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Abstract 

Macrophages are central to both the pathology and resolution of chronic inflammatory 

diseases such as rheumatoid arthritis (RA). Steroid hormones such as glucocorticoids (GCs) 

and androgens are reported to be important modulators of macrophage functions. However, 

the role of intracrine and paracrine steroid metabolism in the regulation of macrophage 

inflammatory function in RA remains poorly understood. Using transcriptional analysis of 

human RA synovial macrophages, we showed that differential expression of steroidogenic 

enzymes: the GC-activating enzyme 11β-HSD1 and late androgen activating enzyme SRD5A1, 

expressed within pathogenic macrophage subsets, increased with inflammation, while the 

early androgen activator AKR1C3, expressed by protective macrophages, decreased with 

inflammation. In vitro monocyte-derived macrophages were used to interrogate 

steroidogenesis and effects of intracrine steroid metabolism on inflammatory functions 

relevant to RA. Intracrine GC metabolism increased with inflammatory polarisation, enabling 

acquisition of a pro-resolution phenotype at the expense of inflammatory functions on GC 

stimulation. Therapeutic targeting of this pathway to promote anti-inflammatory actions of 

GCs was assessed using sheared gellan hydrogels, with proof of principle studies showing 

selective inflammatory macrophage GC-mediated regulation. Androgen metabolism was 

strongly increased by pro-inflammatory polarisation of macrophages. Although intracrine 

androgen metabolism did not regulate inflammation, our data suggest a role for inflammatory 

macrophages as paracrine androgen activators. This thesis describes distinct patterns of 

inflammation-induced steroid metabolism in RA synovial macrophage subsets that could be 

exploited by novel therapeutics for inflammatory diseases. 
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For my gran, Eileen Martin, thank you for always reminding me to have fun 

 

 

Q. Do you think the scientific world is too solemn? 

A. Oh, no. Not true science. It's art. Actually, it's a sandbox and scientists get to play all of our lives. 

– Polly Matzinger, 1998  
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Chapter 1 INTRODUCTION: 

 

1.1 Rheumatoid arthritis 

1.1.1 Clinical manifestations and diagnosis 

Rheumatoid arthritis (RA) is an autoimmune inflammatory disease of the joints which has an 

overall prevalence of around 1% in Western countries. The lifetime risk of developing RA is 

3.6% in females and 1.7% in males in the US (1). RA mainly targets the proximal 

interphalangeal and metacarpophalangeal joints of the hands, metatarsophalangeal joints of 

the feet, and joints of the wrists and knees. The arthritic joint is characterised by synovial 

hyperplasia, degradation of cartilage, and erosion of bone, which collectively lead to painful 

progressive disability through joint deformity and loss of function. As well as directly 

hampering quality of life by damage to joints, RA is linked to systemic comorbidities including 

increased risk of cardiovascular disease (CVD), muscle wasting, osteoporosis, and cancer (2). 

The strong inflammatory profile of RA, including high systemic levels of the cytokines 

interleukin 6 (IL-6) and tumour necrosis factor α (TNFα), and inflammatory marker C-reactive 

protein (CRP), have been linked to the inherent increased mortality of RA and its associated 

comorbidities (3, 4).  

The diagnostic criteria of RA includes the number of affected joints, duration of symptoms, 

serology (rheumatoid factor and anti-citrullinated protein antibodies) and acute-phase 

reactants (CRP and erythrocyte sedimentation rate [ESR]) (5). Severity and progression of 

disease is assessed by measures such as Disease Activity Score 28 (DAS28), which charts 
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changes in number of affected joints, severity of systemic inflammation and patient-reported 

measures of health (6).  

RA is often compared to osteoarthritis (OA), a more common inflammatory disease of the 

joints, which is also characterised by erosion of the bones and cartilage of the joints, pain, and 

disability. However, they have different aetiologies and mechanisms of disease. In contrast to 

the autoimmune and auto-inflammatory components of RA, OA is more associated with 

degeneration of joints with age or wear and tear (7). The joint destruction associated with OA 

results in a local chronic inflammatory response that can also spill over into systemic 

inflammation as measured by factors such as CRP, despite OA’s earlier classification as a 

“noninflammatory” arthritis (8). 

 

1.1.2 Physiology of the healthy joint 

Under normal homeostatic conditions, the joint has a tightly controlled and 

compartmentalised structure to allow mobility, depicted in Figure 1-1 A. Each end of bone in 

a synovial joint is covered with a layer of articular cartilage, to absorb shock and reduce 

friction. The joint capsule extends from the periosteum of articulating bones to surround the 

joint and is composed of two layers. The outer fibrous layer or capsular ligament connects the 

bones and the inner synovial layer or synovium, which is highly vascularised and serves as a 

source of synovial fluid and nutrient exchange for the joint. The joint cavity is filled with 

hyaluronan-rich synovial fluid which provides shock absorption and lubrication for the moving 

joint, as well as nutrients for the largely non-vascularised cartilage (9, 10). 
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The synovial membrane itself is composed of two layers: an outer sublining layer and an inner 

lining or intimal layer, depicted in Figure 1-1 B. The lining layer is composed of type A 

synoviocytes, fibroblast-like synoviocytes (FLS), and type B synoviocytes, synovial 

macrophages. FLS produce hyaluronic acid and lubricin for lubricating synovial fluid and 

extracellular matrix (ECM). FLS maintain healthy synovial fluid and ECM through a careful 

balance of matrix-targeting enzymes such as the matrix metalloproteinases (MMPs) and their 

inhibitors, tissue inhibitors of MMPs (TIMPs) (11, 12). Synovial macrophages have a high 

phagocytic capacity for clearance of dead cells and debris and also form an immunoprotective 

physical barrier, thus they help maintain a healthy joint environment (13). The sublining of 

the synovia has minimal cells. It is a sparse layer formed of blood vessels, fibroblasts, 

 Figure 1-1 Structure of the healthy joint and synovium 

(A) The synovial joint is composed of a fibrous joint capsule connecting adjacent bones, whose ends are 

covered in cartilage. Within the joint capsule is synovial fluid encased by the synovial membrane. (B) The 

intimal or lining layer of the synovium is composed of a tightly connected protective barrier of synovial 

lining macrophages (SLM) that sequesters the synovial fluid. SLM interact closely with fibroblast like 

synoviocytes (FLS). The sublining is a sparse layer of blood vessels, adipocytes, FLS and immune cells 

such as interstitial macrophages and lymphocytes. 
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adipocytes and quiescent immune cells, such as macrophages and lymphocytes. There is also 

a careful balance of cytokines and growth factors in the healthy joint, with pro-inflammatory 

cytokines outweighed by anti-inflammatory cytokines and the osteoclast activator receptor 

activator of nuclear factor κ-B ligand (RANKL) blocked by presence of its inhibiting decoy 

receptor osteoprotegrin (OPG) (9).  

 

1.1.3 Pathophysiology of RA 

RA is a complex and heterogenous disease, with different genetic and environmental 

influences, rates of progression, and clinical presentations. This complexity is also seen in 

disease pathophysiology, with numerous stromal and immune cell types, both local and 

recruited, identified as contributing to joint destruction and inflammation. 

RA is characterised by synovitis, the inflammation of the synovial lining of a joint. This 

dramatically changes the structure and composition of the affected joint, as shown in Figure 

1-2. An increase in synovial fibroblasts and macrophages, termed hyperplasia, transforms this 

usually thin and stable lining. The increased inflammatory cell mass forms a growth in the 

joint called a pannus (2). The macrophage population expands due to increased recruitment 

of circulating monocytes into the inflammatory site, where they are activated into 

macrophages. Macrophages in the RA joint are some of the main producers of inflammatory 

factors and cytokines, and therefore help to drive the inflammatory activation and joint 

destructive properties of neighbouring cells (discussed further in section 1.2 Macrophages). 
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Resident FLS undergo a process of pathological reprogramming, where they transform into 

destructive inflammatory cells (14). FLS acquire insensitivity to apoptosis-inducing factors 

such as inflammatory cytokines and free radicals present in the inflamed synovium, which 

leads to a hyperplastic pannus saturated with FLS. RA FLS also gain invasive and migratory 

abilities, enabling them to directly damage local cartilage and spread disease to unaffected 

joints. The homeostatic regulation of lubricating synovial fluid is lost and instead RA FLS 

metabolism shifts towards catabolism of ECM via increase in expression of MMPs and 

downregulation of inhibitory TIMPs (15).  

In addition to direct destruction of the joint, aggressive RA FLS produce inflammatory 

mediators such as prostaglandins and cytokines to further promote inflammatory activation 

Figure 1-2 Structure of the RA joint 

In RA, the bone and cartilage of the joint are degraded by inflammatory erosion and the synovium 

becomes a hyperplastic pannus characterised by influx of inflammatory cells. Immune cells such as 

neutrophils, lymphocytes and inflammatory monocyte-derived macrophages are recruited, and the 

layers of resident synovial lining macrophages (SLM) and fibroblast-like synoviocytes (FLS) are 

massively expanded with inflammatory activated cells. They secrete inflammatory factors which 

promote further immune cell recruitment and osteoclast erosion of bone. 
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of immune and stromal cells in the synovium. For example, FLS produce chemokines, such as 

CCL2, which recruit inflammatory monocytes to the joint, as well as RANKL which activates 

bone eroding osteoclasts, while production of vascular endothelial factor (VEGF) promotes 

vascularisation in the joint that promotes T and B cell influx (11). FLS also directly 

communicate with the endothelial cells of the joint, with IL-6 signalling from FLS promoting 

activated endothelial cell recruitment of lymphocytes (14, 16). 

T cells and B cells are the main lymphocytes found in the arthritic joint, with CD4+ helper T 

cells (Th cells), particularly of the pro-inflammatory Th1 and Th17 subsets, forming the 

majority. These T cells release pro-inflammatory cytokines such as interferon gamma (IFNγ) 

and IL-17, respectively, as well as osteoclast activating RANKL to promote inflammatory joint 

destruction. In addition, autoreactive Th cells activate cognate B cells to form ectopic 

lymphoid structures, similar to germinal centres of lymph nodes, in the synovium for the local 

production of autoantibodies (17). Neutrophils dominate the synovial fluid and release tissue 

destructive factors and inflammatory mediators such as reactive oxygen species (ROS), 

prostaglandins and proteases (18). Many of the major pro-inflammatory cytokines in the RA 

joint, including TNFα, IL-1 and IL-17a, promote osteoclast differentiation via upregulation of 

pro-osteoclastogenic RANKL on FLS, osteoblasts and Th17 cells (19, 20). These inflammatory 

cytokines inhibit differentiation and promote apoptosis of osteoblasts, thereby skewing bone 

remodelling towards catabolic metabolism and destruction of bone driven by activated 

osteoclasts at the pannus (21). Similarly, the production of the cartilaginous matrix by 

chondrocytes becomes dysregulated, with chondrocytes being both targets and effectors of 

joint inflammation. Destruction of cartilage is driven by inflammatory-mediated apoptosis of 

chondrocytes as well as chondrocyte upregulation of collagen and proteoglycan proteinases 

(22, 23). 
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In addition to destruction and inflammation at the local synovial level, RA pathophysiology is 

characterised by profound systemic effects. RA patients suffer not only local juxta articular 

and subchondral bone loss, but also systemic osteoporosis, with low bone mineral density 

and a higher risk of fractures. Fat and muscle metabolism are also affected by systemic 

inflammation, leading to insulin resistance and cachexia (2). Collectively, these local and 

systemic inflammatory processes drive a vicious cycle of destruction and progression of 

clinical RA symptoms.  

 

1.1.4 Insights from murine models of RA 

Mouse models of arthritis have contributed greatly to understanding the mechanisms 

underpinning human RA. These include induced arthritis models, such as collagen-induced 

arthritis (CIA), in which inoculation of type II heterologous collagen in complete Freund’s 

adjuvant triggers an arthritis-like disease. The CIA model mimics breach of tolerance and 

autoantibodies seen in human disease, mediated by collagen-specific T cells and anti-collagen 

type II antibodies from autoreactive B cells, and Th1 cytokines such as IFNγ dominate. 

Therefore, some key cellular characteristics of human disease are replicated in this model, 

such as polyarthritis with synovial hyperplasia and a bone eroding immune infiltrate. 

However, a single injection of heterologous collagen leads to monophasic polyarthritis with 

remission after around 35 days of disease (24). A more accurate representation of human 

disease can be obtained using further immunisation with homologous murine type II collagen, 

which drives chronic and relapsing arthritis (25). This model of arthritis was found to be 

effectively treated with blockade of TNFα, leading to the development and use of clinical 

TNFα inhibition through biologic drugs (26).  
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Genetically manipulated mouse models, in which onset of disease can be driven 

spontaneously, allowed a more systemic model of the cells and processes involved in 

inflammatory arthritis. One of the most widely used genetic models of inflammatory arthritis 

is the TNFα transgenic (TNF-Tg) mouse model, in which chronic overexpression of human 

TNFα drives disease. This model is characterised by erosive polyarthritis with a chronic 

relapsing progression as seen in human RA. The model also shares histological features of the 

inflamed synovium, including polymorphonuclear and lymphocytic immune cell infiltrate, 

pannus formation and erosion of cartilage and bone (27, 28). The TNF-Tg model has 

elucidated the regulation and functions of pro-inflammatory cytokines in RA, including the 

central role of TNFα as an “apex” inflammatory cytokine and its downstream mediators. It 

was found that blocking the actions of IL-1α and IL-1β at the IL-1 receptor prevented arthritis 

development in the TNF-Tg model, highlighting the importance of IL-1 cytokines as a 

downstream target of TNFα signalling in disease (29). Similarly, the TNF-Tg model has been 

used to identify the role of TNFα in inducing tissue destructive MMPs (30). The TNF-tg mouse 

also highlighted that marked destruction of juxta-articular cartilage and bone was identified 

to occur early in disease, prior to development of clinical symptoms such as paw swelling (31). 

The spontaneous K/BxN mouse model was generated by crossing the T cell receptor 

transgenic KRN line with NOD mice that express the MHCII loci Ag7, each providing immune 

specificity for the enzyme glucose-6-phosphate isomerase (GPI) (32, 33). Transfer of serum 

from K/BxN mice, containing autoantibodies specific to GPI, can induce a resolving arthritic 

disease in several susceptible mouse strains. This model has proven useful for studying the 

regulation of arthritis by IL-1 and TNFα, and the roles of the complement system in joint 

damage (34). 
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Mouse models have provided extensive preclinical translational insight in the development 

of therapeutics aimed at management of RA and its systemic complications. These included 

potent biological interventions such as infliximab and etanercept which target TNFα.  

 

1.1.5 Treating RA 

Disease-modifying antirheumatic drugs (DMARDs) are a broad class of drugs that target the 

various processes behind RA pathology, with the aim of reducing inflammatory tissue 

damage. The variety of DMARDs available reflects the vast heterogeneity of RA, with patients 

often requiring “multiple successive therapies throughout life” with different regimens (35). 

Current clinical guidelines are to begin DMARD treatment as soon as possible after diagnosis, 

given extensive evidence that early therapeutic intervention is vital to limit progression of 

disease (36, 37). 

Initial DMARD treatment includes nonsteroidal anti-inflammatory drugs (NSAIDs), such as 

ibuprofen, and the antimetabolite methotrexate (MTX), which is thought to inhibit adaptive 

immune cell activation. If initial treatment does not successfully reduce symptoms, patients 

can then be treated with biological DMARDs for more precise targeting of synovial 

inflammatory processes. These drugs block key inflammatory cytokines such as TNFα and IL-

6. Newer small molecule inhibitor formulations, termed targeted synthetic DMARDs, are now 

also used to inhibit the JAK-STAT inflammatory signalling pathway (35). 

