF and IL-17A where in vitro both 

cytokines drive osteogenesis in MSC populations (67, 430-432, 463). 

Inhibition of TNF in vivo is shown to diminish neo-osteogenesis in AS (77, 

464), with IL-17A blockers still awaiting long term follow-ups but showing early 

efficacy in reducing new bone (80, 81). The use of AS serum in vitro is an 

important bridge between in vitro and the in vivo settings due to the plethora 

of other growth factors and cytokines present in AS serum. Some of which will 

have synergistic influences together and influence differentiation outcomes, 

especially in pathways as sensitive as adipogenesis (31, 465, 466).  

The Bath ankylosing spondylitis disease activity index (BASDAI) is a graded 

scoring system ranging from 1 (no/minimal disease activity) up to 10 (highly 

active disease). Importantly higher BASDAI scores are seen to be associated 

with increased levels of C-reactive protein (CRP) in patient serum (467, 468). 

High levels of CRP correlate with increased disease activity and elevated 

associated new bone formation (468). The use of NSAIDs, anti-TNF and anti-

IL-17A helps to slow new bone formation in AS but is also associated with a 

reduction in CRP levels in patient serums providing evidence for a link 

between the CRP levels and levels of IL-17A in AS serum (79, 265, 469). 

More recently, studies have started stimulating cells either using AS patient 

serum or serum from stimulated T cell serums. The use of AS serum which 

has a significantly elevated level of IL-17A induced elevated osteogenesis 

from bone-derived cells of the facet capsule, this increased osteogenesis was 

also attenuated by IL-17A inhibition (67). However, IL-17A shares a receptor 
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complex with IL-17F, which is also shown to be secreted by cells resident to 

the enthesis in response to injury (59, 83). The current clinically licenced 

monoclonal antibodies against IL-17 are IL-17A specific, and it is reported that 

IL-17A inhibition decrease osteogenesis. Dual neutralisation of IL-17A and IL-

17F in vitro leads to a greater knockdown of osteogenesis (83).  This is 

relevant as bimekizumab, a dual IL-17A/F blocker, will soon enter the 

marketplace for psoriasis and spondyloarthropathy. The use of in vitro models 

of AS is still important and point towards the key players in vivo, though more 

models should look towards multi-cytokine stimulations or serum uses given 

the reported synergism not only between IL-17A/F but also of IL-17 and TNF 

(83, 420, 443).  

The formation of fatty tissues at the enthesis is shown to precede 

syndesmophyte formation, however, to date the removal of this fat tissue has 

yet to be resolved, as in late-stage AS the tissue becomes heavily mineralised 

with little fat or soft tissue remaining (21, 58). Adiposity is associated with low-

grade inflammation via increased secretion of TNF, IL-1, IL-6 and IL-8, these 

are implicated in increased IL-17A secretion from activated T cells (160, 161, 

470). Obesity or excessive white adipose tissue has been implicated with 

psoriasis as a result of this excessive inflammation resulting in IL-17A 

production (471, 472). IL-17A’s is shown to delay the differentiation of MSCs 

into adipocytes and also impair glucose uptake by increasing lipolysis and the 

breakdown of adipocytes (435, 439). This would suggest at a role of the fatty 

tissues at the enthesis, maintaining a low-grade inflammatory state which 

eventually results in adipolysis and the neo-osteogenesis at the enthesis. 
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This chapter of work aimed to investigate four main hypotheses: 

1. The human spinal enthesis contains fat cells in the EST and the PEB 

has discontinuations in the cortical bone, allowing for potential 

communication. 

2. MSCs from both the EST and PEB express ICAM-1 and VCAM-1 which 

is upregulated by TNF stimulation. 

3. MSCs from both the EST and PEB are capable of secreting T cell 

chemoattractants when stimulated by IL-17A and TNF. 

4. Inhibition of IL-17A in AS serum rescues the adipogenic potential of 

EST MSCs, which have adipocytes broken down by IL-17A stimulation. 
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To investigate for any discontinuation in the cortical bone of the spinous 

process, after fixation and mounting in paraffin blocks samples had a minimum 

of 10 serial sections sectioned. These 10 sections were then stained for either 

H&E or Masson’s Trichrome as described in section 2.6. After staining 

sections were observed under a microscope to look for discontinuations. A 

discontinuation was only defined if it was present in the same spot of 

sequential sections, or was seen to be either reducing or gaining in size across 

sequential sections. This was done to rule out any discontinuations due to 

artefacts or a cutting errors during the preparation of the slides.     

 

Expression of MSC adhesion molecules ICAM-1 and VCAM-1 was 

investigated using flow cytometry. 50,000 MSCs/well were seeded into 24-

well plastic culture plates and allowed to expand until there was >95% 

confluence. MSCs from both the PEB and EST (n=3 for both) were stimulated 

for 48-hours using either: 

I. IL-17A (50ng/ml)  (83, 420, 432) 

II. TNF (1ng/ml) (83, 420, 432) 

III. IL-17A (50ng/ml) and TNF (1ng/ml) (83, 420, 432) 

IV. IL-36γ (100ng/ml) (223, 473) 

V. Unstimulated control 

After 48-hours wells had the media aspirated, and MSCs were disassociated 

from the plastic culture plates using the trypsin. As soon as MSCs were 

observed to be detaching from the plastic wells, the trypsin was aspirated into 

FACS tubes and diluted in 5x the trypsin’s volume of PBS to reduce its action. 

Tubes were then centrifuged at 400g for 5-minutes in preparation for staining 

using the methodology explained in section 2.4.3, using the antibodies listed 

in Table 5.1. Compensation was performed using compensation beads using 

the selected antibodies on each fluorophore. Data was analysed as described 

in section 2.4.3. 



 

  

- 1
3
7
 - 

Table 5.1: Table of antibodies used for ICAM-1 and VCAM-1 staining  

Surface 

Marker-

Conjugate: 

Volume 

Used (µl): 
Clone: 

Laser 

(nm): 

Emissionmax 

(nm): 
Company: Isotype: 

ICAM-1 (CD54)-

PE 
2.5 HA58 488 578 BD Biosciences Mouse IgG1 

VCAM-1 

(CD106)-FITC 
2.5 51-10C9 488 520 BD Biosciences Mouse IgG1 

Mouse IgG1-PE 5 MOPC-21 488 578 BD Biosciences N/A 

Mouse IgG1-

FITC 
5 IS5-21F5 488 520 Miltenyi Biotec N/A 

7-AAD 5 N/A 488 647 BD Biosciences N/A 
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Protein expression for both CCL20 and IL-8 by PEB and EST was assessed 

using sandwich ELISAs on the stimulated supernatant. Briefly, a specific 

monoclonal antibody is coated onto a 96-well plastic plate overnight. 