Therapeutic glucocorticoids (GCs), such as prednisolone and dexamethasone, are synthetic 

steroid hormones with potent immunomodulatory and anti-inflammatory properties 

(reviewed in section 1.3 Glucocorticoids). Their application in RA is associated with rapid 

disease suppression and a reduction in joint degradation and pain (38). However, due to 
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severe off-target side effects, their use in RA is reserved for symptomatic flares and initial 

“bridging” therapy when time is needed for effects of DMARDs such as MTX to build (39). 

Current European League Against Rheumatism (EULAR) recommendations state that GC 

treatment should be “tapered as rapidly as clinically feasible” following bridging therapy due 

to these systemic effects, but may be given for prolonged periods at low doses (35). A recent 

study highlighted the benefits of low dose short term prednisone therapy in RA, finding that 

treatment of newly diagnosed RA patients could induce remission, where disease progression 

and symptoms are halted, in around 50% of patients (40).   

Although DMARDs can be used to great effect in reducing symptoms, and can in some cases 

remission, they cannot cure RA. In addition they commonly drive adverse effects in patients; 

MTX can cause nausea, vomiting and depression, while the immunoinhibitory effects of 

biological and targeted synthetic DMARDs increase the risk of tuberculosis, urogenital tract 

infections and opportunistic infections (41).  

For a proportion of patients, treatment with numerous DMARDs will fail to manage symptoms 

and progression of disease. This is defined by EULAR as “difficult-to-treat” RA, although other 

terms such as refractory, severe and treatment resistant are used in the clinic and literature 

(42). However even in refractory RA, there is considerable heterogeneity of disease 

presentation across patients. Patients with refractory RA may not show high levels of systemic 

inflammation, as measured by CRP and ESR. Similarly, serology measures, such as presence 

of autoantibodies, did not vary between patients with refractory or “treatment amenable” 

RA. The strongest predictor of advancement to refractory RA was found to be severity of 

disease activity at first presentation, emphasising the importance of rapid diagnosis and 

treatment (43). 
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As discussed above, macrophages are prominent cells in the synovial joint with defined roles 

in synovial homeostasis and progression of inflammatory arthritic disease. As such, successful 

therapeutic interventions in RA are often linked to their effects on macrophages (44, 45).  
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1.2 Macrophages 

Macrophages are cells of the innate immune system which encompass a broad and dynamic 

range of cells with vital roles in maintaining homeostasis of tissues and immunity. They 

possess a remarkable level of plasticity, in which their function is dictated by a broad range 

of activating stimuli. Macrophage phenotype and function is also defined by their particular 

niche within the body, including the microglia of the brain, Kupffer cells of the liver and 

Hofbauer cells of the placenta. Macrophages function as immune cells, but also as key tissue 

remodellers during growth and maintain tissue homeostasis through close interaction with 

stromal cells. 

 Macrophages were first identified by Metchnikoff in the 19th century, who termed them after 

the Greek for “large eater” for their powerful phagocytic capabilities. Metchnikoff was also 

the first to define phagocytosis as an important method of immune defence against 

microorganisms (46). Macrophages can phagocytose a wide range of material, enabling 

destruction of microorganisms in immunity and clearance of dead or dying cells for tissue 

growth or resolution of inflammation. Macrophages are also professional antigen presenters, 

able to present fragments of engulfed material to T and B cells and thereby activate the 

adaptive immune response against phagocytosed particles (47).  

 

1.2.1 Macrophage ontogeny 

Macrophages are part of the mononuclear phagocyte system (MPS), which also includes 

monocytes and dendritic cells, a classification defined by similar morphology, phagocytic 

capabilities and roles including immune defence and activation of the adaptive immune 

system (48). Therefore, the criteria that defines whether a cell is a macrophage and not a 
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monocyte or dendritic cell is a topic of sometimes heated debate in immunology. Under the 

widely accepted classification of the MPS by Guilliams et al, monocytes, macrophages and 

dendritic cells can be discriminated into distinct cell types based on their cellular origin. In this 

model, macrophages derive from embryonic precursors, and monocytes and dendritic cells 

from distinct precursors of adult haematopoietic stem cell (HSC) origin (49). However, despite 

their ontogenic differences, these cells collectively form a vast variety of immune populations 

necessary for host defence and homeostasis. 

Macrophage populations were originally believed to all derive from circulating monocytes, 

which seed tissues during both homeostasis and inflammation. In the 1960s, experiments 

utilising labelling of rat blood cells with tritiated thymidine (thymidine-H3) suggested that the 

thymidine-H3-enriched macrophages of the skin and peritoneal cavity were derived from HSC 

progenitors in the bloodstream. Labelled peritoneal macrophages were said to be “end stage 

cells” with no proliferative activity or capacity to self-renew. Under conditions of 

inflammation, labelled blood monocytes were seen to rapidly migrate into the peritoneal 

cavity and were thus concluded to be the sources of resident macrophage populations. Full 

or partial irradiation of mice to ablate bone marrow stem cell populations revealed that these 

monocytes originated from the bone marrow (50-52).  

However, this pervasive theory did not go entirely unchallenged. Induction of monocytopenia 

in mice using the bone-seeking radioactive isotope strontium-89 revealed that numbers of 

tissue resident macrophage populations in the peritoneum, lung and liver were unaffected by 

the loss of their apparent source. Collectively, these data implied local self-renewal of tissue 

resident populations (53, 54). Genetic fate-mapping studies, involving tracking of markers 

such as the chemokine receptor CX3CR1 expressed across MPS cells, identified waves of early 
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progenitor cells originating from the yolk-sac seeded tissues early in embryogenesis. These 

populations give rise to tissue macrophage populations across the body, including the Kupffer 

cells of the liver, alveolar cells of the lungs, microglial cells of the brain and Langerhans cells 

in the skin (55-58). Later, it was found that tissue resident macrophages are capable of self-

renewal, despite being terminally differentiated through downregulation of the transcription 

factors MafB and c-Maf, which typically block the enhancers of proliferation c-Myc and Klf2 

(59, 60). 

Further phenotypic characterisation revealed a greater level of complexity and diversity in 

monocyte populations, and their connections to macrophages. Flow cytometric analysis 

showed that human monocytes can be classified phenotypically based on differential 

expression of the surface markers CD14 and CD16, which represent a lipopolysaccharide- 

(LPS-) binding co-receptor and an IgG antibody low affinity Fc receptor respectively (61). 

These monocyte subsets are classical (CD14++ CD16-), intermediate (CD14++CD16+) and 

nonclassical (CD14+CD16++), with monocytes first entering circulation from the bone marrow 

as the CD14++CD16- classical subset and then developing into the intermediate and 

nonclassical subsets sequentially (62, 63).  

The main function of monocytes is patrol of the endothelium and some tissues, serving as 

rapid responders to inflammation on injury or pathogen insult to a tissue. Different subsets 

of monocytes display different patrolling behaviour. Classical (CD14++) monocytes circulate 

rapidly through the bloodstream whilst primed for rapid homing to inflammatory tissues by 

constitutive inflammatory chemokine receptor expression, while nonclassical monocytes are 

“resident” cells of the vasculature, performing a slow patrol crawling across the endothelium 

(64-66).  
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Endothelial cells activated by inflammatory stimuli express a panel of adhesion markers and 

chemokines to recruit monocytes from the blood. Although commonly thought of as the 

precursors to macrophages, monocytes can perform immune functions within tissues while 

retaining a monocyte transcriptional identity (67, 68). These functions include phagocytosis 

of pathogens, release of pro-inflammatory cytokines and chemokines and antigen 

presentation, however the classical subset of monocytes can also play roles in tissue repair 

during resolution of an inflammatory response (69, 70) Additionally, monocytes can give rise 

to populations of dendritic cells and osteoclasts, with distinct lymph node-homing and bone 

resorptive functions respectively (71, 72). 

Following the original hypothesis of macrophage origin, monocytes have been identified to 

differentiate into macrophages which fully “integrate” into the tissue resident compartment 

in the peritoneal cavity, as seen by acquisition of a distinct phenotype and longevity in tissue 

after resolution of inflammation (73). These monocyte-derived macrophages show 

acquisition of macrophage-associated gene profiles, such as expression of c-Maf and Maf-B, 

which regulate tissue macrophage self-renewal (65). Although tissue resident macrophages 

self-renew under homeostatic conditions, many populations rely on contributions from 

monocytes during inflammatory insult. For example, the tissue macrophages of the heart 

have been found to be replenished by local self-renewal solely during homeostasis, but during 

cardiac inflammation tissue resident populations are replenished by both this process and 

recruitment of circulating monocytes (74).  

However, this monocyte-lead replenishment is not limited to extreme conditions such as 

inflammation. Recent research has identified two distinct populations of macrophages in the 

peritoneal cavity: a population of small peritoneal macrophages derived from bone marrow 
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progenitors and another population of large peritoneal tissue resident macrophages which 

instead derive from precursors seeded during embryogenesis (73, 75). The larger tissue 

resident macrophage population is characterised by the GATA6 transcription factor, whose 

expression is driven by exposure to retinoic acid in the peritoneum and regulates expression 

of many genes specific to this subset (76). However, despite their distinct ontogeny to small 

peritoneal macrophages and self-renewal in situ, it was found that the GATA6+ subset was 

increasingly replenished by monocytes with age. These monocyte-derived GATA6+ 

macrophages emulate distinct features of this tissue resident subset such as longevity, but 

show some heterogeneity in other key features such as expression of ICAM2 (77). There is 

therefore a complex level of macrophage heterogeneity that varies greatly between tissues, 

including in the incorporation of monocytes into the tissue resident compartment. 

Monocytes contribute to distinct short-lived subsets of inflammatory macrophages within 

tissues following extravasation. These monocytes rapidly acquire macrophage-like 

morphology and surface marker expression, such as the murine macrophage marker F4/80. 

Monocytes recruited to the peritoneum during an inflammatory zymosan challenge were 

seen to differentiate into “inflammatory macrophages” phenotypically distinct from resident 

macrophages. These inflammatory macrophages declined after resolution of inflammation, 

while resident macrophages proliferated to replenish the peritoneal compartment (78). 

Inflammatory monocyte derived macrophages may also undergo apoptosis which aids 

inflammatory resolution (79). 

In addition to inflammatory functions, monocyte-derived macrophages can also perform anti-

inflammatory and tissue reparative functions, such as in skeletal muscle regeneration after 

injury (70, 80). Importantly, while the recruitment of monocytes and their differentiation into 
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macrophages is beneficial in the context of acute inflammatory insult and pathogen invasion, 

monocyte-derived macrophages have been implicated in the pathogenesis of several 

inflammatory diseases. This includes atherosclerosis and inflammatory bowel disease, where 

they contribute to harmful inflammatory responses, and pro-fibrotic responses in idiopathic 

pulmonary fibrosis (81-83). 

Macrophages comprise a variety of different populations across various tissues, which 

includes distinct subsets of tissue resident cells derived from embryonic origin and monocyte 

derived cells. This broad scope facilitates their function as central drivers of the inflammatory 

response, discussed in more detail below.  

  

1.2.2 Macrophages in onset & resolution of inflammation 

Inflammation is a vital response which allows the immune system to identify and remove 

harmful stimuli and repair any damage caused to the host. The initial trigger for an acute 

inflammatory response, whether sterile tissue damage or presence of or destruction by 

microbial threats, is the release of soluble vasoactive products, such as the lipid mediator 

prostaglandin, complement and cytokines, from activated resident cells adjacent to the 

threat. These cells can include the endothelial cells of the vasculature, tissue supporting 

fibroblasts and resident tissue immune cells such as macrophages, dendritic cells and 

lymphocytes. This stage is known as the vascular phase, characterised by rapidly increased 

blood flow and permeability of blood vessels adjacent to damaged tissue, which also causes 

swelling by oedema (84). The release of chemokines such as CXCL8 and upregulation of cell 

adhesion molecules by the inflammatory activated endothelial cells recruits the “first 

responders” of the innate immune system: neutrophils. In the next stage of inflammation, 
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termed the cellular phase, waves of neutrophils cross the endothelium in a process via 

extravasation and neutralise pathogens through release of powerful inflammatory mediators 

and engulfment of microbes and debris into phagolysosomes and neutrophil extracellular 

traps (85).  

Monocytes, as discussed above, are typically the next immune cell recruited to the 

inflammatory site, where they can differentiate into macrophages, dendritic cells or 

osteoclasts. Macrophages contribute to the pro-inflammatory destruction and engulfment of 

pathogens, and aid recruitment and activation of cells of the adaptive immune system. Their 

exact roles in an inflammatory response are dictated by the activating stimuli, which include 

cytokines, pathogen-associated molecular markers (PAMPs) and damage-associated 

molecular markers (DAMPs), leading to specific functional programming known as 

polarisation, discussed in detail in section 1.2.3.  

Resolution, the final stage of an acute inflammatory response, is vital to limit the damage 

caused by the antecedent inflammatory processes and enables repair of the host tissue. 

Although initially thought to be a “passive” process following removal of microbial or 

inorganic threats and cessation of inflammatory signalling, resolution is now understood to 

be as dynamic and active as inflammation itself (86). Just as the initiation of an inflammatory 

response is driven by pro-inflammatory mediators, resolution is initiated by its own class of 

pro-resolving mediators. This diverse range of molecules includes lipoxins, resolvins, maresins 

and protectins (87). Inflammatory leukocytes, including macrophages, in the damaged site 

undergo “lipid mediator class switching” to promote resolution through downregulation of 

pro-inflammatory mediators and upregulation of pro-resolving mediators (88). Pro-resolving 

mediators also promote further recruitment of macrophages (89). Macrophages play a vital 
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role in initiation of the resolution stage of inflammation by efferocytosis: the phagocytosis of 

apoptotic neutrophils. As neutrophils possess destructive inflammatory molecules that could 

contribute to bystander tissue damage, they have a short lifespan in tissues and undergo 

apoptosis, which maintains compartmentalisation of cell contents and targets them for 

uptake by macrophages (90). Efferocytosis promotes the release of anti-inflammatory 

cytokines such as transforming growth factor beta (TGFβ) and IL-10 by macrophages, and 

therefore promotes a feedforward loop of resolution of inflammation (91).  

In the final stage of inflammatory resolution, the damaged tissue is repaired by regrowth or 

replacement of lost cells and structure. This process varies depending on the site of 

inflammation and typically involves the formation of “granulation tissue” as connective tissue 

cells such as endothelial cells, fibroblasts and myofibroblasts attempt to heal the damaged 

site with scar tissue. Following resolution of inflammation is the “post-resolution phase”, 

during which further macrophages are recruited to aid generation of adaptive immune 

responses to the causative pathogenic agent of the inflammatory response (92). 

Chronic inflammation is the result of an inflammatory response without successful resolution 

and has been implicated in countless diseases in a vast variety of tissues, each with unique 

mechanisms of pathophysiology. Generally, chronic inflammation is more persistent and of 

lower intensity than acute inflammation and promotes accumulating tissue degeneration. 

Fibroblasts have been implicated as a key cell type involved in the failure of resolution of 

inflammation due to their central function as recruiters and activators of leukocytes to 

inflamed tissue (93). One mechanism of chronic inflammation is the persistence of the initial 

trigger of the inflammatory response, such as the bacterium Mycobacterium tuberculosis, 

which evades macrophage destruction on phagocytosis, instead establishing itself within 
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these host cells and causing formation of a destructive inflammatory granuloma (94). 

Persistence and accumulation of intrinsic inflammatory activators, such as the self-debris of 

damaged cells, may also drive chronic inflammation. For example, the DAMP high-mobility 

group box 1 (HMGB1), which is present at high levels in the RA synovia, could be successfully 

targeted in a rat model of RA, implying an important role in driving and sustaining chronic 

destructive inflammation (95). The uptake of apoptotic cells by macrophages has been 

hypothesised to be an important signal for resolution of inflammation, as this process both 

removes potentially harmful material and drives a positive feedback loop of pro-resolution 

programming of macrophages (96). Due to this key function and their role as a central 

coordinator of the inflammatory response, macrophages are often regarded as the driver of 

chronic inflammation. 

 

1.2.3 Macrophage polarisation 

A feature unique to macrophages as cells of the MPS is their ability to polarise, in which they 

acquire vastly different phenotypic, metabolic and functional profiles depending on the 

activating stimuli. This enables them to carry out the seemingly conflicting roles of both 

destructive anti-microbial immune defence and anti-inflammatory tissue repair. 

The paradigm of differential macrophage polarisation is often presented as the simple binary 

of M1 and M2. Whilst this has been shown to be an oversimplification of their diverse 

phenotypic states in vivo, it has proven a useful tool for understanding the extremes of their 

polarisation states in in vitro studies. The M1-M2 binary names originated in experiments by 

Mills etc all in which macrophages from Th1-prone C57BL/6 mice were more readily activated 

by IFNγ and LPS to induce T cell IFNγ production, whereas macrophages from the Th2-prone 
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BALB/c strain were less so (97). The Th2 cytokine IL-4 was found to activate macrophages to 

a different functional profile, characterised by upregulation of the mannose receptor (CD206) 

and decreased pro-inflammatory cytokine release (98). A dichotomy in metabolism of 

arginine was identified that neatly classified these cells in mice: Th1-activated macrophages 

upregulated inducible nitric oxide synthase (NOS) to break down arginine into microbicidal 

ROS while Th2-activated macrophages instead upregulated arginase which generates 

polyamines required for tissue repair (99). These M1 “classically activated” macrophages and 

M2 “alternatively activated” macrophages have since been cemented as the archetypal pro- 

and anti-inflammatory representations of macrophage function (Figure 1-3 A). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3 The M1-M2 polarisation axis 

(A) The phenotype and function of M1-like and M2-like macrophages. (B) Schematic of the shift in 
polarisation from M1-like to M2-like polarised macrophages in an acute resolving inflammatory 
response. Arg, arginase; GC, glucocorticoid; IC, immune complex; NOS, nitric oxide synthase; VEGF, 
vascular endothelial growth factor. 

Pro-resolution 
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A further commonly used method of polarisation involves in vitro differentiation of blood-

derived monocytes into macrophages using the cytokines macrophage colony-stimulating 

factor (M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF) (100). M-CSF 

is a growth factor which is ubiquitously expressed across many tissues at a low level and 

promotes macrophage survival and differentiation, whereas GM-CSF concentrations are 

elevated during inflammation. Therefore, macrophage cultures generated from these 

methods can differ in phenotype and functional response to stimuli, with GM-CSF-derived 

macrophages being more prone to inflammatory responses (101, 102).  

M1 macrophages, activated with IFNγ and LPS, dramatically upregulate pro-inflammatory 

cytokines such as TNFα, IL-1β and IL-12 and inflammatory chemokines including CXCL11, 

CXCL9, CCL19 and CCL5. They are characterised by strong microbicidal activity, enabled by 

production of reactive nitrogen and oxygen intermediates to destroy phagocytosed 

pathogens. Inflammatory polarisation also increases expression of the antigen presentation 

molecule MHCII as well as its costimulatory markers, such as CD80 and CD86, which enable 

activation of T cells on presentation of cognate antigen (103, 104). Glucose tracer 

experiments have shown inflammatory macrophages downregulate mitochondrial oxidative 

phosphorylation and instead rely on ATP rapidly generated by aerobic glycolysis (105). 

Oxidation of glucose also supplies nicotinamide adenine dinucleotide phosphate (NADPH) 

which is utilised for generation of ROS by NADPH oxidase (106). Central transcriptional drivers 

of the M1 pro-inflammatory phenotype in humans include STAT1 and IRF5, which is induced 

by signalling via the IFNγ and TLR receptors (107). Importantly, the inflammatory 

transcriptional cascade triggered by cytokine receptor or pattern recognition receptor 

activation in macrophages is under tight regulatory control to ensure inflammatory damage 

to the host is limited. This is ensured via upregulation of inhibitory transcription factors during 
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inflammatory signalling, such as suppressor of cytokine signalling 1 (SOCS1), which is induced 

by IFNγ signalling and acts to inhibit STAT1 (108). Numerous other stimuli can drive an M1-

like pro-inflammatory polarisation state, including TNFα in combination with IFNγ, GM-CSF, 

IL-6 and IL-1β (109). 

IL-4 activated M2 macrophages are characterised by expression of anti-inflammatory 

cytokines such as TGFβ and IL-10, and upregulation of scavenger receptors such as CD163, 

CD204 and CD206 for binding and clearance of endogenous or foreign particles via 

phagocytosis  (103). These transcriptional changes are mediated by the transcription factor 

STAT6 (107). IL-4 is produced by basophils, eosinophils and Th2 cells and is associated with 

allergic inflammation. However, regulatory T cells, which suppress immune responses, can 

also polarise macrophages with IL-4, as well as the other M2-like inducing cytokines IL-10 and 

IL-13 (110). M2 macrophages possess enhanced phagosomal proteolysis, a targeted 

mechanism for degradation of proteins taken up during tissue homeostasis and repair (111). 

This alternative activation of macrophages also drives a distinct metabolic programme in 

these cells compared to M1 polarised cells. Oxidative phosphorylation is preferred by M2 

macrophages as it utilises fatty acids taken up by scavenger receptors,  which provide cellular 

fuel while facilitating breakdown of material (105). Similarly, arginine metabolism is directed 

towards generation of polyamine precursors such as ornithine, allowing M2 macrophages to 

facilitate wound repair (99). M2 macrophages are therefore considered pro-resolution cells, 

acting to dampen down inflammatory signalling and clear up damaged and dead cells and 

repair damage. Unified classifications of M2-like polarised macrophage subsets have been 

proposed, with IL-4 or IL-13-induced alternatively activated known as M2a, immune complex-

Fcγ receptor-induced “type II activated” as M2b and glucocorticoid-, IL-10- or TGFβ-induced 

“deactivated” as M2c (112). M-CSF differentiation drives a transcriptome similar to that of IL-
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4 polarisation, including macrophage scavenger receptor 1 (MRS1/CD204) and CD206 

scavenger receptors, implying that this is a default homeostatic phenotype for macrophages 

under normal conditions of basal M-CSF levels in tissues (113). 

Macrophages possess remarkable plasticity, enabling them to rapidly switch from a basal 

“M2-like” homeostatic state to a pro-inflammatory “M1-like” state after encountering 

inflammatory or pathogen-specific signals. This plasticity also enables a functional shift in M1 

macrophages to a more pro-resolution phenotype when they encounter signals indicative of 

the cessation of an inflammatory response, such as apoptotic cells or ligation of the 

inactivating Fcγ receptor (Figure 1-3 B) (114, 115). This plasticity goes beyond mere 

suppression or “switching off” of pro-inflammatory functions, as there is an active 

reprogramming to differential functions, such as phagocytosis or anti-inflammatory cytokine 

release. Although the M1-M2 framework has provided vital insight into the role of 

macrophages in immunity and homeostasis, this binary representation does not fully 

encapsulate the vast variety of macrophage identity in vivo. RNA-seq analysis of tissue 

macrophages has revealed that macrophage polarisation states are better represented as a 

broad functional spectrum with a high level of plasticity and dynamism (109, 116). 

 

1.2.4 Synovial macrophages in health and RA 

1.2.4.1 Macrophages in the healthy synovial joint 

The normal healthy synovial joint contains two populations of macrophages: intimal lining 

layer macrophages that coexist with FLS in the intimal lining, as well as a sparse number of 

resident macrophages in the sublining amongst the fibroblasts, adipocytes and blood vessels 

of the connective tissue. The proximity of synovial macrophages and FLS reflects their shared 
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functions in maintenance of tissue homeostasis, and each population provides growth factors 

to sustain the other. Macrophages can produce the fibroblast sustaining platelet-derived 

growth factor (PDGF), while fibroblasts are the major source of M-CSF in tissues (12, 117). As 

M-CSF has been identified to have anti-inflammatory and pro-resolution polarisation effects 

on macrophages in vitro, the secretion of this growth factor by fibroblasts likely not only 

promotes synovial macrophage survival but also quiescent homeostatic functions.  

Intimal macrophages stain positive for the scavenger receptor CD163, the activating IgG Fc 

receptor FcγRIIIa, CD14 and the IL-1 receptor antagonist (IL-1RA), suggesting an important 

role in maintaining healthy tissue homeostasis while remaining primed for detection of 

inflammatory signals. Intimal macrophages also express high levels of the RANKL decoy 

receptor OPG and therefore help downregulate osteoclast survival and activity to prevent 

excess bone erosion. Sublining macrophages express lower levels of FcγRIIIa and distinct 

populations adjacent to venules are enriched for CD14 and the high affinity IgG receptor FcγRI 

(9, 10, 118, 119). As they are equipped with scavenger receptors and high phagocytic activity, 

synovial tissue resident macrophages are hypothesised to “scavenge” damaged cells and 

debris such as hyaluronan, resulting from the mechanical stress of joint movement to prevent 

accumulation of inflammatory DAMPs (12).  

Later research identified that the healthy murine joint is populated with both embryonic 

precursor derived tissue resident macrophages, which are predominantly MHCII- and have a 

slow rate of self-renewal during homeostasis, and lower numbers of short-lived MHCII+ bone 

marrow derived macrophages (120). These can be thought of as more M2-like and M1-like 

respectively, as pro-inflammatory M1-like macrophages are more equipped for antigen 

presentation via MHCII. In addition to promoting an anti-inflammatory quiescent 
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environment, a subset of tissue resident lining TREM2+ macrophages expressing tight-

junction proteins form an epithelial tight junction-like barrier thought to protect the delicate 

intraarticular structures from inflammatory insult (13). 

 

1.2.4.2 Macrophages in RA 

Macrophages are well-established in the pathogenesis of RA. They are one of the most 

abundant cell types identified in synovial inflammation, with a dramatic expansion of intimal 

lining and sublining populations (9). The number of both lining and sublining macrophages 

has been shown to strongly positively correlate with radiologic severity of local joint 

destruction and overall disease DAS28 score (44, 121). Many of the more successful RA 

therapies are seen to have direct effects on macrophages or their functions, and novel cell-

specific therapies are being developed to target this key pathogenic cell (41).  

Dramatic changes in macrophage numbers and phenotypes can be seen from early 

established RA, in both mouse models and human disease. The expansion in macrophage 

numbers occurs as a key part of the mononuclear cell infiltrate that predominates synovial 

inflammation, along with CD4+ T cells and FLS. These inflammatory macrophages are thought 

to derive from recruitment of monocytes, in addition to the proliferation of resident 

macrophages, via the inflammatory macrophage expressed chemokines CXCL4 and CXCL7 in 

an inflammatory recruitment positive feedback loop that begins early in RA establishment 

(120, 122, 123). The protective barrier formed by TREM2+ macrophages is damaged in RA, 

and macrophage numbers increase massively as part of synovial hyperplasia, with most of the 

lining layer being composed of macrophages (9, 13). The loss of this protective barrier may 
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be a key opening of the floodgates, exposing the joint to accumulated peripheral 

autoimmunity. 

These inflammatory monocyte-derived macrophages are archetypal pro-inflammatory M1-

like cells. They are a major source of the pro-inflammatory cytokines TNFα, IL-1β and IL-6 as 

well as the inflammatory chemokines CCL2 and CXCL8 and ROS in the synovial fluid (118, 124-

126). They are therefore key cells in the recruitment and inflammatory activation of 

leukocytes, lymphocytes and stromal cells in RA. 

In a process analogous to their crosstalk in synovial homeostasis, macrophages of the RA 

synovial membrane closely interact with the expanded inflammatory FLS layer, and their 

crosstalk is a known driver of many key pathogenic processes. Similar to macrophages, 

synovial fibroblasts have profound functional heterogeneity with distinct phenotypical and 

functional subsets identified to drive or protect against RA. The HAS1+ PRG4+ lining layer 

subset of fibroblasts, which produce lubricin and hyaluronic acid for healthy joint lubrication, 

closely interact with the TREM2+ macrophage barrier layer. It has been hypothesised that 

these resident synovial populations regulate each other via these interactions, with this 

immunosuppressive regulation lost on damage of the protective barrier and induction of 

inflammatory arthritis (13, 127). Fibroblast activation protein α (FAPα), absent in homeostatic 

fibroblast populations, has been identified as a marker of pathogenic RA FLS. Sublining FAPα+ 

Thy1+ fibroblasts and lining FAPα+ Thy1- fibroblasts were found to drive inflammatory 

infiltration and bone and cartilage destruction respectively. Injection of FAPα+ Thy1+ FLS into 

the ankles of CIA model mice was seen to increase macrophage infiltration, suggesting that 

this subset could serve as a potent inflammatory macrophage activator in RA (128). 
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The release of pro-inflammatory factors by transformed RA FLS such as RANKL and IL-6 can 

promote inflammatory activation of macrophages. Conditioned media from inflammatory FLS 

was found to be sufficient to drive M1-like polarisation of macrophages in vitro, characterised 

by a marked increase in glycolytic metabolism and production of TNFα (129). In turn, 

inflammatory RA macrophages further drive FLS cartilage invasion and tissue destruction, via 

release of inflammatory cytokines and growth factors, such as heparin binding EGF-like 

growth factor (HBEGF) (130). 

Sublining macrophages are found in lymphoid aggregates with lymphocytes and so appear to 

function more as antigen presenters (131). Macrophages may be involved in the initial 

induction of immune targeting of the joint in RA through antigen presentation. They can 

present collagen and cartilage glycoprotein autoantigens to activate autoreactive T cells (132, 

133). Additionally, they are activated via Fc receptors by immune complexes of neoantigens, 

such as citrullinated fibrinogen, and their autoantibodies, thus they perpetuate inflammatory 

autoimmune reactions (134, 135). Macrophages can promote activation of CD4+ T cells into 

the highly inflammatory Th17 subset associated with RA progression, via production of IL-6 

and IL-1β (136). 

Macrophages are also found at the cartilage-pannus and bone-pannus junctions in RA, where 

they contribute to cartilage and bone erosion. RA macrophages express some MMPs, but are 

thought to contribute to tissue destruction more indirectly, via inflammatory activation of FLS 

and osteoclasts (137). Inflammatory cytokines such as IL-6 and TNFα from activated 

macrophages help to promote osteoclast RANKL-mediated differentiation and bone 

resorptive activity (138).   
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Many of these inflammatory macrophage functions are successfully targeted by biologic 

DMARDs, validating their contribution to severe RA disease. Macrophage costimulatory 

molecules CD80 and CD86, required for CD4+ T cell activation on antigen presentation, are 

targeted with the costimulatory inhibitor CTLA4 in the drug abatacept (139). Treatment with 

the anti-TNFα antibody infliximab reduces inflammatory macrophage recruitment to the 

synovium and therefore synovial inflammation (140). 