Standards and samples are then added to the wells, where the secreted 

proteins bind to the immobilized capture antibody. Next, a biotinylated 

monoclonal anti-human detection antibody is added, creating the antibody-

antigen antibody ‘sandwich’. Avidin-horseradish peroxidase and TMB are 

added which combines to create a blue colour with an intensity proportionate 

to the amount of bound protein. A stop solution consisting of H2SO4 is added 

which stops the reaction, changing from a blue to a yellow colour which can 

be read at 450nm on a microplate reader. 

 

Culture expanded MSCs from both PEB and EST (n=6) were plated and 

allowed to expand to confluence in a 96-well plate, and they were 

subsequently stimulated with either IL-17A (100 ng/mL), TNF (10 ng/mL), or 

IL-17A and TNF for 48-hours. These concentrations were selected due to 

other studies investigating the immunomodulation of MSCs using either IL-

17A or TNF (474, 475). CCL20 levels in the supernatant were measured by 

ELISA (Biolegend), as per the manufacturer’s instruction.  

 

To investigate the concentrations of the IL-17A monoclonal antibody 

Ixekizumab (TALTZ) to use, MSCs from both the PEB and EST were 

stimulated using IL-17A looking for IL-8 protein secretion. 10,000 cells were 

seeded per well into 96-well flat-bottom plastic culture plates and allowed to 

reach >95% confluence before stimulation. 
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5.2.3.2.1 – IL-17A titration 

To confirm IL-8 secretion from MSCs, n=2 from both the PEB and EST were 

stimulated using four different concentrations of IL-17A for 48-hours: 

I. 0ng/ml 

II. 1ng/ml 

III. 25ng/ml 

IV. 50ng/ml 

V. 100ng/ml 

After 48-hours supernatant was collected and IL-8 concentration was 

measured by ELISA (Invitrogen) 

5.2.3.2.2 – Ixekizumab (TALTZ) titration 

Using the established IL-17A concentration from section 5.2.3.2.1, n=4 MSCs 

from both the PEB and EST had 10,000 cells/well plated into 96-well flat 

bottom plastic culture plates, and once >95% confluences cells were 

stimulated for 48-hours using IL-17A (50ng/ml) +/- Ixekizumab at varying 

concentrations: 

I. Unstimulated 

II. IL-17A + 0µg/ml Ixekizumab 

III. IL-17A + 0.5µg/ml Ixekizumab 

IV. IL-17A + 10µg/ml Ixekizumab 

V. IL-17A + 20µg/ml Ixekizumab 

VI. IL-17A + 80µg/ml Ixekizumab 

After 48-hours supernatant was collected and IL-8 concentration was 

measured by ELISA. 
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Serum from 10 AS patients (Table 5.2, Yorkshire Research Ethics Committee 

REC 02/55) was pooled together to investigate its influence on the adipogenic 

potential of EST MSCs and whether IL-17A inhibition by ixekizumab had any 

effect. The pooled serum was tested using ELISA as per the manufacturer’s 

instructions (Invitrogen) for the presence of IL-17A and TNF.  

MSCs from the EST (n=3) were seeded at 50,000 cells per well in 24-well 

plastic culture plates and supplemented with adipogenic media as described 

in section 3.2.3, except some wells did not receive FCS but instead the AS 

serum. Wells were either supplemented with: 

I. Adipogenic media + 10% FCS 

II. Adipogenic media + 10% FCS + Ixekizumab (20µg/ml) 

III. Adipogenic media + 10% AS Serum 

IV. Adipogenic media + 10% AS Serum + Ixekizumab (20µg/ml) 

V. Adipogenic media + 20% AS Serum 

VI. Adipogenic media + 20% AS Serum+ Ixekizumab (20µg/ml) 

Plates were cultured for two weeks with half media changes every 3 days, on 

the 14th day after initiation wells were fixed and stained for adipocytes using 

Oil Red O as described in section 3.2.3. 

 

 

Sex: Age: BASDAI: CRP: 

M 33 5.6 10 

M 39 10 25 

F 34 9.7 33 

M 29 7.63 32 

M 31 8.53 15 

F 35 5.15 21 

M 28 3 46 

M 51 6.5 48 

M 35 7.66 32 

M 37 7.1 55 

Table 5.2: AS patients’ serum 
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To investigate IL-17A effects on adipolysis EST MSCs had 50,000 cells seed 

per well in a 24-well plastic culture plate and supplemented with adipogenic 

media +/- IL-17A (50ng/ml), with half media changes every 3 days. Wells were 

either unstimulated, constantly supplemented with IL-17A or were 

unstimulated until Day 7 (n=3) or Day 14 (n=3) at which point they were 

supplemented with IL-17A for the reminder of their time in culture. On the 21st 

day after initiation, the supernatant was extracted and frozen at -20°C until 

glycerol content could be measured using an adipolysis kit (Sigma-Aldrich).  
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Staining of sections of the spinous process and its entheseal attachment from 

the interspinous ligament using both H&E and Masson’s trichrome staining 

showed an array of anatomical features that may be relevant for entheseal 

soft tissue and adjacent bone stromal and immune cell communication.  

The cortical bone of the spinous process was not uniform, in fact, on the 

stained slides there are several areas of bone discontinuations presenting as 

potential channels of communication between the EST and the PEB. These 

were evident in both the H&E stained slides (Figure 5.1) as well as those 

stained with Masson’s trichrome (Figure 5.2). The bone of the spinous process 

was seen to have areas of mature or mineralised bone (red areas) and areas 

which are regenerated and not fully mineralised stained blue (369), with these 

regenerated areas seen more prevalently around the entheses attachment 

areas. The EST also showed large areas of fatty deposit, which fits with the 

known fatty pads seen at entheseal attachment sites around the body (51).  

The same staining was also applied to an AS spinous process sample, the 

same staining patterns were observed in the section. With discontinuations in 

the cortical bone at the enthesis observed, and very prevalent fatty tissue 

deposits seen in the EST (Figure 5.3, Figure 5.4). In addition, there was also 

evidence of neo-osteogenesis protruding into the EST, suggesting at the 

formation of the syndesmophytes characteristic of later stage AS. The 

presence of mineralised bone was largely absent from this sample; this was 

surprising given the sample came from a 78 year old female (Figure 5.4).  
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Figure 5.1: Haematoxylin and Eosin stained section of spinous process  

Haematoxylin and Eosin stained section of spinous process and interspinous 

ligament show the discontinuations in the cortical bone (yellow arrow), as well 

fat cells in the EST component (red arrows). Fatty bone marrow (black 

arrows), muscles (orange arrows) and blood vessels (cyan arrows) are also 

observable.  
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Figure 5.2: Masson's trichrome stained section of spinous process 

Masson’s trichrome stained section of spinous process and interspinous 

ligament show the discontinuations in the cortical bone (yellow arrow), as well 

fat cells in the EST component (red arrows). Fatty bone marrow (black 

arrows), muscles (orange arrows) and blood vessels (cyan arrows) are also 

observable. Mineralised bone is stained red by Masson’s trichrome, whilst 

immature or regenerated bone is stained teal opposing the darker blue of 

ligamentous tissue.  
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Figure 5.3: Haematoxylin and Eosin stained section of AS spinous 
process 

Haematoxylin and Eosin stained section of spinous process and interspinous 

ligament show the discontinuations in the cortical bone (yellow arrow), as well 

fat cells in the EST component (red arrows) opposing the fat seen in the bone 

marrow (black arrows). Areas of neo-osteogenesis associated with AS are 

highlighted by the green arrows. Blood vessels are also evident throughout 

the EST (cyan arrows). 



 

  - 146 - 

 

Figure 5.4: Masson's trichrome stained section of AS spinous process 

Masson’s trichrome stained section of spinous process and interspinous 

ligament show the discontinuations in the cortical bone (yellow arrow), as well 

fat cells in the EST component (red arrows) and the bone marrow (black 

arrows). Areas of neo-osteogenesis associated with AS are highlighted by the 

green arrows. Mineralised bone is stained red by Masson’s trichrome, whilst 

immature or regenerated bone is stained teal opposing the darker blue of 

ligamentous tissue. Blood vessels are also evident throughout the EST (cyan 

arrows). 
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ICAM-1 and VCAM-1 are both adhesion markers associated with the motility 

of MSCs, and increased expression is associated with increased MSCs 

motility (115, 131). TNF stimulation significantly increased the expression of 

ICAM-1 in both PEB (Figure 5.5) and EST (Figure 5.6, p<0.05) MSCs, and 

this was also seen when co-stimulating with IL-17A where there was also 

significant increases in ICAM-1 expression (p<0.01 PEB MSCs, p<0.05 EST 

MSCs), though there was no clear synergistic effects involving co-stimulation 

and increased ICAM-1 expression. IL-17A increased ICAM-1 expression on 

its own in both PEB and EST, though this was only a significant increase in 

PEB MSCS (p<0.01). This was also seen with IL-36γ stimulation where there 

was a significant increase in ICAM-1 expression for both PEB (p<0.05) and 

EST (p<0.05) MSCs. 

VCAM-1 expression was at much lower levels than that of ICAM-1 on both 

PEB and EST when comparing median fluorescent intensities. With the 

presence of TNF in the stimulation being the driving force for significant 

upregulation of VCAM-1 expression in both PEB (Figure 5.7, p<0.05) and EST 

(Figure 5.8, p<0.05) MSCs. IL-17A alone showed no significant effects on 

VCAM-1 expression, co-stimulation with TNF resulted in a significant increase 

of VCAM-1 expression for both the PEB (p<0.05) and EST (p<0.05). 

Stimulation with IL-36γ in PEB did cause a modest significant increase in 

VCAM-1 expression in PEB (p<0.01) MSCs, but it did not significantly 

influence expression on EST MSCs.  
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Figure 5.5: Changes in expression of ICAM-1 on PEB MSCs when 
stimulated by IL-17, TNF or IL-36γ 

ICAM-1 was significantly upregulated by stimulation of any tested cytokine, 

with TNF being the most potent. There were no synergistic effects observed 

between TNF and IL-17A co-stimulation. Differences in MFI were investigated 

using Paired T-tests. * = p<0.05, ** = p<0.01. 
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Figure 5.6: Changes in expression of ICAM-1 on EST MSCs when 
stimulated by IL-17, TNF or IL-36γ 

ICAM-1 was significantly upregulated by stimulation of any tested cytokine, 

with TNF being the most potent. There were no synergistic effects observed 

between TNF and IL-17A co-stimulation. Differences in MFI were investigated 

using Paired T-tests. * = p<0.05. 
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Figure 5.7: Changes in expression of VCAM-1 on PEB MSCs when 
stimulated by IL-17, TNF or IL-36γ 

VCAM-1 was significantly upregulated by using either TNF or IL-36γ. There 

were no synergistic effects observed between TNF and IL-17A co-stimulation. 

Differences in MFI were investigated using Paired T-tests. * = p<0.05, ** = 

p<0.01. 
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Figure 5.8: Changes in expression of VCAM-1 on EST MSCs when 
stimulated by IL-17, TNF or IL-36γ 

VCAM-1 was significantly upregulated by using either TNF or IL-17A and TNF. 

There were no synergistic effects observed between TNF and IL-17A co-

stimulation. Differences in MFI were investigated using Paired T-tests. * = 

p<0.05. 
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Stimulations alone of either IL-17A or IL-17F did not induce secretion of 

CCL20 from either PEB or EST MSCs, and when IL-17A and IL-17F were co-

stimulated together there was no significant CCL20 expression. TNF on its 

own did induce a small amount of CCL20 protein from both PEB and EST 

MSCs, in fact this was seen to be a significant increase for EST MSCs 

(p<0.05).  

However, when stimulating with both IL-17A or IL-17F and TNF there was a 

synergistic effect resulting in significant increases in CCL20 protein 

expression in both PEB (p<0.001 for IL-17A/TNF, p<0.01 for IL-17F/TNF) and 

EST (p<0.0001 for IL-17A/TNF, p<0.001 for IL-17F/TNF). IL-17A is a more 

potent co-stimulatory partner with TNF than IL-17F, with IL-17A resulting in a 

median 1.36-fold increase for PEB MSCs and a 1.17-fold increase for EST 

MSCs. EST MSCs secreted significantly more CCL20 than PEB MSCs when 

stimulated by IL-17A/TNF (p<0.01), though this was not significantly increased 

when stimulated with IL-17F/TNF where there was an increase in CCL20 

protein from EST MSCs compared to PEB MSCs (Figure 5.9). 
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Figure 5.9: CCL20 expression from both PEB and EST MSCs induced by 
IL-17 and TNF 

IL-17 and TNF synergise to induce CCL20 protein secretion from both PEB 

and EST MSCs, where individual stimulation does not induce significant 

expression of CCL20. Except for TNF from EST MSCs where there is a small 

but significant increase in CCL20 expression. EST MSCs secrete significantly 

more CCL20 protein than PEB MSCs when stimulated by IL-17A and TNF. 

CCL20 expression was analysed by Friedman’s test with Dunn’s post-hoc 

comparing to unstimulated MSCs. Mann-Whitney U test was used to compare 

CCL20 expression between PEB and EST MSCs. * = p<0.05, ** = p<0.01, *** 

= p<0.001, **** = p<0.0001. 
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Both PEB (n=2) and EST (n=2) MSCs secreted IL-8 in increasing quantities 

with increasing stimulation by IL-17A (Figure 5.10A), with IL-17A stimulation 

at 100ng/ml inducing a significant increase in IL-8 secretion (p<0.01). IL-8 

secretion was completely suppressed to comparable levels with unstimulated 

MSCs for both PEB (n=4, Figure 5.10B) and EST (n=4, Figure 5.10C) MSCs 

when pre-incubated before stimulation with any tested concentration of the IL-

17A monoclonal antibody Ixekizumab. As with CCL20 EST MSCs secreted 

more IL-8 than PEB MSCs when stimulated with IL-17A. 