Macrophages with a “homeostatic” phenotype and transcriptomic profile can be identified in 

the RA synovium even during severe inflammatory flare. CD163+ synovial macrophages, with 

roles in homeostasis of healthy synovium as discussed previously, have been identified in RA 

synovium, typically distal to IFNγ-producing Th1 cells and are not removed by anti-TNFα 

treatment, and thus have been suggested to retain anti-inflammatory tissue reparative 

functions (141-143). Depletion of MHCII- tissue resident macrophages exacerbated 

inflammatory disease in the K/BxN serum transfer model of arthritis, suggesting they retain a 

pro-resolution and tissue reparative phenotype (120).  

Single cell RNA sequencing (scRNA-seq) analysis of the RA synovium has proven to be an 

invaluable technique for elucidating the complex heterogeneous populations of macrophages 

in the inflamed joint, and how they vary with disease state and severity (144, 145). This in-

depth transcriptomic analysis has validated previous findings on homeostatic tissue resident 

populations, identifying distinct clusters of macrophages expressing CD163, CD206 and the 

transmembrane receptor tyrosine kinase MerTK, associated with phagocytosis of apoptotic 

cells, are all enriched in synovial macrophages from healthy donors or RA patients in clinical 

remission. Ex vivo analysis of this macrophage subset found that they released pro-resolving 

lipoxins, which stimulate inflammatory RA FLS to acquire an anti-inflammatory pro-reparative 
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phenotype on co-culture. Patients with treatment-naïve and treatment-resistant active RA 

showed a marked reduction in these homeostatic MerTK+ clusters, and an increase in distinct 

inflammatory clusters enriched in osteopontin or alarmins (146). 

Similarly, pro-resolving subsets of synovial fibroblasts have been identified which interact 

with macrophages to regulate inflammatory processes and resolve arthritic disease. This 

includes a CXCL14+ sublining fibroblast subset which release the MerTK ligand GAS6, driving 

MerTK+ macrophage resolvin production (146). Furthermore, DKK3+ sublining fibroblasts 

have been hypothesised to help repair the TREM2+ macrophage protective joint barrier via 

expression of proteins such as CADM1, linked to restoration of intestinal barrier function in 

inflammatory bowel disease (127, 147). 

This increased resolution of macrophage complexity and heterogeneity in the RA synovium 

has revealed new possibilities for macrophage-targeted therapeutics, where destructive 

inflammation could be alleviated by both reducing pro-inflammatory macrophages but also 

promoting pro-resolution populations. Glucocorticoids, as key regulators of macrophage 

resolution of inflammation, are attractive targets for exploiting macrophage anti-

inflammatory and pro-resolution polarisation. 
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1.3 Glucocorticoids 

Glucocorticoids (GCs) are steroid hormones with vital roles in development, glucose and lipid 

metabolism, and the stress response. GC signalling is necessary for development and 

maturation of various tissues in utero, such as the lung, as seen in the lethally underdeveloped 

lungs of glucocorticoid receptor (GR) knockout mice (148). GCs are named for their function 

of promoting liver gluconeogenesis and regulation of glucose metabolism both 

homeostatically and under conditions of stress, where additional glucose may be required by 

the brain. In response to stress signals such as starvation, GCs act to antagonise the actions 

of the pancreatic hormone insulin to increase serum glucose levels, while uptake of glucose 

by white adipose tissue and skeletal muscle is suppressed to maximise glucose uptake and 

use by the brain. Glucose production is promoted by upregulation of gluconeogenesis and 

glycogen storage in the liver, as well as an increase in the pancreatic hormone glucagon (149-

151). GCs also maintain epidermal development and skin barrier integrity (152). Finally, GCs 

have roles in regulating blood pressure by increasing sodium retention through activation of 

the kidney mineralocorticoid receptor (MR) and also through enhancing vascular tone by 

acting directly on vascular smooth muscle, both of which raise blood pressure (153). 

In addition to these myriad roles throughout the body, GCs possess potent anti-inflammatory 

activity, which was first discovered on therapeutic administration of “compound E” to RA 

patients in 1949 (154). This substance is now known as cortisone, the main inactive GC in 

humans. In humans the main endogenous GC is cortisol, and in rodents it is corticosterone. 

Their desirable anti-inflammatory functions have been replicated for clinical use in countless 

synthetic GCs, including prednisolone and dexamethasone. 
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1.3.1 Endogenous glucocorticoid physiology 

Systemic levels of GCs are regulated by the hypothalamic-pituitary-adrenal (HPA) axis under 

a circadian rhythm with a peak of cortisol levels in humans seen in the early morning. 

However, production can also be induced by physiological stressors (Figure 1-4) (155).  

 

Following stimulation of the hypothalamus by agents such as IL-1 or IL-6, the hypothalamic 

paraventricular nucleus produces corticotrophin-releasing hormone (CRH) and arginine 

vasopressin (AVP) (156-158). These induce the pituitary gland to release adrenocorticotrophic 

hormone (ACTH) into the circulation. ACTH acts on the adrenal cortex to drive synthesis of 

cortisol, along with the mineralocorticoid aldosterone and the androgen precursor 

Figure 1-4 The HPA axis 

Stress signals such as inflammatory cytokines activate neurons in the hypothalamus to release 

corticotrophin releasing hormone (CRH) and arginine vasopressin (AVP). These activate cells of the 

anterior pituitary to release adrenocorticotrophic hormone (ACTH) into systemic circulation. ACTH 

activates cortisol synthesis in the adrenal cortex. Cortisol is released into the circulation and 

downregulates its own production in a negative feedback loop by inhibiting CRH, AVP and ACTH 

release. 
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dehydroepiandrosterone (DHEA) from cholesterol in different regions of the cortex (Figure 1-

5).  

 

Steroidogenic adrenal cells are enriched with cytosolic cholesterol ester droplets, which 

supply stores of cholesterol in the outer mitochondrial membrane (OMM). During 

steroidogenesis, cholesterol is transferred from the OMM to the inner mitochondrial 

membrane (IMM) by steroidogenic acute regulatory protein (StAR). In the IMM, the side-

chain cleavage enzyme CYP11A1 synthesises the precursor steroid pregnenolone from 

Figure 1-5 Adrenal steroidogenesis 

A) Chemical structures of cholesterol and the major groups of derived steroids. (B) Steroid biosynthesis 

in the adrenal glands. Progestogens (highlighted in blue) are generated from cholesterol and are the 

precursors of other steroids: mineralocorticoids & glucocorticoids (orange), androgens (yellow) and 

estrogens (green). 
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cholesterol. Progesterone is then generated from pregnenolone by the enzyme 3β-

hydroxysteroid dehydrogenase type 2 (3β-HSD2) (159). Pregnenolone and progesterone 

undergo 17α-hydroxylation by CYP17A1 to form cortisol which is released into the circulation 

(160).  

Levels of active and inactive GCs are regulated by the 11β-hydroxysteroid dehydrogenase 

(11β-HSD) enzymes. Hepatic 11β-HSD1 activates cortisone into cortisol to replenish systemic 

levels of GCs, while renal 11β-HSD2 carries out the opposing inactivating reaction to spare GC 

action at the MR (161). The 11β-HSD enzymes are also involved in tissue specific regulation 

of GC levels across the body, including in the regulation of GC levels during inflammation. 

GCs are lipophilic molecules, and therefore exert effects on target cells by diffusing through 

cell membranes and bind to intracellular receptors. The intracellular GR, encoded by the gene 

NR3C1, is highly evolutionarily conserved and expressed in the majority of tissues in the body, 

where it confers the broad physiological effects of GCs (162-164). These include the PVN and 

pituitary gland, where GC signalling downregulates its own production, thus keeping the HPA 

axis under strict feedback mediated control under healthy conditions (165). The HPA axis also 

follows a circadian rhythm, with peak cortisol levels seen in the early morning and a nadir at 

night (155). The effects of which can be clearly seen in the classic “morning joint stiffness” 

symptoms of RA, in which rise in pro-inflammatory IL-6 levels precedes morning peak cortisol 

production (166).  

About 90% of circulating GCs are bound by transport proteins such as corticosteroid-binding 

globulin (CBG). Steroids can also be more loosely bound to albumin, to which they have a low 

binding affinity. However, albumin is the most abundant serum protein, and so this provides 

a reservoir of around 10% of all bound GCs (167). Binding GCs to transport proteins is 
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hypothesised to prevent constitutive crossing of the cell membrane and activation of the GR 

and MR by lipophilic GCs (168). Transport proteins can also act to “deliver” GCs to sites of 

inflammation, for example CBG is cleaved by the elastase released by activated neutrophils, 

therefore providing a source of free GCs available to sites of inflammation (169).  

Cortisone and cortisol are excreted in urine as 5α-tetrahydrocortisone (THE) and 5α-

tetrahydrocortisol (THF) following metabolism by 5α- and 5β-reductases and 3α-

hydroxysteroid dehydrogenases (170). 

 

1.3.2 GC signalling 

GC signalling via the GR is essential for survival. GR knockout mice die shortly after birth due 

to severely impaired lung development, but also present with impaired HPA axis function due 

to high levels of ACTH and corticosterone, enlarged adrenal glands and paucity of 

gluconeogenesis in the liver (148). The GR, first cloned in 1985, presents as two major 

isoforms, GRα and GRβ (163). GRα, which represents around 90% of GR transcripts, binds GCs 

and acts to positively drive GC-sensitive gene expression. GRβ does not bind GCs and instead 

negatively regulates GRα, and is upregulated by the cytokines IL-2 and IL-4 (171). Further GR 

isoforms have been identified, such as GRγ, which appears to be involved in mitochondrial 

function, however these are expressed at far lower levels and their functions are less well 

understood  (172). 

The GR is a nuclear receptor consisting of a C-terminal ligand binding domain (LBD), a central 

zinc-finger DNA-binding domain (DBD) and N-terminal modulating domain (NTD). The LBD 

activation function 2 (AF-2) region facilitates conformational change on ligand binding and 

binds transcriptional coactivators to promote GR activity (173). The DBD enables dimerization 
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of the GR as part of cytoplasmic activation, and contains sequences which bind the receptor-

ligand complex to GC-response elements (GRE) present in promoter regions of genes (174). 

The modulating NTD contains the activation function 1 (AF-1) region, shared by the nuclear 

hormone receptor superfamily. This is a transactivation domain which facilitates interactions 

with basal transcription factors and chromatin modifiers during GRE binding to promote 

transcription (175). Nuclear localisation is facilitated by nuclear localisation signals (NLS), NL1 

and NL2, located in the DBD and LBD respectively (176) 

At basal level, the GR is sequestered in the cytoplasm within a multiprotein complex formed 

of the heat shock protein 90 (hsp90) and the immunophilin FK506-binding protein 52 

(FKBP52). This conformation keeps the receptor unable to migrate to the nucleus through 

blocking of the NL1 and NL2, but the ligand-binding domain remains accessible (176, 177). On 

binding of GCs such as cortisol to the GR ligand binding domain, conformational change 

occurs. This allows release of the GR and ligand from the inhibitory complex, allowing rapid 

translocation to the nucleus (178).  

On ligand binding, the GR can function as a transcription factor with multiple distinct 

functions. It can function via transactivation, where the GR complex homodimerises and binds 

directly to GREs on genes such as glucocorticoid induced leucine zipper (GILZ), annexin-A1 

and dual specificity phosphatase 1 (DUSP1), where it recruits transcriptional coactivators 

including histone acetyltransferases to mark active chromatin and induce transcription (179, 

180). The GR has also been found to drive gene expression in monomeric form binding to 

“half site motifs”, and it was identified that this monomeric binding form is more prevalent 

than the dimeric form. Here it may be more reliant on stabilisation by further transcription 
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factors, such as tissue-specific lineage-determining transcription factors, which may explain 

its more tissue specific regulation in sites such as the liver (181).  

The GR can also drive direct transrepression, in which the GR binds to “negative GREs” 

(nGREs) in order to transcriptionally repress expression. These have been identified in the 

gene for the ACTH-precursor pro-opiomelanocortin in corticotropic cells of the anterior 

pituitary, therefore these nGRE can act to regulate the HPA axis (182). This nGRE is also 

present in the thymic stromal lymphopoietin (TSLP) cytokine gene (183). However, the 

functional importance of this mechanism is disputed, as more recent transcriptome profiling 

identified that only 20% of GR-dependent downregulation of gene expression could be 

explained by tethering and nGREs. For many key inflammatory genes, such IL-6 and CCL2, it 

was “canonical” GREs that the GR interacted with to drive transrepression via recruitment of 

the corepressor GRIP1 to inhibit transcriptional activation (184). The GR can also bind directly 

to inflammatory response elements, such as the activator protein 1 (AP-1) TRE response 

element present in promoter regions of the IL-6, IL-11 and VCAM1 genes to inhibit 

transcription (185).  

These transcriptional effects can also occur more indirectly, via tethering of the GR dimer to 

other transcription factors bound to DNA to induce or repress gene expression. This 

mechanism was originally believed to be the main manner in which GCs suppressed 

inflammatory gene transcription. The GR monomer directly binds to and sequesters 

inflammatory transcription factors nuclear factor kappa-light-chain-enhancer of activated B 

cells (NFκB) and AP-1 using this tethering mechanism (186, 187). Finally, the GR can also 

inhibit transcription by modifying chromatin structure (188). 
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GCs can also function more rapidly via non-genomic effects, with responses seen after a very 

short incubation period of less than 30 minutes or even instantaneously after GC treatment. 

These effects are often insensitive to treatment with the GR antagonist RU486 and inhibitors 

of transcription such as actinomycin D. The GR-ligand complex has been found to sequester 

key intracellular signalling molecules such as phosphoinositide 3-kinase to prevent 

downstream signalling (189). These nongenomic effects also include interactions of GC with 

cellular membranes, where they can regulate cholesterol synthesis, ion transporters and 

cyclic AMP signalling (190). GCs may also interact with membrane-associated GC receptors to 

regulate downstream signalling (191). These diverse signalling responses shape a myriad of 

cell and tissue specific responses by GCs, including immunoregulation and resolution of the 

inflammatory response. 

 

1.3.3 Immune modulatory and anti-inflammatory regulation by GCs 

Due to the ubiquitous expression of NR3C1 across cells and tissues, GCs are able to affect 

numerous cell types involved in an inflammatory response. Microarray analysis of human 

peripheral blood mononuclear cells treated with dexamethasone revealed that a vast range 

of genes were affected by GC stimulation. In addition to anti-inflammatory cytokines and 

regulators such as IL-10 and IL-1RA, GCs also upregulate genes involved in scavenger 

receptors, TLRs and complement. GC treatment potently downregulated genes involved in 

antigen presentation, implying a transcriptomic shift away from adaptive activating immune 

responses and towards clearance of antigens and debris (192). 

As NFκB is a central driver of the inflammatory response to many DAMPs and PAMPs, it is a 

key target of suppression by GCs. This occurs both by transrepression via tethering 
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mechanisms and also by upregulating the IκBα inhibitory protein which sequesters inactivate 

NFκB in the cytoplasm (186, 193). These mechanisms can be cell-type specific, as induction of 

IκBα was identified to be the primary method of NFκB suppression in leukocytes, while in 

endothelial cells NFκB was instead inhibited via tethering mechanisms (194). GCs interfere 

with many other key pro-inflammatory transcriptional regulators, such as the transcription 

factor AP-1, which drives expression of inflammatory cytokines including CXCL8 via 

transrepression (195). Finally, the mitogen-activated protein kinase (MAPK) family is involved 

in numerous inflammatory and immune signalling processes and is thus targeted at many 

points by GCs. The MAPK family members extracellular regulated kinases (Erk)-1 and -2 

regulate several pathways in immune cells such as production of the inflammatory secondary 

messenger arachidonic acid and release of TNFα and are downregulated by GCs (196).  

In addition to direct negative regulation of inflammatory genes, GCs upregulate expression of 

several anti-inflammatory regulators. These include GILZ, which interacts with and inhibits 

the transcriptional activity of inflammatory transcriptional regulators such as NFκB, AP-1 and 

MAPK1 (197-199). Annexin A1 similarly has potent anti-inflammatory roles upon its induction 

by GCs, such as inhibition of phospholipase A2, which generates prostaglandins and 

leukotrienes, and promotion of apoptosis and efferocytosis of apoptotic cells to aid 

inflammatory resolution (200). Treatment with GCs stimulates both expression and secretion 

of annexin A1 and expression of its receptor in leukocytes (201). DUSP1 is upregulated by GCs 

and its proteosomal degradation is prevented, allowing it to potently inhibit the MAPK 

pathway (202). Further anti-inflammatory genes induced by GCs include the anti-

inflammatory cytokine IL-10 (203). Many of these processes are shared across cells involved 

in immune and inflammatory responses, however GCs have distinct effects depending on cell 

type and context (204).  



 

40 
 

The vasoactive properties of GCs enable them to regulate key microcirculatory changes that 

occur early in an inflammatory response. GCs limit leukocyte migration into sites of 

inflammatory activation by suppressing vasodilation, decreasing vascular permeability and 

limiting leukocyte extravasation (205, 206). 

Within the innate immune system, GCs suppress TLR signalling and activation in mast cells, 

including their inflammatory allergic functions of degranulation and histamine release (207, 

208). GCs decrease neutrophil extravasation into tissues, but also promote their survival by 

inhibiting apoptosis in a similar method to pro-inflammatory factors, although without the 

corresponding inflammatory activation of these cells (209, 210). Similarly, GCs have 

immunomodulatory effects on monocytes beyond straightforward suppression. Although GC 

treatment suppresses monocyte expression of inflammatory factors such as IL-12 p70, it can 

also activate them to a distinct “anti-inflammatory subtype” characterised by increased 

survival, expression of IL-10 and the decoy IL-1 receptor IL-1R2, and enhanced phagocytosis 

and chemotaxis (211-213). 

GCs inhibit not only antigen presentation by dendritic cells through downregulation of MHCII 

and associated costimulatory molecules required to activate an adaptive immune response, 

but also limit their maturation from precursors (214). However, GCs also increase antigen 

uptake by these cells and promote their acquisition of a “tolerogenic” activating profile, in 

which they promote anergy of T cells or generation of regulatory T cells which suppress 

inflammatory immune responses to the antigen presented (215). 

GCs target many processes within the adaptive immune system, generally downregulating 

inflammatory antigen specific responses and promoting resolution of responses either 

through suppression of the inflammatory populations or increasing regulatory lymphocytes. 
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The activation of the adaptive immune system is repressed by GC signalling, which disrupts 

signal transduction at both the T cell and B cell receptors (216, 217). GCs promote Th2 

differentiation and cytokine production, such as IL-4 and IL-10, while suppressing Th1 and 

Th17 activation and cytokines and cytotoxic T cell function (218, 219). Treatment with GCs 

also promotes apoptosis in helper T cells, cytotoxic T cells and B cells, which may function as 

a mechanism of clearance of these potentially harmful inflammatory cells as part of the 

resolution stage of an immune response (220-222). 

 

1.3.4 Actions of GCs on macrophages 

Macrophages, as key drivers of inflammation, are prime targets of GCs, and their responses 

to treatment are highly context specific. GC-polarised macrophages, sometimes called M2c 

macrophages, are M2-like with immunoregulatory properties distinct to the other M2 and 

M2-like subsets. They are a source of the immunosuppressive cytokine IL-10 and possess 

specialised phagocytic activity for clearance of apoptotic cells via increased cytoskeletal 

activity and upregulation of unmodified phosphatidylserine receptor MerTK (223, 224). They 

are therefore primed for aiding resolution of the inflammatory response through removal of 

apoptotic cells and suppression of pro-inflammatory factors. 

The GRα gene NR3C1 has been found to be constitutively expressed in both primary murine 

bone marrow derived macrophages and macrophage cell lines, with its expression being 

increased upon inflammatory stimulation with LPS or IFNγ (225). Inflammatory activated 

macrophages are therefore equipped with heightened ability to respond to active GCs in the 

environment. In vitro studies identified robust suppression of inflammatory cytokines such as 

IL-1β, IL-6 and TNFα, and downregulation of ROS production, MHCII and costimulatory 
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markers (226-229). Similarly, pre-treatment of macrophages prior to LPS or IFNγ stimulation 

suppressed adaptive immune associated genes, including MHCII and costimulatory marker 

expression, but maintained or promoted those associated with innate functions, such as 

phagocytosis and phagocyte recruiting chemokines CCL7 and CCL8. This was 

transcriptomically more similar to a GC-only treated state than that of an LPS-treated state 

(230). As with other innate immune cells detailed in section 1.3.3 above, GC treatment of 

macrophages does not seem to drive the more generalised suppression and induction of 

apoptosis seen in adaptive immune cells, but instead more of a modulation of immune 

functions. 

In vitro studies have highlighted biphasic effects of GC stimulation on macrophages: high 

doses in the micromolar range suppress inflammatory activated cells, while lower doses in 

the nanomolar range instead promoted TNFα production, phagocytosis and chemotaxis. This 

immunostimulatory effect was hypothesised to promote host immune function during 

periods of stress, when GC production would be triggered (231, 232). 

These GC-induced phenotypic changes are driven by many of the mechanisms discussed in 

section 1.3.2 above and vary based on the transcriptional context of inflammatory 

macrophage activation. The inflammatory profiles of LPS-activated macrophages, driven by 

TLR4, were restrained by GC induction of DUSP1 and inhibition of p38 MAPK, but not the 

other MAPKs ERK and Janus kinase (233). However, in macrophages activated by double 

stranded RNA (TLR3) or unmethylated DNA (TLR9) the major target of GC-mediated 

suppression of inflammatory function was the kinase TAK1, upstream of NFκB and MAPK 

(234). Inflammatory activation driven by IFNγ was suppressed by GC targeting of the major 

downstream signalling molecule, and driver of M1 polarisation, STAT1 (235). More recently it 
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has been confirmed that GCs also drive metabolic changes in macrophages. Metabolomic 

analysis identified a decrease in LPS-induced inflammatory glycolysis when macrophages 

were treated with dexamethasone, resulting in a decrease in production of ROS (236). 

The physiological significance of these phenotypic effects has been validated in mouse models 

of injury and disease. GC signalling appears to be important for the maintenance of 

homeostasis by tissue resident macrophages, such as the promotion of neuroprotective anti-

inflammatory functions of microglia in the brain (237). This is true also for macrophages 

derived from recruited blood monocytes, as seen in a model of myocardial infarction where 

GC signalling was required for the differentiation of blood monocytes into anti-inflammatory 

tissue reparative macrophages (238). In models of tissue injury, endogenous GCs suppressed 

macrophage inflammatory functions including production of ROS, microbicidal phagocytosis 

and TNFα and IL-6 release, therefore allowing successful tissue repair (239). GC signalling via 

the myeloid GR has been shown to be important for resolution of inflammatory disease in 

several mouse models, including colitis, sepsis and lung injury, for both endogenous and 

therapeutic GCs (240-242). 

 

1.3.5 Therapeutic GCs 

Synthetic GCs have been used in countless inflammatory conditions for over 70 years due to 

their affordability and broad immunosuppressive functions. Their indications include 

inflammatory bowel disease, asthma, graft-versus-host disease and RA, in addition to other 

conditions including cortisol deficiency due to adrenocortical insufficiency and congenital 

adrenal hyperplasia. However, for effective anti-inflammatory treatment they must be taken 
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long-term, and their use is often contraindicated or discontinued in patients due to harmful 

metabolic side effects (243).  

Hydrocortisone is a synthetic form of cortisol, and so acts on both the GR and MR, and can be 

administered orally, intravenously or topically depending on the condition and patient need. 

Other common therapeutic GCs include prednisolone and prednisone, modified variations of 

cortisol and cortisone respectively. Analogous to cortisone, prednisone is a prodrug which 

must be converted to its active form (prednisolone) by hydrogenation of the 11-keto residue 

by hepatic 11β-HSD1. These drugs have 4x higher affinity for the GR and around 20% reduced 

affinity for the MR, due to the removal of an acetyl group at carbon-11 of the steroid ring and 

introduction of a double bond in steroid ring A (244). Methylprednisolone is a modified form 

of prednisolone with a methyl group added to carbon 6. This modification gives 

methylprednisolone 5x higher affinity than hydrocortisone for the GR and minimal affinity for 

the MR, and in addition makes it resistant to binding by CBG and resistant to metabolism by 

the 11β-HSD enzymes, thus decreasing its metabolic clearance (245). Dexamethasone is a 

highly potent GC generated by the addition of 9α-fluoro- and 16α-methyl groups to 

prednisolone, with similar insensitivity to 11β-HSDs (246). Additionally, different formulations 

of synthetic GCs have been optimised for different routes of administration. For example 

esterification of GCs, such as methylprednisolone acetate,  decreases their solubility in water, 

which optimises them for intra-articular (IA) injection into inflamed sites as these compounds 

are retained in tissues for longer (247). 

The side effects associated with long-term GC therapy for inflammatory conditions are similar 

to that of disorders of endogenous GC excess: osteoporosis, glucose intolerance, 

hypertension and increased risk of cardiovascular mortality (248). Many of these side effects 
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represent the “extreme” unchecked side of the physiological effects of GCs. Under 

homeostatic conditions, GCs help regulate bone metabolism by managing the balance of 

osteoblasts and osteoclasts. However therapeutic GCs decrease osteoblast differentiation 

and release of RANKL decoy receptor OPG while promoting RANKL-mediated osteoclast 

differentiation and bone resorption (249, 250). Similarly, GCs regulate muscle mass as a 

source of nutrients during a stress response. Cachexia is induced by the effects of GCs on 

increasing proteolysis and autophagy in myoblasts and myotubes of muscles (251).  

Although many of the modifications detailed above reduce synthetic GCs affinity for the MR, 

the necessity of long-term treatment to manage inflammatory conditions often means that 

MR-associated side effects are still induced. Additionally, the higher potency of some 

synthetic GCs, dexamethasone in particular, precludes their long-term use due to suppression 

of the HPA axis and endogenous GC production (252). 

Due to their widespread mechanism of action in suppression of inflammation, discussed 

previously in section 1.3.3, therapeutic GCs target many different cell types in RA. In RA GCs 

can be administered systemically, by the oral or intravenous route, or more locally via 

intramuscular injections or into the inflamed joints by IA injections. IA injection of GCs is 

commonly used in combination with other DMARDs in RA for symptom relief as it reduces the 

risk of systemic side effects compared to oral or intravenous route, or the direct risk to muscle 

metabolism on intramuscular injection (253). IA GCs were found to decrease numbers of 

synovial T cells and inflammatory mediators such as TNFα and IL-1β (254). Importantly, 

though IA GCs did not change numbers of synovial macrophages, a study of IA GCs in 

rheumatoid and non-rheumatoid arthritis found that pre-treatment levels of total synovial 

macrophage numbers correlated positively with successful clinical outcome (45). Therefore, 
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therapeutic GCs likely work to alleviate RA inflammation and symptoms by modifying 

polarisation of macrophages towards a more anti-inflammatory phenotype, rather than 

simply suppressing numbers of inflammatory macrophages. IA GCs were also found to 

decrease synovial levels of MMPs and RANKL, which can help slow bone and cartilage erosion 

in patients (255, 256). 

 

1.3.6 GC metabolism by the 11β-HSD enzymes 

While the HPA axis regulates the day-to-day circadian rhythm of GCs and systemic stress 

responses, levels of active and inactive GCs and their local tissue-specific availability are 

regulated by the 11β-HSD enzymes (Figure 1-6).  

 

As 11β-HSD metabolism defines the ability of GCs to bind to and activate the GR within a cell, 

this is referred to as pre-receptor or intracrine metabolism. Intracrine metabolism differs 

Figure 1-6 The cortisone-cortisol shuttle 

The keto group (in red) of cortisone is reduced to a hydroxy group (in red) to form the active 

glucocorticoid cortisol by 11β-HSD1, which uses NADPH as an electron donor. 11β-HSD2 catalyses the 

reverse reaction, using NAD+ as an electron acceptor.  
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from autocrine as the receptor is located within the cell, such as the nuclear GR, rather than 

on the cell membrane (257).  

Cortisone, and synthetic derivatives such as prednisone are intrinsically inert, with low affinity 

for the GR, and so must be converted into their biologically active counterparts, cortisol and 

prednisolone, in order to bind the GR. The activating reaction is carried out by 11β-HSD1 

which reduces the “inactive” 11-oxo group in the steroid C ring into an “active” 11β-hydroxyl 

with increased affinity for the GR. This reaction requires the use of nicotinamide adenine 

dinucleotide phosphate (NAPDH) as a cofactor and electron donor (161). 11β-HSD1 is an 

intracellular enzyme localised in the endoplasmic reticulum, which is rich in NADPH generated 

by the pentose phosphate pathway enzyme hexose-6-phosphate (H6PDH) (258). Although 

11β-HSD1 is predominantly a reductase, it can act as a dehydrogenase, carrying out the same 

NAD+-dependent reaction as 11β-HSD2, detailed below, in the absence of H6PDH (259, 260). 

11β-HSD1 is most highly expressed in the liver, where activated GCs regulate glucose 

metabolism by upregulating key gluconeogenic enzymes (261). Hepatic 11β-HSD1 also 

provides a considerable proportion of circulating cortisol, thus participating in endocrine 

function (262). As cortisone can travel through the plasma not bound to protein, it can freely 

enter cells, whereas cortisol is bound by CBG and albumin. Therefore cortisone’s effects on 

activation to cortisol are “targeted” by the intracellular expression of 11β-HSD1, acting in 

intracrine fashion (263). Through supply of active steroid, 11β-HSD1 mediates the local 

metabolic functions of GCs and so is expressed in key metabolic tissues. 

The 11β-HSD2 isozyme inactivates GCs by converting the 11β-hydroxyl group to an 11-oxo 

group through dehydrogenase activity, using NAD+ as a cofactor and electron acceptor. As 

this inactivation of GCs limits their binding to the highly GC-sensitive MR, 11β-HSD2 is 
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expressed at high levels in mineralocorticoid-sensitive tissues such as the kidneys, placenta, 

and colon, as well as epithelial tissues including the colon (264, 265). A systemic balance of 

active and inactive GCs is therefore maintained through activation of GCs by hepatic 11β-

HSD1 and inactivation by renal 11β-HSD2. 

Under physiological conditions the provision of active GCs by 11β-HSD1 in adipose tissue and 

muscle helps regulate glucose and lipid metabolism. However, this enzyme has been 

identified as a key driver of insulin resistance and dyslipidaemia in these tissues, with 

inhibition or knockout in mouse models protecting from diabetes and metabolic syndrome 

associated with excess endogenous or therapeutic GCs (266-268). 11β-HSD1 inhibitors are 

therefore being assessed in these conditions, and phase II trials have produced mostly 

positive outcomes including improved hyperglycaemia, reduction in plasma cholesterol and 

triglycerides, and reduced hypertension (269, 270). However, 11β-HSD1 is also upregulated 

under conditions of inflammation, where it can provide active GCs necessary for resolution of 

inflammation, as detailed below. These effects could preclude the use of 11β-HSD1 inhibitors 

in cases where inflammation drives pathophysiology alongside GC excess (271). 