Figure 5.10: IL-8 expression is induced by IL-17A and suppressed by IL-
17A inhibition with ixekizumab 

(A) IL-8 secretion increased with increasing IL-17A concentration for both PEB 

and EST MSCs. Ixekizumab suppressed IL-8 secretion by inhibiting IL-17A 

signalling for both PEB (B) and EST (C) MSCs. (D) EST secrete more IL-8 

than PEB MSCs. (A, B, C) analysed using Friedman’s test with Dunn’s post-

hoc. (D) analysed using Paired T-test. * = p<0.05, ** = p<0.01. 
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AS serum used at either 10% or 20% caused significant (10% = p<0.0001, 

20% = p<0.01) reduction in adipogenesis when compared to a control 

adipogenic media with 10% FCS. The addition of Ixekizumab did not rescue 

the adipogenic potential for either the 10% or 20% AS serum (Figure 5.11). 

However, after ELISA measurement there were no detectable levels of IL-17A 

or TNF in the pooled AS serum. 

The addition of AS serum maintained the morphology of EST MSCs in the 

adipogenic media. It was noted that EST MSCs in an adipogenic media 

supplemented with 10% FCS showed a different cell morphology with lower 

total observable cellularity, and much more rounded adipocyte shaped cells. 

Conversely, with the addition of AS serum either 10% or 20%, cells showed a 

much more fibroblastic or spindle shape morphology. There were visibly more 

cells in the same area compared to either undifferentiated MSCs cultured for 

the same duration in DMEM + 10% FCS or the adipogenic media with 10% 

FCS (Figure 5.12). This points towards the AS serum not only suppressing 

adipogenesis but also inducing a rapid proliferation of cells, both at 10% and 

20% serum. 
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Figure 5.11: AS serum significantly reduces adipogenesis from EST 
MSCs 

The use of TALTZ (Ixekixumab) did not significantly influence the adipogenic 

potential of EST MSCs. Whilst AS serum used at either 10% or 20% 

significantly reduced the amount of area covered by Oil Red O stained 

adipocytes, which was not increased by the addition of a monoclonal IL-17A 

inhibitor. Analysed using RM ANOVA with Tukey’s post-hoc test. * = p<0.05, 

** = p<0.01, **** = p<0.0001. 
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Figure 5.12: Images of differences in cell morphology between FCS and 
AS Serum in adipogenic media 

Comparative images from the same region of the well of EST MSCs under 

differing adipogenic conditions. The presence of AS serum either 10% or 20% 

visually increased the number of cells, and cells maintained a more spindle 

shape like undifferentiated MSCs. Whilst adipogenically differentiated MSCs 

showed a rounder more adipocytic cell morphology. Scale bar = 250µm. 
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IL-17A was shown to significantly decrease transcripts associated with 

adipogenesis, and transcripts that protect against adipolysis (section 4.3.5). 

Preliminary work was investigated to see if IL-17A induces the breakdown of 

adipocytes. EST MSCs from as early as Day 7 reached their maximum area 

stained with Oil Red O (section 4.3.5). Two separate time course stimulations 

were run, with either addition of IL-17A from either Day 7 (n=3) or Day 14 

(n=3) into their 21 day differentiation did not significantly increase glycerol 

content in the supernatant. When a continual stimulus of IL-17A was applied 

throughout the 21 day differentiation there was a significant increase in 

glycerol content in the supernatant (n=6, p<0.05, Figure 5.13).  
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Figure 5.13: Constant IL-17A increases adipolysis of EST MSCs 

The addition of IL-17A to EST MSCs after Day 7 (A) or Day 14 (B) did not 

affect the glycerol content in the supernatant and hence did not increase 

adipolysis. Constant stimulation with IL-17A during adipogenesis significantly 

increased glycerol content and hence adipolysis. (A, B) analysed using RM 

ANOVA with Dunn’s post-hoc. (C) analysed using paired T-test. * = p<0.05  
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The spinal entheseal attachment site is an area of high mechanical stresses 

and strains which result in microdamage either to the ligament or the cortical 

bone of the spinous process (445). This is seen by the prevalent areas of 

remodelled or regenerated bone in the spinous process, particularly around 

the entheseal attachment sites whilst the internal trabecular bone showed 

more mineralised bone with few areas of remodelling. The AS spinous 

process showed large areas of new bone formation into the ligament 

characteristic of the syndesmophytes observed in late-stage AS (58, 476). 

The EST fraction in both the AS and healthy sample had large areas of fat 

cells, this was particularly evident in the AS sample. There were also large 

areas of fat in the bone marrow of the PEB. There was also evidence of 

discontinuations in the cortical bone of the spinous process, allowing for the 

potential communication and indeed movement of MSCs or other cell types 

between the PEB and the EST in response to tissue damage (351, 477). 

The resulting microdamage from normal entheseal strains and stresses needs 

repair of the damaged bone. The PEB at the spinous process is known to 

contain a large array of immune cells such as ILC3s (86), γδ T cells (88) and 

both CD4+ and CD8+ T cells (89) which are all capable of IL-17A and TNF 

production. These two cytokines are the most targeted in AS and have 

revolutionised disease management.  It turns out that they also have important 

roles in bone formation as a by-product of bone repair following damage (20, 

77, 81, 178). Both IL-17A and TNF are reported to increase osteogenesis from 

MSC populations (67, 182, 419, 432), and this was shown in the case of IL-

17A in section 4.3.2. In addition to this role in differentiation, TNF is reported 

to increase the expression of cellular adhesion markers ICAM-1 and VCAM-1 

(114-116). In the case of bone repair the increase in TNF levels is thought to 

encourage migration of MSCs to the fracture site associated with upregulation 

of ICAM-1 and VCAM-1 (131-133). This was also seen in this chapter, where 

the addition of TNF was the most potent driver in the up-regulation of the 

expression of either ICAM-1 or VCAM-1. Supported by the lack of synergy 

with IL-17A in increasing expression, TNF is likely the main driver behind the 

upregulation of ICAM-1 and VCAM-1 and hence is a ready candidate capable 
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of enhancing the potential migratory ability of MSCs to the sites of damage at 

the enthesis. The migration of MSCs to the site of tissue damage also plays 

an additional role aside from differentiation into the osteoblasts or adipocytes 

to repair the damage.  