 

1.3.6.1 11β-HSD1 as a regulator of inflammation 

In addition to its expression in metabolic tissues, 11β-HSD1 is expressed by a variety of 

immune and stromal cells. As GCs are vital to the resolution of inflammation, expression of 

11β-HSD1 enables these cells to regulate inflammatory functions in response to freely 

circulating cortisone. This is highlighted in mouse models of acute inflammation such as 

peritonitis and pleurisy, where 11β-HSD1 knockout (Hsd11b1-/-) mice exhibited increased 

inflammatory infiltrates and delayed resolution of inflammation (272). 
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In vitro analysis of rodent and human peripheral blood mononuclear cells (PBMCs) identified 

that 11β-HSD1 was expressed in many different immune cell types, with upregulation 

commonly seen on inflammatory stimulation, while the GC-inactivating 11β-HSD2 was not 

expressed on circulating leukocytes (273, 274). 11β-HSD1 mediates many of the GC-mediated 

effects on immune cells as discussed above in section 1.3.3. GCs inhibit mast cell 

degranulation and thus allergic inflammation, and 11β-HSD1 is required to mediate these 

effects in response to inactive GCs (275). Similarly, neutrophils treated with LPS upregulate 

11β-HSD1, and this was found to be essential for resolution of inflammation in a model of 

sterile peritonitis (276). However, this enzyme can also drive distinct context-dependent 

effects in cell populations, in particular myeloid cells.  

Although circulating monocytes do not express 11β-HSD1, this enzyme is dramatically 

upregulated upon their differentiation to macrophages or dendritic cells (273, 277). Briefly, 

macrophage 11β-HSD1 has been proposed to be central to the induction of inflammatory 

resolution as it drives macrophage efferocytosis and associated anti-inflammatory regulation, 

although it has further roles which will be discussed in section 1.3.6.2 below (278). The 

metabolism of endogenous GCs by 11β-HSD1 was found to negatively regulate immature 

dendritic cell survival and immune functions, maintaining them in an inactive state until their 

activation by TLR ligation overrides this inhibition (279). Dendritic cells activated solely by 

innate immune signals, such as TLR ligation, maintained or increased expression of 11β-HSD1, 

thus retaining the ability to respond to inactive GCs and generate cortisol. However, dendritic 

cells which have successfully presented cognate antigen to T cells to drive adaptive immunity 

instead downregulate 11β-HSD1 and thus bioavailability of GCs (277). This mechanism allows 

for the GC-mediated restraint of inflammatory innate reactions, while permitting dendritic 

cells carrying relevant antigen a release from the GC-mediated suppression of adaptive 



 

50 
 

functions as discussed previously. This fine-tuning of intracrine and paracrine GC responses 

by 11β-HSD1 in myeloid cells thus enables regulation of their immune and inflammatory 

functions. 

11β-HSD1 is also expressed by lymphocytes including CD4+ and CD8+ T cells and B cells. A 

marked increase in expression of 11β-HSD1 can be seen on activation of the T cell receptor 

and polarisation to Th1 and Th2 subsets. Stimulation with the inactive murine GC 11-

deoxycortisosterone (11-DHC) drives induction of GILZ and IL-7Rα, which both protect T cells 

against GC-induced apoptosis (274). Although a model of atopic dermatitis has revealed a role 

for 11β-HSD1 in inhibiting T cell acquisition of an allergic Th2 phenotype, there is relatively 

little evidence of the importance of 11β-HSD1 in adaptive immune cells compared with its 

role in cells of the innate immune system (280). 

In addition, 11β-HSD1 expression is induced or upregulated on inflammatory stimulation of 

stromal cells, and mesenchymal-derived stromal cells present with distinct differences in 

regulation of GC metabolism to lymphoid and myeloid cells. Osteoblasts and osteoclasts both 

express 11β-HSD1, and this expression is increased on stimulation with inflammatory factors 

such as TNFα (281). Whereas in myeloid-derived osteoclasts, treatment with inactive GCs 

downregulates inflammation-induced 11β-HSD1 expression, in osteoblasts cortisone 

treatment synergises with TNFα to potently upregulate 11β-HSD1 in a positive feedback loop 

(282, 283). Fibroblasts and myocytes similarly undergo this synergistic induction of 11β-HSD1 

expression and activity when stimulated simultaneously with GCs and inflammatory 

cytokines, which has been hypothesised to be a stromal cell mechanism of dramatically 

increasing local GC levels to suppress inflammation (284). Interestingly, this synergistic 

induction was found to centre on NFκB signalling, with this transcription factor being 
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necessary for the continued expression of 11β-HSD1 and release of active GCs. This 

mechanism may allow continued release of GCs while an NFκB-stimulating inflammatory 

signal remains in tissue, however it could also be a driver of excess GC-associated pathology 

such as muscle wasting and bone erosion (285, 286). 

Given the broad range of expression of 11β-HSD1, and its induction or enhancement on 

inflammatory stimulation, it is unsurprising that this enzyme is upregulated in many chronic 

inflammatory diseases. This includes the inflamed colon in ulcerative colitis and Crohn’s 

disease, and the inflamed synovium in RA (287-289). Additionally, the activity of 11β-HSD1 

was recently found to be vital for mediating the anti-inflammatory effects of therapeutic GCs, 

highlighting the potential for specific targeting of therapeutic GCs to this enzyme to augment 

anti-inflammatory actions (290). 

 

1.3.6.2 11β-HSD1 in macrophages  

11β-HSD1 was first identified in macrophages in 2001, where it was revealed that 

differentiation of blood monocytes into macrophages by passive adherence and stimulation 

of the monocyte/macrophage THP-1 cell line with LPS drove potent induction of 11β-HSD1 

expression (273). This has been corroborated in further cell lines such as the murine 

macrophage J774.1 cell line, which has some baseline HSD11B1 mRNA expression, though 

both expression and enzyme activity were dramatically upregulated by LPS stimulation (291). 

M1-polarisation of human blood monocyte derived macrophages with IFNγ and LPS similarly 

upregulates 11β-HSD1 expression, and this was found to be  9-fold higher than its induction 

in IL-4 polarised M2 macrophages (104). This disparity is also seen in M1-like and M2-like 

macrophages generated from human blood monocytes using GM-CSF and M-CSF respectively 
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(292). The inflammation-induced upregulation of 11β-HSD1 in macrophages thus primes 

them for anti-inflammatory regulation by GCs, just as the similar inflammatory-mediated 

induction of GRα does (225). Inflammatory macrophages are therefore equipped with the 

ability to respond to both active and inactive GCs.  

However, in vitro analysis of macrophages is complicated by the broad range of techniques 

used to generate and stimulate these cells, as highlighted in section 1.2.2. Contrary to their 

findings in inflammatory macrophages, Thieringer at al did not find significant upregulation 

of 11β-HSD1 in freshly isolated monocytes activated with inflammatory factors such as LPS or 

TNFα. Anti-inflammatory activation of monocytes using IL-4 and IL-13 instead elicited 11β-

HSD1 expression and activity (273). Similarly, studies involving direct stimulation of 

monocytes with macrophage polarising factors during differentiation (LPS for M1-like or IL-4 

for M2), reported higher 11β-HSD1 expression in M2 macrophages compared to M1-like 

(293).  

There are species-specific differences in 11β-HSD1 expression, as human circulating 

leukocytes do not express basal 11β-HSD1, while those of mice do (278). Nevertheless, mouse 

models have provided important data on the functions and regulation of 11β-HSD1 in 

macrophages in vivo, within the context of systemic GC metabolism. Tissue resident 

macrophages isolated from the adipose tissue of non-obese mice were found to express very 

low levels of 11β-HSD1 (294). Similarly, so do CD11b+ splenic populations of macrophages, 

although at a relatively high level compared to that of B and T lymphocytes of the spleen 

(274). However, other papers have identified that while 11β-HSD1 can be induced on 

inflammatory stimulation of recruited monocyte-derived macrophages, such as in the sterile 

inflammation induced by intraperitoneal thioglycolate injection, tissue resident macrophage 
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populations in this site did not upregulate 11β-HSD1 (278). This fits with in vitro 

differentiation of monocytes into M2-like macrophages with M-CSF driving only moderate 

levels of 11β-HSD1 expression and activity, as this growth factor is associated with 

maintenance of a homeostatic M2-like tissue resident macrophage phenotype (292).  

11β-HSD1 has been found to have functions in regulation of inflammation in macrophages. 

Thioglycolate-elicited peritoneal macrophages and splenic macrophages from Hsd11b1-/- 

mice both dramatically overproduce inflammatory cytokines such as TNFα, IL-6 and IL-12 p40 

on LPS stimulation compared to wild type macrophages. This was found to be due to 

unrestrained activation of the MAPK and NFκB signalling pathways, which are targeted by 

active GCs in macrophages (295). Similarly, Gilmour et al noted an increase in IL-6 release 

from LPS-treated thioglycolate-induced peritoneal macrophages from Hsd11b1-/- mice, and 

also identified a key role for 11β-HSD1 in the acquisition of a pro-resolution phenotype in 

macrophages. 11β-HSD1 was found to be rapidly upregulated by macrophages recruited to 

the peritoneum by intraperitoneal thioglycolate, and Hsd11b1-/- mice showed a delay in 

macrophage phagocytosis of apoptotic neutrophils (278). Although this deficiency did not 

delay overall resolution of peritonitis, this was an acute resolving animal model of 

inflammation which highlights some of the processes that could be affected in more chronic 

inflammatory diseases where GC metabolism becomes dysregulated. Macrophage 

phagocytosis of apoptotic neutrophils downregulates 11β-HSD1 activity, which shows that GC 

metabolism is acutely linked to macrophage phenotypic and functional state (296). 

In addition to modulating inflammatory functions via intracrine metabolism, GCs generated 

by 11β-HSD1 have been shown to influence neighbouring cells in a paracrine fashion. Previous 

work in the Hardy group found conditioned supernatant from wild-type inflammatory 
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activated macrophages treated with the inactive murine GC 11-DHC could drive GC-inducible 

responses in FLS from Hsd11b1-/- mice. Inflammatory activated FLS upregulated GILZ 

expression and suppressed IL-6 secretion in response to GCs in conditioned media that could 

only have been activated by 11β-HSD1-compentent macrophages (290). 

Despite the evidence in support of a role for 11β-HSD1 in driving an M1-like to M2-like 

polarisation shift in macrophages during an inflammatory response, further mouse models of 

acute inflammatory insult have highlighted that this process is far more complex and likely 

highly context specific. Although Hsd11b1-/- mice suffer worse inflammatory influx than wild 

type mice in a model of myocardial infarction (MI), they also show improved infarct healing 

and cardiac function on recovery. Increased numbers of M2-like Ym1+ macrophages 

expressing pro-angiogenic and pro-inflammatory CXCL8 could be seen in the hearts of 

Hsd11b1-/- mice following MI, and this was associated with increased vessel formation 

required for healing (297). Further work highlighted that this increased inflammatory 

neutrophil influx seen in Hsd11b1-/- mice likely served to polarise macrophages towards this 

pro-reparative profile as macrophages phagocytosed the excess apoptotic neutrophils (298).  

This pro-angiogenic programming has also been seen on inflammatory challenge of mice with 

specific knockout of 11β-HSD1 in macrophages utilising Cre-Lox recombination. Crossing mice 

with the Cre recombinase gene inserted under the key myeloid cell anti-microbial enzyme 

lysozyme (LysM; LysM-Cre) to those with the Cre-targeted Lox sequences “floxed” on either 

end of the Hsd11b1 gene (Hsd11b1f/f) results in offspring with a deficiency of 11β-HSD1 

selectively in myeloid cells (11βflx/LysMcre), which includes macrophages but also 

neutrophils (299). Assessment of wound healing using the subcutaneous sponge implantation 

model found that 11βflx/LysMcre mice had greater inflammatory angiogenesis, characterised 
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by increased vessel density and expression of pro-inflammatory cytokines with pro-

angiogenic functions such as IL-1β, although the cellular source of these cytokines was not 

identified (300). It may be that while 11β-HSD1 functions as an inflammatory brake in M1-like 

macrophages, its absence does not prevent macrophages polarising to a final tissue 

reparative phenotypic stage of resolution. Alternatively, it could be that while macrophages 

are unable to fully repolarise from M1-like to M2-like, as seen by the increased expression of 

macrophage associated inflammatory cytokines such as IL-1β and CXCL8, this does not 

impede reparative functions required for repair of sterile acute tissue injuries, such as MI. 

Additionally, the molecular regulation of 11β-HSD1 expression in macrophages has not been 

fully ascertained. The nuclear receptor peroxisome proliferator-activated receptor-γ (PPARγ), 

which binds a range of natural and synthetic ligands, promotes anti-inflammatory functions 

and M2-like polarisation in macrophages by repressing NFκB-mediated induction of 

inflammatory gene expression (301). Activation of PPARγ with synthetic ligands has been 

found to directly induce 11β-HSD1 transcription in human macrophages via binding at a 

PPARγ response element in the Hsd11b1 promoter. However, although PPARγ ligand binding 

induced 11β-HSD1 gene expression in both M1-like and M2-like macrophages, enzyme 

activity was only upregulated in M2-like macrophages, with no induction seen in M1-like 

macrophages (293). As of yet, no similar response elements have been identified for M1-like 

inflammatory macrophage induction of Hsd11b1 expression. NFκB signalling may play a role 

as this transcription factor mediates activation following macrophage stimulation with 

numerous TLR ligands, and it has been found to mediate 11β-HSD1 upregulation in 

mesenchymal cells in a manner involving the Hsd11b1 P2 promoter (285, 302). Likewise, the 

transcription factor CCAAT/enhancer binding protein-β (C/EBPβ) is involved in induction of 

HSD11B1 expression, in response to GC and inflammatory stimulation in adipose cells and 
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fibroblasts via balance of its isoforms liver-enriched inhibitor protein (LIP) and liver-enriched 

activator protein (LAP), which have inhibitory and stimulatory functions respectively (303-

305). C/EBPβ has been hypothesised to play a role in induction of 11β-HSD1 expression in 

macrophages, as this transcription factor has been linked to both pro-inflammatory and pro-

reparative macrophage functions, perhaps driven by a linking of the balance of LIP:LAP 

isoforms and the metabolic state of macrophages (306-308). 

The differential metabolic programming of polarised macrophages may provide an additional 

non-genomic layer of regulation of 11β-HSD1, as the glycolytic metabolism of M1-like 

macrophages may favour 11β-HSD1 reductase activity by providing more NADPH cofactor via 

H6PDH than the oxidative phosphorylation preferred by M2-like macrophages (308). 

However, this regulation, and whether 11β-HSD1 itself can affect macrophage polarisation 

via metabolism, has not yet been fully explored. 

 

1.3.6.3 11β-HSD1 in RA synovial macrophages 

Initial studies suggested a reduction in the conversion of cortisone to cortisol mediated by 

11β-HSD1 in the synovia of RA patients compared to OA patients. However, the level of 

inflammatory synovitis in RA patients strongly correlated with GC reactivation ratio, in line 

with earlier in vitro studies on the inflammatory induction of 11β-HSD1 (309). More recent 

analysis similarly identified that higher levels of 11β-HSD1 reductase activity, as measured by 

urinary corticosteroid metabolites, predicted progression to more persistent disease in newly 

diagnosed RA patients. 11β-HSD1 activity levels also correlated with systemic inflammation 

measures of CRP and ESR, whereas lower 11β-HSD1 levels were associated with resolving 

disease (310). This is in contrast to the levels of systemic GCs in RA patients, which are often 
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reduced compared to healthy individuals, implying a general suppression of the HPA axis 

despite high systemic levels of inflammatory cytokines which would be expected to promote 

HPA activation (311). 

Immunohistochemistry analysis of synovial samples from RA patients showed expression of 

11β-HSD1 was localised to FLS, with some expression on T cells and dendritic cells, while 

synovial macrophages were initially found to instead express the GC-inactivating enzyme 11β-

HSD2 (289). It has been hypothesised that the induction of 11β-HSD2 in macrophages could 

occur as a response to persisting chronic inflammation, in contrast to its downregulation in 

other cell types during acute inflammatory stimulation (281, 308). Microarray analysis of 

PBMCs in RA patients conflicts with this theory in RA as HSD11B2, encoding 11β-HSD2, was 

upregulated significantly in early RA compared to established RA, implying that this enzyme 

profoundly decreases in expression with progressive chronic inflammation (312). However, 

this study only assessed circulating PBMCs, not tissue synovial macrophages, and within a 

small relatively unrepresentative sample group. As such, no functional significance has been 

ascertained for 11β-HSD2 in synovial macrophages. 

Interestingly, although there are more limited reports of 11β-HSD1 staining of RA synovial 

macrophages, this has been identified in both total CD68+ lining macrophages and within 

CD163+ macrophages (309, 313). This isozyme has also been found to be more important in 

the context of disease according to animal models. While Hsd11b1-/- mice suffered worse 

disease on induction of the K/BxN serum transfer model of arthritis, Hsd11b2-/- mice had no 

differences in disease development or progression (272). 

The LysM-cre mediated knockout of Hsd11b1 in myeloid cells in mouse models of 

inflammatory arthritis have revealed important roles for macrophage pre-receptor GC 
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metabolism in disease. Loss of macrophage Hsd11b1 in the acute resolving K/BxN serum 

transfer model of arthritis leads to a delay in resolution of disease and worse 

histopathological scoring compared to wild-type animals. An increase in expression of 

endothelial cell markers highlighted that macrophage 11β-HSD1 acts to repress inflammatory 

angiogenesis in response to endogenous GCs, with its loss driving inflammatory cell 

recruitment and the resulting increased synovial hyperplasia and bone erosion seen in LysM-

cre mice (300). In the chronic TNF-tg mouse model of polyarthritis, global knockout of 11β-

HSD1 not only worsened disease severity and joint destruction but also promoted an increase 

in number and M1-like inflammatory polarisation of synovial macrophages (314). This 

increase in MHCII+ macrophages came with a loss of the MHCII- synovial macrophage 

population that had previously been shown to be associated with protection from severe 

disease in the K/BxN model of arthritis (120). Additionally, while deletion of Hsd11b1 in 

stromal cells such as FLS and osteoblasts using floxed Hsd11b1 crossed with cre recombinase 

under the mesenchymal lineage transcription factor Twist2 (11βflx/Tw2cre) did not 

exacerbate clinical scores or bone erosion compared to Hsd11b1-competent TNF-tg mice, 

there was a reduction in joint inflammation and paw swelling (314). This may be due to a 

greater level of endogenous inactive GCs being targeted to synovial macrophage 11β-HSD1 

and driving a decrease in inflammatory angiogenesis. 

In addition to endogenous GCs, macrophage 11β-HSD1 has also been strongly implicated in 

the anti-inflammatory actions of therapeutic GCs. Fenton et al identified that active 

therapeutic GCs require local reactivation at the inflamed site by 11β-HSD1 for effective 

function, as TNF-tg Hsd11b1-/- mice lost therapeutic responsiveness to corticosterone (290). 

GC treatment of TNF-tg mice reduced numbers of both total F4/80+ synovial macrophages 

and MHCII+ M1-like polarisation as well as levels of the M1-associated pro-inflammatory 
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cytokines TNFα and IL-1β, and this was lost on global 11β-HSD1 knockout. While 

11βflx/Tw2cre mice retained therapeutic responses to GCs, including reduced clinical scores, 

joint inflammation and destruction and bone erosion, 11βflx/LysMcre mice partially 

phenocopied Hsd11b1-/- mice. Although 11βflx/LysMcre mice showed a reduction in joint 

inflammation scores and serum IL-6 levels, total clinical score was not reduced and there was 

greater evidence of persistent joint destruction. Loss of 11β-HSD1 activity was confirmed in 

both in vitro differentiated monocyte-derived macrophages and peritoneal macrophages, 

thus it can be assumed that 11β-HSD1 was targeted in both tissue resident and circulating 

monocyte-derived synovial macrophage populations.  

Importantly, while macrophage 11β-HSD1 has been found to mediate anti-inflammatory 

actions of therapeutic GCs in polyarthritis, it does not appear to drive the GC-mediated bone 

erosion commonly seen as side effects of therapy. Therapeutic GCs drive bone erosion 

through promotion of osteoclast survival and activity at the expense of that of osteoblasts, in 

addition to downregulation of pathways responsible for inflammatory bone loss such as TNFα 

and RANKL, which are upregulated in RA synovial macrophages (138, 315). 11βflx/LysMcre 

mice display a partial loss of the bone protective effects of therapeutic GCs, and in vitro 

analysis of osteoclasts identified a role for 11β-HSD1-activated GCs in downregulating 

catabolic metabolism. However, targeting myeloid-derived cells via LysM expression will also 

have targeted 11β-HSD1 in macrophage populations. This implies that macrophage 11β-HSD1 

could have a role in the bone protective effects of therapeutic GCs (282). 

As synovial macrophages potently upregulate 11β-HSD1 in response to inflammatory factors 

in polyarthritis, and their pre-receptor metabolism of GCs mediates anti-inflammatory 

functions shown to be beneficial in models of disease, there is rationale for targeting GCs to 
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macrophages more specifically via this enzyme to better promote these functions. More 

specific targeting of inactive GCs to macrophages would allow intracrine GC regulation of a 

key inflammatory player in RA, while also reducing the exposure of stromal cells such as 

osteoblasts and myocytes, where therapeutic GCs drive catabolic effects. Importantly 

however it is not yet known whether macrophage GC metabolism is involved in the muscle 

wasting associated with GC treatment of polyarthritis, which itself has recently been shown 

to be dependent on 11β-HSD1 by Webster et al (316). 
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1.4 Androgens 

Androgens are steroid hormones with diverse roles in development and maintenance of male 

characteristics including primary sex organs and secondary sex characteristics. In addition, 

they have several roles in female sexual function and are the precursors to estrogens. Further 

research has identified vital functions for these hormones in immunity and inflammation. 

However, they are also implicated in the pathology of chronic inflammatory and autoimmune 

diseases, many of which present with markedly skewed sex ratios which could imply a 

protective role for androgens. This includes RA,  where the ratio of female:male patients can 

be as high as 3:1, and others with far higher sex disparity such as systemic lupus 

erythematosus (7:1) and primary Sjögren syndrome (10:1) (317, 318).  

The four main androgens in order of increasing potency are DHEA, androstenedione, 

testosterone and dihydrotestosterone (DHT), with DHEA possessing only weak androgenic 

effects. These steroids exert androgenic effects by binding the intracellular androgen receptor 

(AR), part of the nuclear receptor family. Although DHT is far more potent than testosterone, 

testosterone is the main androgen present in serum in males, and in females this is DHEA. 

However DHT is considered a “true” androgen as it cannot be converted to estrogen by the 

enzyme aromatase, as testosterone can (319).  

The adrenal glands are the main source of DHEA and androstenedione, however they also 

provide around 1% of circulating testosterone in males and 30-50% in females (320, 321). As 

with cortisol, these androgens are generated from the metabolism of cholesterol, as shown 

previously in Figure 1-5, with the 19-carbon steroid DHEA forming the precursor for 

subsequent androgens. Serum DHEA derives from the zona reticularis of the adrenal cortex 

in response to ACTH, with around 10% secreted from gonads in response to gonadotrophin-
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releasing hormone (GnRH). Most serum DHEA exists as the inactive sulfate ester form DHEA-

sulfate (DHEAS), which is generated in the adrenals by the enzyme steroid sulfotransferase 

2A1 (SULT2A1) (320). The adrenal gland also generates the 11-oxygenated androgen 

precursors 11OH-androstenedione and 11OH-testosterone, which can be converted in the 

periphery to active 11-oxygenated androgens. 11-oxygenation has roles in androgen 

metabolism and diseases of androgen excess, as reviewed by Turcu et al (322). There has been 

limited research on the role of these androgens in immunoregulation, however recently 

Schiffer et al identified that natural killer cells could metabolise these steroids, implying they 

may have a role in regulating immune function (323). 

Most circulating androgens are bound by serum proteins including albumin and sex hormone 

binding globulin (SHBG), with around 1% existing in serum as free steroid (167). This regulates 

their ability to cross cell membranes and exert effects by binding the AR. As with other nuclear 

receptor family members such as the GR, the AR has NTD, DBD and LBD regions, which dictate 

its retention in the cytoplasm by heat shock proteins and chaperone proteins until ligand 

binding induces a conformational change, permitting nuclear translocation. The AR-ligand 

complex binds to androgen response elements (ARE) on androgen-inducible genes with 

regulation by cofactors to directly drive gene transcription. The AR gene itself is a target of 

androgen stimulation, with androgens either downregulating or upregulating its expression 

depending on cell type (324). All active androgens can activate the AR, however the more 

potent ones such as DHT are characterised by enhanced binding and retention at the AR with 

slower dissociation rate (325). 

Similar to GCs, androgens have been found to exert effects via both genomic and non-

genomic routes. Rapid induction of calcium flux in response to androgen stimulation has been 
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identified in macrophages and T cells. This has been hypothesised to be induced by putative 

membrane ARs, however evidence for this is controversial (326, 327). SHBG bound androgens 

have also been shown to mediate nongenomic effects such as increases in cyclic AMP levels 

via interactions with membrane receptors (328).  

 

1.4.1 Extragonadal androgen synthesis and metabolism 

In addition to endocrine action of androgens produced by the adrenal glands and gonads, 

androgens can be generated at the tissue level to exert local effects. Although unbound 

steroids can freely cross the plasma membrane, conjugated steroids such as DHEAS must be 

transported via transmembrane proteins, such as organic anion-transporting polypeptides 

(OATPs) expressed across tissues (329). Once taken up by OATPs, DHEAS can be converted 

back to DHEA through desulfation by steroid sulfatase (STS), which generates the majority of 

circulating DHEA (330). This also provides the precursor for androgen synthesis in peripheral 

tissues as detailed in Figure 1-7 Intracrine androgen synthesis. 

 

Figure 1-7 Intracrine androgen synthesis 

Active androgens (underlined) can be generated from precursors such as DHEA in peripheral tissues. 

Adapted from Schiffer et al (336) 
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Testosterone is generated mainly in gonads, the testes and ovaries. However, extragonadal 

testosterone metabolism plays fundamental roles in various organs such as the development 

of kidneys and maintenance of muscle. Aldo-keto reductase 1C3 (AKR1C3) is a reductive 17β-

HSD enzyme, which is expressed at low levels in the adrenal glands and also primarily 

functions as a nongonadal androgen activator in the periphery. As seen in Figure 1-7 it 

catalyses several reactions to generate active androgens from precursors, in particular via the 

conversion of androstenedione to testosterone (160). DHT is solely generated locally, mainly 

through 5α-reduction of testosterone by the steroid 5α-reductase type A (SRD5A) enzymes 

(160, 331). This occurs in peripheral tissues that are the main target of androgens during 

development such as the prostate but also in the adult skin and liver (332).  

AKR1C3 and SRD5A therefore act as the rate limiting enzymes for androgen activation within 

cells in the periphery, enabling generation of androgens that can act via AR within the cell. 

This extragonadal activation of steroid precursors is called intracrine metabolism, as it acts 

within a cell and does not involve secretion of the product for receptor binding (333). 

Intracrine metabolism of sex steroids has been hypothesised to be important in regulation of 

immune cells such as macrophages (334). 

There are multiple pathways of extragonadal androgen activation that have been identified 

in humans. However, some, such as the “backdoor pathway” which uses 17α-

hydroxyprogesterone instead of DHEA or androstenedione, have only been found to be 

relevant in conditions of progestogen excess, such as with deficiencies of various cytochrome 

P5450 enzymes (335). In the classical androgen pathway, DHT is generated directly from 

testosterone via SRD5A type 1 (SRD5A1), however this has been noted to not be the preferred 

route of DHT synthesis from DHEA(S) in the periphery and is instead is more relevant for 
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metabolism of circulating testosterone (336). The alternate pathway does not use 

testosterone, instead androstenedione is catalysed by SRD5A1 into 5α-androstanedione 

which is then converted to DHT by AKR1C3 (337). As SRD5A1 has a higher binding affinity for 

androstenedione than testosterone, this pathway is the major generator of active androgens 

in the periphery within cells expressing these enzymes (336). 

 

1.4.2 Androgens as immunomodulators 

In addition to serving as a precursor for more potent androgens, DHEA has 

immunomodulatory functions on binding AR or a hypothesised unique DHEA-specific 

receptor, which include reducing levels of inflammatory cytokines such as IL-6 and direct 

negative regulation of inflammatory transcriptional regulators such as NFκB (338, 339). These 

functions are reviewed extensively by Prall and Muehlenbein, while this thesis will instead 

consider the role of DHEA as an androgen precursor (340). 

The AR is expressed widely across the body, including on immune cells. T cells have been 

identified to express both the classical intracellular AR as well as membrane associated 

androgen receptors, while B cells appear to express only the intracellular AR (326). Similarly, 

the AR is expressed across innate immune cell populations, including neutrophils, monocytes, 

dendritic cells and macrophages (341).  

Androgens possess generally anti-inflammatory and immunosuppressive effects, although 

this specificity depends on cell type and context. They have been strongly implicated in 

promotion of neutrophil differentiation and survival, with neutropenia seen in AR-/- mice, 

however stimulation of neutrophils with testosterone downregulates pro-inflammatory 

cytokines and anti-microbial functions in favour of IL-10 secretion (342, 343). Androgens have 
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similar context-specific effects on macrophage survival and function, discussed in more detail 

below. Dendritic cells subjected to androgen treatment show impaired activation of Th1 or 

Th2 T cells during antigen presentation (344). Many of these anti-inflammatory and 

immunosuppressive effects could be explained by the AR-induced maintenance of expression 

of the NFκB inhibitor IκBα, which was found to inhibit IL-6 expression and secretion (345). 

Androgens also regulate several other stages of adaptive immunity. T and B cells express 

HSD17B1 and SRD5A1 and can generate testosterone from androstenedione and DHT from 

testosterone (346). Lymphopoiesis of both B and T cells is negatively regulated by androgens, 

with reversal seen on gonadectomy or AR deficiency (347). Interestingly in T cells this involves 

an androgen-driven increase in expression of the autoimmune regulatory element (Aire) gene 

in the thymus, which aids removal of self-antigen specific developing T cells (348). Therefore, 

androgens have many functions in immunoregulation, many of which begin to explain some 

of the sex differences with autoimmune and inflammatory disease. 