Beyond direct osteogenic capabilities, MSCs are known to play a role in 

modulating the immune system via secretion of immune cell chemoattractants 

such as CCL20 and resultant immune chemotaxis could further fine tune 

cytokine responses at sites of injury (355). CCL20 is a known T cell 

chemoattractant via its interaction with C-C Motif Chemokine Receptor 6 

(CCR6) (356), importantly populations of CCR6+ T cells exist at the human 

enthesis (357). Significant CCL20 secretion was only observed when co-

stimulation of either IL-17A and TNF or IL-17F and TNF was applied to PEB 

and EST MSCs. There were low levels of expression in EST MSCs when 

stimulated by TNF alone, which is likely attributable to the significantly higher 

ability of EST MSCs to secrete CCL20 than PEB MSCs.  

The secretion of IL-8 by both PEB and EST MSCs was also demonstrated, 

and this provides a direct avenue for innate immune cell recruitment to sites 

of damage and in particular of neutrophils. This is shown by increasing 

concentrations of IL-17A resulted in increasing IL-8, which could be 

suppressed by the addition of ixekizumab. CCL20 and IL-8 are both secreted 

at significantly higher levels by EST MSCs than PEB MSCs further highlighting 

the functional differences between these two MSC populations. Notably, in the 

EST several blood vessels were observed in the AS H&E stained section. This 

would provide easy access to the tissue in response to tissue damage and the 

associated inflammation-driven over repair seen in AS.  

A problem with many in vitro work is the use of only single or co-stimulatory 

factors when investigating the differentiation ability of MSCs, considering that 

in vivo the sera in which the MSCs are located contains an array of additional 

cytokines and growth factors all of which may influence the differentiation 

ability of MCSs (31, 478). The use of AS serum is usually associated with 

elevated levels of IL-17A (31), however, the pooled serum used in this chapter 

did not have any detectable IL-17A or TNF via ELISA.   This is either due to it 

being below the detection sensitivity of the ELISA, or the fact that as the serum 
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had been frozen at -20°C for an extended period protein degradation may 

have occurred on the cytokines of interest. The AS serum did however still 

significantly impair the adipogenic potential of EST MSCs, though the exact 

mechanism could not be determined, as IL-17A inhibition did not rescue this 

impairment. Interestingly it appeared to cause a rapid proliferation of MSCs 

and with the cells maintain a more undifferentiated morphology, similar to what 

was seen in section 4.3.5, where IL-17A maintained expression of stromal 

support transcripts in MSCs undergoing adipogenesis. Though this would 

need to be confirmed using markers of MSCs proliferation such as  KI-67 

(479). 

Preliminary experiments built on the previous sections work where IL-17A 

suppressed the adipogenic potential of MSCs from both PEB and EST MSCs. 

The addition of IL-17A to adipogenically differentiated human bone marrow 

MSCs for 7 days induced significant decreases in Oil Red O stain and also a 

significant increase in glycerol content in the supernatant (439). This study did 

not see the same glycerol increase when adipogenically differentiated EST 

MSCs were stimulated after 14 or 7 days with IL-17A. However, this could be 

due to the significantly higher adipogenic potential of EST MSCs compared to 

PEB MSCs. Though there was a significant increase in glycerol content when 

EST MSCs undergoing adipogenesis were continually stimulated with IL-17A. 

This fits with what was seen in section 4.3.5 were from Day 15 Oil Red O 

stained area decreased from a peak in at Day 7, suggesting that adipolysis is 

occurring induced by IL-17A. This could help explain the resolution of the fat 

deposition seen to precede the osteogenesis in AS (21). 

In conclusion, the evidence that the cortical bone of the PEB is not uniform 

and does contain discontinuations suggests the potential for MSC movement 

between the two tissues. When combined with the evidence that drivers of AS 

IL-17A and TNF upregulate the expression of MSC adhesion and migratory 

markers ICAM-1, this supports the idea that EST MSCs can migrate to the 

damaged bone, attract more immune cells, both innate and adaptive lineages 

respectively via IL-8 and CCL-20, exacerbating inflammation and still 

differentiate into the osteogenesis characteristic of AS at the enthesis.  
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This work established two distinct populations of MSCs at the human spinal 

enthesis and investigated their responses to AS relevant cytokine stimulation 

including TNF and IL-17A - the latter of which is derived from innate and 

adaptive lymphocytes.  

Mesenchymal stem cells were identified both in the PEB or the spinous 

process and at the EST or the interspinous ligament. These two populations 

of MSCs are functionally distinct, with CD45-CD271+ MSCs identified at the 

PEB but not at the EST. This could help explain the significant differences 

seen between matched PEB and EST. It was previously established that 

MSCs display a tissue specificity regarding their differentiation potential, with 

MSCs isolated from adipose tissues showing significantly increase 

adipogenesis than MSCs isolated from bone sources (397). This fits with what 

was seen in this study, where EST MSCs displayed a significantly higher 

adipogenic potential than their matched PEB MSCs, and adipocyte 

accumulation was noted in normal EST tissue. However, there were also large 

areas of fat cells located in the bone marrow of the PEB suggesting that PEB 

MSCs may already be further differentiated down an osteogenic lineage than 

their EST MSCs counterparts, whilst still maintaining a low degree of plasticity 

between the two early phases of differentiation (401). 

The interspinous ligament as an entheseal attachment site when stained for 

H&E or Masson’s trichrome highlighted large areas of adipocytes in close 

proximity to the enthesis insertion with entheseal adipogenic accumulation 

previously being reported at other enthesis sites (51). Combined with one 

sample showing low levels of CD34, a marker for adipose-derived MSCs 

would help explain the high adipogenic potential compared to PEB MSCs 

(374). Per-entheseal bone MSCs had a significantly higher osteogenic 

potential than matched EST MSCs, supporting the notion that tissue origin of 

MSCs plays an important role in differentiation potential. Neo-osteogenesis in 

AS is seen at entheseal soft tissue sites and this thesis showed EST MSCs 

resident at these sites that are prone to soft tissue osteogenesis with relatively 
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increased osteogenesis potential following cytokine stimulation that offers 

new insight into the putative mechanism for AS neo-osteogenesis. 

Ankylosing spondylitis may be driven by excessive tissue repair in response 

to the development of normal microcracks which occur in the human spine 

naturally over time (51, 52, 445). The tissue repair is thought to be driven 

primarily by an aberrant immune response; in particular the IL-17/IL-23 axis 

alongside TNF have been heavily implicated in AS pathogenesis (1, 17, 20, 

61, 480). It is reported that IL-17A and TNF drive osteogenesis both 

independently from one another as well as acting to synergistically enhance 

osteogenesis is reported  (59, 60, 420, 431, 432). Importantly the enthesis is 

the site of preferred new bone formation in AS and the ossification of the 

enthesis and the attached ligament is a major cause of the discomfort and 

pain affiliated with the AS (20, 35, 52). Therefore, the presence of MSCs both 

at PEB and EST which respond in a moderate but significant increase in 

osteogenesis when stimulated by the AS relevant cytokine IL-17A 

demonstrates that these are the cells responsible for the pathogenic changes 

seen in the latter stages of AS. 

However, there were no significant increases when both EST and PEB MSCs 

were stimulated by TNF, with no reported synergistic enhancement of 

osteogenesis when stimulating with both TNF and IL-17A. This goes against 

what has been previously identified, but as discussed in section 4.4 the 

literature considering the influence of both TNF and IL-17A on osteogenesis 

is mixed and depends on a range of factors (20). IL-17A asserts its influences 

on osteogenesis from both PEB and EST MSCs by inducing an early increase 

in differentiated cells. This was demonstrated on Day 7 after initiation 

transcripts associated with osteoblast (ALPL, E11) and BMP2, which is a 

regulator of osteogenesis via acting on RUNX2 and SP7 (448, 450, 452, 481), 

were significantly upregulated by IL-17A stimulation. However, by day 14 

these elevations in transcripts were not significant, though counter-intuitively 

both RUNX2 and SP7 were significantly downregulated by IL-17A stimulation. 

Given that the syndesmophytes form at the entheseal attachment, the 

increased osteogenesis induced by IL-17A in EST MSCs fit with what is seen 

in disease. This is important as the majority of work looking at MSCs in relation 
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to AS has been using MSCs taken from bone marrow-derived sources which 

given the mentioned differences in tissue specificity may have had a differing 

response to the same cytokines.   

The main novelty of this work lies in the observed findings that may be relevant 

to the early phases of AS, in particular the formation of the fat at the vertebral 

bodies seen to precede the osteogenesis at the enthesis annulus soft tissue 

(21). Most of the work involving IL-17A and adipogenesis is mainly related to 

studies involving obesity and diabetes (435, 437, 472). Both IL-17A and TNF 

significantly impaired the adipogenic potential of both PEB and EST MSCs, 

IL-17A caused a more potent reduction in adipogenesis and visibly changed 

the morphology of the lipid vesicles. How this IL-17A impact on adipogenesis 

in vivo might impact on new bone formation requires further evaluation. Three 

major transcript functions were either significantly suppressed or upregulated 

by IL-17A stimulation. Stimulation changed the morphology of the lipid 

vesicles by holding them in a more immature state, with lots of small vesicles 

not fusing to create the classical mature adipocyte. This was supported by the 

downregulation of PLIN1 and CIDEC both are key transcripts needed to 

support vesicle fusion to develop into mature adipocytes (457), and as a 

secondary function PLIN1 is associated with protection against adipolysis or 

breaking down of the adipocytes (482). The transcripts associated with mature 

adipocytes (FABP4, ADIPOQ) were also significantly suppressed by IL-17A.  

The importance at the loss of protection conferred by PLIN1 would help 

rationalise the loss of the fat seen in the vertebral corners as AS progresses 

and new bone is deposited. However, it must be acknowledged that in vivo in 

AS that new bone formation follows the post-inflammatory phase of the 

disease and there is virtually no knowledge of in vivo levels of IL-17A in this 

setting. Preliminary published work supports this idea where constant IL-17A 

stimulation of EST MSCs undergoing adipogenesis had significantly 

increased levels of glycerol, which is a product of lipid break down (439). 

Combining this with the elevated expression of CXCL12, an MSC stromal 

support marker, when stimulated by IL-17A during adipogenesis suggests that 

MSCs stimulated by IL-17A are prevented from going down an adipogenic 

lineage and with the increased osteogenesis pushed down a more osteogenic 
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lineage by IL-17A stimulation. There is an established reciprocity between the 

early phases of osteogenesis and adipogenesis in MSCs (401). This suggests 

that IL-17A may be holding MSCs in a more immature pre-adipocyte phase 

with the known increased osteogenesis induced by IL-17A this could help 

explain the phenotypic changes from fatty tissues towards neo-osteogenesis 

at the enthesis (67, 357).    

It is now firmly established that the normal spinal enthesis has an immune 

system including innate and adaptive lymphocytes that can be induced to 

secrete MSC relevant cytokines including IL-17 and IL-22.  Accordingly, the 

impact of cytokines on MSC stromal supportive function for lymphocytes was 

investigated.  At the same time stimulation with IL-17A during adipogenesis 

saw an increase in the transcript for CCL20 which is a CCR6+CD4+ T cell 

chemoattractant (356, 357). In undifferentiated MSCs both from the PEB and 

EST when stimulated with both IL-17A and TNF there is a significant increase 

in CCL20 secretion.  

Intraosseous MSCs and fat cells occurring within the vertebral bodies in AS 

would naturally be incriminated in spinal corner adipogenesis due to their PEB 

location. These MSCs adipogenesis was impaired by IL-17A or TNF.   This 

may be relevant to AS as the fat changes at entheses are a post-inflammatory 

phase phenomenon.  Entheseal soft tissue MSCs were also capable of 

adipogenic differentiation and showed the same negative outcome with 

cytokine stimulation. Given the cortical bone of the spinous process had 

discontinuations between the EST and PEB, this allows for the possibility of 

MSC migration between the two tissues. This migration is evidenced by 

previous work showing that MSCs migrate towards TNF elevated in fracture 

sites via up-regulation of ICAM-1 and VCAM-1 (131, 483). Though chemotaxis 

was not assessed, when stimulated with TNF both PEB and EST MSCs 

showed significant upregulation in the expression of both ICAM-1 and VCAM-

1, which would enable the migration of EST to the site of damage at the PEB 

and hence rapidly form the fat cells seen in early AS. Whilst also facilitating 

the migration of MSCs to the enthesis to differentiate down an osteogenic 

lineage and begin to produce the characteristic phenotype of AS being the 

new bone formation into the enthesis.      
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This study does have its limitations, namely as all MSCs used for 

differentiation experiments in this study came from healthy patients with no 

known underlying inflammatory condition. Ideally, MSCs would come from 

patients with AS, however, it is unusual for patients with AS to have corrective 

spinal surgeries and those which do usually have it late-stage and hence the 

majority of the soft tissue is mineralised and of limited use. When comparing 

between AS and healthy control MSCs they both follow the same responses 

to IL-17A, though AS MSCs appear to have a higher innate osteogenic 

response (67). 

It is important to acknowledge the limitations associated with in vitro 

differentiation assays, with their reliance on corticosteroids for differentiation 

induction, and the difficulty in extrapolating the results to the in vivo scenario. 

Dexamethasone important in the initial stages of in vitro osteogenic 

differentiation is likely to play an inhibitory role in any inflammatory cytokine 

signalling. At the same time, most work is usually only stimulated using either 

solitary or co-stimulation of cytokines, which has its benefits but in vivo, as 

mentioned in section 5.1.2, the serum in these tissues is full of extra cytokines 

and growth factors all at significantly lower concentrations than those used in 

vitro (31, 146, 148).  

Some of the aforementioned limitations were addressed by the preliminary 

use of AS serum in an adipogenic experiment, however, there were no 

detectable levels of either IL-17A or TNF in the serum so what induced the 

significant downregulation in adipogenesis of EST MSCs could not be 

determined. Either these cytokines were below detection or had degraded due 

to prolonged storage at -20°C, up to 15 years. Cytokine serum levels in AS 

are in the pg/ml range and can often fall below the detection of some assays 

(31, 146, 148). The use of AS serum in osteogenesis induces an increase in 

osteogenesis, which can be reversed by the inhibition of IL-17A (67). 

The increase in ICAM-1 expression when MSCs were stimulated by TNF, and 

the supporting evidence of discontinuations seen in the cortical bone revealed 

by histology provides the groundwork for further proof that MSCs can migrate 



 

  - 168 - 

between the two tissues in response to damage. However, this could not be 

demonstrated by this study. This could be subsequently investigated using 

transwell migration assays using conditioned media from activated T cells 

isolated from the enthesis. Where conditioned media with known disease-

relevant cytokines would stimulate the MSCs and induce migration to the 

increased concentration of these cytokines which in vivo would be associated 

with tissue damage (89, 460, 480). 

 

The role of IL-17A in osteogenesis is well established now and with the 

growing evidence that inhibition of IL-17A in AS reduces new osteogenesis, 

this study only adds more backing to that concept (80-82). Ixekizumab is a 

monoclonal antibody specific for IL-17A and in this work it blocked IL-8 release 

from MSCs following IL-17A stimulation. This may provide an unappreciated 

mechanism for disruption of the IL-23/17 axis pathway towards the recruitment 

of neutrophils to inflammatory lesions. 

IL-17F also signals through the same receptor complex as IL-17A and induces 

osteogenesis at a milder level (194, 195). More recently IL-17F has been seen 

to signal through an IL-17RC homodimer, raising the possibility for IL-17RA 

independent induced osteogenesis (183). Recent work showed that 

bimekizumab, a dual inhibitor of IL-17A and IL-17F showed significant 

reductions in IL-17A and IL-17F driven osteogenesis from human periosteal 

cells (83). Future work regarding osteogenesis and EST or PEB MSCs should 

involve either the use of AS serum or an expanded potential of cytokines 

notably the IL-36 family. 

The effects of IL-17A and TNF in driving osteogenesis in MSCs is well studied. 

However, the early phases of AS remain largely enigmatic, in particular the 

formation and resolution of the fat seen at the vertebral bodies in AS. This 

study provided a mechanism through which this could be addressed, via the 

migration of EST MSCs to the site of damage via upregulation of ICAM-1 and 

the subsequent rapid adipogenic differentiation and IL-17A’s subsequent 

influence in resolving this fat formation. Being able to identify the formation of 

this new fatty tissue and understanding how it can transition towards new bone 
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formation in AS is important and provides potential opportunities to intervene 

early and prevent or reduce new bone formation. 

Future work to address this and provide a better understanding of the 

functional differences between these two distinct populations of MSCs would 

be of great benefit. This would be accomplished with the use of single-cell 

RNAseq on purified populations from both the PEB and EST. Also given the 

currently poorly understood IL-17A signalling pathway would best be 

understood using similar techniques on populations of MSCs both 

unstimulated and those after being differentiated and stimulated by IL-17A.     

That being said, it is remarkable that the normal spinal enthesis has resident 

MSC populations and a complex innate and adaptive immune system in health 

(484).   The work in this thesis has been used to advocate a novel model for 

AS and SpA pathogenesis whereby these cells and cytokines fine tune tissue 

repair.  Genetic polymorphisms in AS, gut barrier dysfunction and dysbiosis 

and other factors likely skew this response towards excessive tissue repair 

responses typical of AS.  Hence, it could be argued that the normal physiology 

and in vitro models using cytokines critical to human AS is a valid approach 

to investigating disease (20, 357).    

 

The driving forces behind the neo-osteogenesis in the later stages of AS and 

how the IL-23/IL-17 axis amongst others contributes to this is starting to 

emerge. In advanced AS, new bone formation at the enthesis leading to 

bamboo spines is irreversible. Therefore, it is of much better value to 

understand the early phases of AS and how these normal tissue repair 

responses can lead to fat at the corners of the enthesis and the subsequent 

new bone.  

This project identified two populations of MSCs at the human spinal enthesis 

which are functionally distinct in their differentiation potentials, with the ability 

to mimic the anatomical changes seen in AS. Importantly, this study gave a 

potential mechanism for interactions with the local immune system and the 

changes seen in early AS which should be carried forward with further work 

to better improve the understanding of AS.   



 

  - 170 - 

Sample ID: Sex: Age: 

RC121 M 69 

RC143 M 43 

RC144 M 65 

RC147 F 36 

RC151 F 66 

RC152 F 24 

RC154 M 78 

RC160 F 56 

RC166 M 70 

RC167 F 14 

RC175 F 44 

RC176 M 78 

RC183 M 69 

RC184 M 47 

RC185 F 18 

RC194 (AS) F 78 

RC195 F 17 

RC197 F 55 

RC198 M 32 

RC200 F 35 

RC202 F 34 

RC210 M 71 

RC211 F 80 

RC212 F 18 

RC217 F 66 

RC219 M 68 

RC220 F 75 

RC221 M 48 

RC222 F 12 

RC223 F 19 

RC224 F 13 

RC229 F 12 

RC232 F 68 

RC233 F 12 

RC234 F 20 

RC241 M 15 

RC242 M 23 

RC243 M 45 

RC244 F 43 

RC250 F 68 

RC265 M 67 

RC300 F 14 

RC302 M 14 
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RC303 M 83 

RC311 M 49 

RC312 M 13 

RC313 M 63 

RC317 M 66 

RC359 F 64 

RC380 F 15 

RC390 F 50 

RC391 F 14 

RC393 F 53 

RC394 M 74 

RC433 F 64 

RC434 F 54 

RC435 F 27 

RC501 M 42 

RC509 M 18 

RC570 F 24 

RC571 F 17 
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Product: Manufacturer: 

Absolute Ethanol Sigma 

Acetone Sigma 

Alizarin Red Sigma 

β-Mercaptoethanol Sigma 

Bovine Serum Albumin Sigma 

Citrate Concentrated Solution Sigma 

Collagenase I Type A, AOF Worthington 

Dimethyl Sulphoxide (DMSO) Sigma 

DNase I Norgen Biotek 

DPX Mounting Media Sigma 

Dulbecco’s Modified Eagle Medium 

(DMEM) Low Glucose 
Gibco 

Dulbecco’s Modified Eagle Medium 

(DMEM) High Glucose 
Gibco 

Eosin Y Sigma 

Ethylenedinitrilotetraacetic Acid 

(EDTA) 
Fisher Scientific 

Fast Blue RR Salt Tablets Sigma 

Foetal Bovine Serum Biosera 

Formalin (10% Neutral Buffered) Sigma 

Haematoxylin (Harris’) Fisher Scientific 

Haematoxylin (Weigert’s) Sigma 

Horse Serum Gibco 

Hydrochloric Acid Sigma 
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Isopropanol Sigma 

Methanol Sigma 

Methylene Blue Sigma 

Naphtol AX-MX Phosphate Sigma 

Nuclease Free Water Ambion 

Oil Red O Sigma 

Phosphate Buffered Saline (PBS) 

Tablets 
Sigma 

Penicillin/Streptomycin Gibco 

StemMACS MSC Expansion Media Miltenyi Biotec 

Toluidine Blue Sigma 

Trypan Blue Solution Sigma 

Xylene Fisher Scientific 
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Activated papain enzyme digestion solution (GAG assay) 

For 100 mM sodium phosphate buffer/5 mM EDTA/10 mM L-cysteine (0.125 

mg/ml papain): Just before use, add 63 mg of L-cysteine hydrochloride 

hydrate in 40 ml papain buffer and sterile filter using syringe and 20 μm filter. 

Transfer 1 ml of papain solution to a microcentrifuge tube using a syringe and 

20-gauge needle then add 125 μg/ml papain enzyme. 

 

Alizarin red staining solution (Osteogenesis) 

Prepared by dissolving 342 mg Alizarin Red (Sigma) in 25 ml of dH2O and pH 

adjusted to 4.1 

 

Borate buffer (CFU-F assay) 

10mM borate buffer: 1.91g disodium tetraborate dehydrate (Sigma) dissolved 

in 500 ml dH2O and pH adjusted to 8.8 with 1M boric acid (made up by 

dissolving 6.183g boric acid (Sigma) in 100 ml dH2O = 1M) 

 

Cell freezing media 

90% FCS (Biosera) + 10% DMSO (Sigma). 

 

Citrate fixative (ALP assay) 

6 ml acetone (Sigma) and 4 ml of 1:50 dilution of citrate concentrate solution 

(Sigma) 

 

EDTA decalcification solution 

0.5 M EDTA solution (pH 7.4): 186.1 g EDTA disodium dehydrate (Fisher 

Scientific) dissolved in 800 ml dH2O. The disodium salt of EDTA will not go 

into solution until the pH of the solution is adjusted to ~8.0 by the addition of 

NaOH. The pH was therefore first adjusted to 8.0 with approximately 20 g of 



 

  - 175 - 

Sodium Hydroxide pellets (NaOH) (Fisher Scientific) and following complete 

dissolution adjusted to 7.4 with neat HCl (Sigma). 

 

Fast Blue solution (ALP assay) 

One Fast blue salt tablet (Sigma) dissolved in 48 ml of dH2O with the addition 

of 2 ml of 0.25% Naphthol AX-MX phosphate solution (Sigma) 

 

FACS Buffer 

500 ml PBS + 1% w/v bovine serum albumin (5 g) (Sigma) + 200 μl EDTA 

0.5M (Fisher Scientific) 

 

Fc blocking buffer 

1 ml aliquots containing 10% mouse serum (Sigma), 1% human IgG (Sigma) 

in FACS Buffer 

 

HCL solution (Calcium assay) 

0.5N HCl; 26.5 ml of 37% HCl (Fisher Scientific) in 473.5 ml dH2O. 

 

Methylene blue solution (CFU-F assay) 

1% w/v methylene blue solution: 1 g methylene blue (Sigma) dissolved in 100 

ml of 10mM borate buffer (pH 8.0). 

 

Naphthol AS-MX Phosphate Substrate 

20 mg of Naphthol AX-MX phosphate (Sigma) dissolved in 1 ml Ethylene 

Glycol 

Monoethyl Ether (Sigma) 
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Oil red (Adipogenesis) 

Prepared at 0.5% by dissolving 50 mg Oil red (Sigma) in 10 ml of isopropanol 

(Sigma), incubated for 30 minutes at 37° C and then diluted 3:2 w/v with dH2O, 

filtered twice using a 45 μm filter (Millex) for the first filtration followed by a 22 

μm filter (Millex) to remove any undissolved material. 

 

Papain buffer extract (GAG assay) 

For 100 ml of 100 mM sodium phosphate buffer/5 mM EDTA (pH 6.5): To 90 

ml of dH2O add 0.653 g sodium phosphate dibasic (Na2HPO4, MW 142.0), 

0.648 g of sodium dihydrogen phosphate (NaH2PO4, MW 120.0) and 1 ml of 

500 mM EDTA (Sigma). Adjust pH to 6.5 using HCl and make up the volume 

to 100 ml using dH2O then filter sterile. 

 

Phosphate buffer saline 

1 PBS tablet (Sigma) dissolved in 200 ml dH2O 

 

Tris-buffered saline 

16 g Sodium chloride (NaCl), 0.4 g Potassium chloride (KCl) and 6 g Tris base 

(all from Sigma) dissolved in 800 ml dH2O adjust pH to 7.4 with HCl and make 

up the volume to 1L with dH2O 
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Item: Manufacturer: 

12-Well Culture Plate Corning 

24-Well Culture Plate Corning 

48-Well Culture Plate Corning 

96-Well Culture Plate Corning 

6-Well Culture Plate Corning 

10mm Culture Dish Corning 

5ml Bijous StarLab 

Cell Strainer Corning 

2ml Cryovials Sarstedt 

Falcon Tubes Corning 

FACS Tubes Corning 

Filters Millex 

Histology Cassettes Scientific Laboratory Supplies 

Microtome Blades (CellEdge R+) Cell Path 

Pipette Tips Gilson  

Safe-Lock Tubes Eppendorf 

Scalpel (Blade Sizes 10 and 22) Swann-Morton 

Stripette Corning 

SuperFrost Plus Microscope Slides Thermo Fisher 

T25, T75 and T150 Culture Flasks Corning 

96-Well PCR Plate Thermo Fisher 

PCR Tubes and Caps Star Lab  

  



 

  - 178 - 

Equipment: Manufacturer: 

Bone Rongeur (Stille-Luer) Sklar 

Cell Culture Cabinet (Class II) Nuaire 

Centrifuge Eppendorf 

Digital Camera (Microscope) Olympus 

-20°C Freezer  Liebherr 

-80°C Freezer Panasonic 

Freezing Container CoolCell 

2-4°C Fridge Lec Medical 

Fume Hood  

Haemocytometer Hawksley 

Hot Plate – SH3 (Histology) Stuart Scientific 

37°C Incubator Sanyo 

Microcentrifuge StarLab 

Inverted Light Microscope Olympus 

Nanodrop Spectrophotometer Thermo Fisher 

Plate Reader Biotek 

Vortex StarLab 

Water Bath Grant 

Weighing Scale Mettler Toledo 

X-Ray Machine (CS2200) Carestream Health 
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