 

1.4.3 Dysregulation of androgens in RA 

Due to its immunosuppressive effects on immune cells, detailed above, there are strong 

associations between lower androgen levels and increased risk of developing chronic 

inflammatory disease including atherosclerosis, type 2 diabetes and RA (349-351). Androgens 

have long been implicated in the pathogenesis of RA, as the disease is more prevalent in 

females, with an all age F:M patient sex ratio of 2.3:1, which dramatically decreases following 

average age of menopause. The peak incidence of RA in females occurs post-menopause 

(352). Serum testosterone levels have been found to significantly negatively correlate with 

ESR in male RA patients (353).  
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Although it is beyond the scope of this thesis, it is important to note that estrogens have been 

strongly implicated in the pathogenesis of RA and its associated patient sex ratio. As reviewed 

extensively by Islander et al, estrogens regulate bone metabolism and so have protective 

effects on bone in models of RA, which may explain the increased incidence of RA post-

menopause. However, estrogen metabolites have been shown to have distinct pro-

inflammatory effects on synoviocytes in RA (354, 355). Therefore, both excess and deficiency 

of estrogens can have roles in driving RA pathology. 

Dysregulation of androgens can be seen further upstream in RA. Lower serum levels of DHEA 

are commonly seen in chronic inflammatory diseases, as well as an increased DHEAS/DHEA 

ratio. Inflammatory bowel disease patients have been found to possess increased ratios of 

cortisol/DHEA and lower ratios of DHEA/androstenedione, highlighting that steroid 

metabolism shifts towards preferential generation of GCs over androgens. Multiple linear 

regression analysis identified serum TNFα levels as the mostly likely key driver of this skewed 

ratio (356). RA patients also produce far less adrenal androgens such as DHEA on ACTH 

stimulation test, while normal cortisol levels were seen (357). Neutralisation of TNFα or IL-6 

has been shown to normalise this skewed GC/androgen ratio in RA patients. Anti-TNFα and 

anti-IL-6 therapy each increased the ratio of serum androstenedione/cortisol while anti-IL-6 

therapy also decreased DHEAS/DHEA, thus dysregulation in androgen levels is mediated by 

inflammatory cytokine levels in chronic inflammatory diseases (358, 359). These findings were 

attributed to inhibitory actions of inflammatory cytokines on adrenal androgen secretion. 

However, they likely also have effects at the intracrine level within immune cells. IA GC 

injections were found to decrease expression of steroid receptors, including the AR, on 

synovial cells (360). This highlights that a complex regulation of steroid levels occurs at the 

local synovial level. 
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Androgens in synovial fluid have been hypothesised to exert immunosuppressive effects, as 

discussed in section 1.4.2 above, particularly on monocytes, macrophages, T cells and B cells 

(361). The anti-inflammatory effects of DHT, acting via AR-dependent NFκB inhibition, were 

noted in an RA FLS-like cell line, therefore synovial stromal cells are likely also a target of 

regulation (362). However it appears this immunoregulation is lost in RA, as low levels of 

androgens have been identified in the synovial fluid of RA patients, with a corresponding 

increase in estrogens (363). This is likely driven by the action of pro-inflammatory cytokines 

such as TNFα and IL-6 in increasing expression of aromatase (364). Aromatase expression has 

been identified in the sublining and lining of RA synovium, which was thought to drive the 

observed higher levels of estrogens to androgens in the tissue. The same findings were seen 

in OA synovial tissue, although no comparison to healthy synovium was made, but it could be 

that local inflammation drives this skewing towards estrogen production in both diseases. 

Interestingly however, analysis of steroid conversion in mixed synovial cells in this study found 

that while conversion of DHEA into estrogens was similar in RA and OA, RA mixed synovial 

cells converted androstenedione and testosterone into DHT at a far greater level (365). This 

implies higher expression or activity of SRD5A in RA cells, despite the dominance of estrogens 

in the synovium. Additionally, androgen treatment inhibited the action of aromatase in these 

mixed cells, as seen in a reduction of estrogens produced from androgen treatment. This 

implies that therapeutic androgens could be able to exert anti-inflammatory effects without 

conversion to estrogens (365).  

This shift from androgens to estrogens has been proposed to drive loss of the anti-

inflammatory functions of androgens, such as the inhibition of the RA-associated 

inflammatory cytokine IL-6 and IL-1β by PBMCs (345, 366). The effects of this shift in sex 

steroids has been detailed in mouse models of CIA using expression of the shared epitope, 
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DRB1*04, to recapitulate features of sex disparity seen in human disease but not mouse 

models (367). Female mice showed a stronger T cell response to the arthritis-inducing 

collagen peptide than male mice, with a greater number of splenic and activated T cells and 

increased IFNγ production. Similarly, estrogen has been found to enhance autoantibody 

production by B cells, while androgens suppress this (368). Estrogen also has stimulatory 

effects on FLS proliferation and secretion of MMPs in a cartilage invasion assay (369). 

Together, these data have supported the hypothesis that dysregulated sex steroid ratios in 

RA, characterised by decreased androgens and increased estrogens, promote inflammatory 

pathology.  

 

1.4.4 Androgen action in macrophages 

Expression of the classical nuclear AR has been identified in human blood monocytes, as well 

as numerous macrophage populations, including monocyte-derived and tissue resident (370, 

371). There have been fewer studies into expression of the non-classical membrane AR on 

macrophages, however it has been identified so far on murine bone marrow derived 

macrophages and peritoneal macrophages, implying it may be present on human 

macrophage populations (327, 371). Expression of the AR on macrophages appears to be 

negatively regulated by androgen stimulation (372). Macrophages also express STS and can 

convert DHEAS to DHEA, though inflammatory activation was found to decrease this ability 

(373). 

Additionally, macrophages possess the enzymes required for intracrine generation of active 

androgens. Human macrophages have been found to generate testosterone and DHT from 

androstenedione, and testosterone, DHT and androstenedione from DHEA, therefore they 
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express SRD5A1 and AKR1C3 (374, 375). However, it is unknown how expression of androgen 

activating enzymes changes with macrophage differentiation and polarisation. Human blood 

monocytes were recently found to express minimal AKR1C3 on analysis of PBMCs, therefore 

implying it could be induced only on differentiation to macrophages (323).  

Macrophages also express the estrogen-generating enzyme aromatase, with an upregulation 

in expression seen on differentiation of both human blood monocytes and THP-1 monocytes 

to macrophages (375). Macrophages both respond to and generate estrogens, and these have 

been shown to have diverse, though generally pro-inflammatory and immunostimulatory, 

effects depending on dose and cell context, as reviewed by Batty et al (376). Interestingly, 

unlike in other cell types, inflammatory activation of macrophages with TNFα, IL-1β or IL-6 

did not induce aromatase. Nevertheless, pro-inflammatory cytokines did slightly 

downregulate the dramatic induction of aromatase seen on dexamethasone treatment (377, 

378). DHEA treatment conversely decreased aromatase expression in human blood-

monocyte derived macrophages (375). Therefore, macrophages have the capacity not only to 

respond to paracrine androgens but also to modulate local androgen levels via intracrine 

metabolism, and this process is regulated by androgen availability. 

As with other immune cells, androgens have generally anti-inflammatory and 

immunosuppressive actions on macrophages. Testosterone suppresses LPS activation of 

macrophages both by downregulating expression of TLR4 and inhibiting downstream p38 

MAPK signalling via increased intracellular calcium (379, 380). The latter effect occurred in a 

rapid apparent AR-independent mechanism. Androgens also suppress NFκB signalling in 

macrophages in an AR-dependent mechanism involving promotion of IκBα stability and 

inhibitory function (381). This results in a downregulation of inflammatory cytokine output in 
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macrophages, such as TNFα and NO production on LPS challenge, when exposed to 

physiological levels of testosterone (382, 383). Testosterone treated macrophages also 

release cytokines such as IL-10, highlighting a shift towards a more M2-like pro-resolution 

state (372). Similarly, DHT was found to enhance the acquisition of M2-like markers such as 

Agr1 expression in IL-4 polarised murine bone marrow derived macrophages (371). Longer 

term stimulation with testosterone has also been found to promote apoptosis of 

macrophages (381, 384).  

There have been fewer studies on the effects of androgen precursors on macrophage 

functions. Recently, DHEA has been found to repress LPS-induced activation of MAPK, NFκB 

and AKT and inhibit NLRP3 inflammasome activation in RAW264.7 macrophages (385, 386). 

DHEA treatment has also reduced superoxide anion production in alveolar macrophages 

(387). However, it is unknown whether this is due to the conversion of DHEA into active 

androgens or separate actions of DHEA itself as a steroid.  

 

 

1.4.5 Androgen metabolism in RA synovial macrophages 

Despite the prominent role of macrophages in the inflammatory pathology of RA and studies 

on the response to and metabolism of androgens in other macrophage populations, little is 

known about the metabolism of androgens within RA synovial macrophages. They are known 

to express the AR in both healthy and RA human synovium, with higher expression seen on 

cells from RA patients (388, 389). Additionally, synovial macrophages can metabolise 

testosterone into DHT in vitro, a process which also resulted in decreased IL-1β release (390). 

Therefore, they must express SRD5A, or perhaps use a more complex pathway, and 

androgens may exert anti-inflammatory functions in RA via synovial macrophages. Synovial 
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macrophages isolated from RA patients were also found to generate small amounts of 

androstenedione from testosterone, however this was not compared to healthy synovial 

macrophages so it is unknown whether this back-conversion of androgen precursors from 

active androgens is a feature of RA pathology (391). 

Synovial macrophages were hypothesised to be central to the anti-inflammatory effects of 

DHEA treatment in a mouse model of AIA, where a significant reduction in paw swelling was 

seen, however this was not tested directly (392). Similarly, IA injections of androgens were 

found to decrease synovial hyperplasia and cartilage erosion, both effects which RA synovial 

macrophages are known to drive, but again macrophages were not assessed in detail (393). 

Treatment of RA patients with the immunosuppressant cyclosporin is associated with 

androgenising side effects such as excess hair growth and increased serum levels of androgen 

metabolites. The metabolism of testosterone by isolated RA synovial macrophages into DHT 

via SRD5A was found to be increased on stimulation with cyclosporin (394). This was 

hypothesised to be driven by direct pro-androgenising effects of cyclosporin, however may 

be due to previously identified anti-inflammatory actions of cyclosporin on macrophages 

(395). The inhibition of inflammatory signalling may counteract the upregulation of enzymes 

such as aromatase driven by cytokines in the RA synovia or may instead directly enhance 

androgen metabolism further upstream.  

In summary, there is limited research into intracrine metabolism of androgens in RA synovial 

macrophages, despite suggestions that this metabolism is an important regulator of 

inflammatory function in other macrophage populations. It is therefore unknown how 

androgen metabolism differs in the distinct pathological and protective subsets of 

macrophages identified in RA, and how this intersects with GC metabolism in these cells. 
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Functional analyses of steroid metabolism in these cells would offer vital insight into targeting 

metabolism with novel therapeutics to overcome the dysregulation of steroid hormones seen 

in RA.  
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1.5 Hypothesis  

I hypothesise that macrophage function in inflammatory disease is associated with dynamic 

changes in intracrine and paracrine metabolism of GCs and androgens. I further hypothesise 

that the enzymes associated with this macrophage-specific steroidogenesis could be 

important new targets for treatment of inflammatory diseases such as RA. 

 

1.6 Aims 

This thesis investigates these hypotheses by: 

1. Characterising global steroid metabolism profiles in synovial macrophages in human 

inflammatory disease (Chapter 3) 

2. Exploring macrophage metabolism of glucocorticoids and functional effects on 

inflammatory profiles (Chapter 4) 

3. Exploring macrophage metabolism of androgens and functional effects on 

inflammatory profiles (Chapter 5) 

4. Investigating novel targeting of glucocorticoids to macrophages using inflammatory 

glucocorticoid metabolism to improve anti-inflammatory therapeutics (Chapter 6) 
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Chapter 2 GENERAL METHODS 

 

2.1 Rheumatoid arthritis RNA-seq analysis 

RNA-seq is a technique in which next generation sequencing (NGS) is used to identify the 

transcriptome of cells. One of the most common techniques is Illumina® sequencing, in which 

amplification of sequences on flow cells allows massive parallel sequencing. RNA extracted 

from samples is reverse transcribed and complementary DNA (cDNA) transcripts are tagged 

with adaptors to allow hybridisation to the flow cell. Following clonal amplification, 

“sequencing by synthesis” is carried out, in which these fragments are sequenced through the 

addition of nucleotides by a polymerase, with each of the four nucleobases is labelled with a 

different fluorophore. The fluorescent emission readout of each cycle of amplification 

provides the sequencing of that transcript. During data analysis, reads of forward and reverse 

transcripts are paired to provide the complete sequence aligned to a reference genome for 

the species (396). 

 

2.1.1 Bulk RNA-seq analysis of synoviocytes 

Bulk RNA-seq data was generated by the National Institute for Health (NIH) Accelerating 

Medicines Partnership (AMP) RA Network (study accession code SDY998) (397). In this 

multicentre study, synovial tissue samples acquired from OA or RA patients undergoing joint 

biopsy or arthroplasty were sorted by fluorescence-activated cell sorting (FACS) into 

macrophage (CD45+ CD14+), fibroblast (CD45- CD31+ PDPN+), T cell (CD45+ CD3+) and B cell 

(CD45+ CD3- CD19+) populations and analysed by low-input bulk RNA-seq using Illumina® 
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Smart-seq2 (145). RNA expression of at least 1,000 cells per cell type for each sample was 

recorded as log2 transcripts per million (log2(TPM)). Low-quality samples were removed, 

including those with low cell counts (<1,000) and where <99% of common genes for that cell 

type were not expressed in that sample. Data for select genes and clinical data was accessed 

as a comma-separated values (CSV) file using an R script written by Dr Jason Turner at the 

Rheumatology Research Group, University of Birmingham Queen Elizabeth Hospital. 

A panel of 109 key genes involved in steroid metabolism was developed by Dr Rowan Hardy 

and Dr Paul Foster (Supplementary Table 1 Steroid metabolism genes analysed in AMP RNA-

seq dataset). The effects of local inflammation on expression of these genes were assessed in 

macrophages, fibroblasts, T cells and B cells by comparing leukocyte-poor and leukocyte-rich 

samples, as previously defined by Zhang et al in their dataset and related paper. These 

classifications have been found to correlate with Krenn histopathological measures of local 

synovial inflammation (145, 398).  

 

2.1.2 Single-cell RNA-seq analysis of synovial tissue macrophage clusters 

Single-cell RNA-seq (scRNA-seq) enables transcriptomic analysis of individual cells in order to 

capture the heterogeneity of cells such as synovial macrophages. Professor Mariola Kurowska-

Stolarska analysed the expression of HSD11B1, AKR1C3 and SRD5A1 in a previously generated 

scRNA-seq dataset of human healthy and RA-affected synovial tissue macrophage (STM) 

subsets (146).  
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2.2 Serum and synovial fluid analysis 

Blood serum and synovial fluid samples were taken by clinical staff at the Queen Elizabeth 

University Hospitals Birmingham Rheumatology Unit. Samples were collected, with informed 

consent, from adult patients with hip OA or RA undergoing elective joint replacement surgery. 

This study was carried out with ethical approval (REC 14/ES/1044 and NRES 16/SS/0172). 

Samples were stored at -80°C within 2 hours of collection. 

 

2.2.1 Luminex 

Luminex allows the quantification of multiple cytokines present in a sample using sets of beads 

labelled with fluorophores and antibodies specific for the cytokines of interest. Samples are 

incubated with the labelled beads, and the amount of fluorescence measured in a flow-based 

assay from the beads in each sample is proportional to the level of cytokine, and quantified 

with a standard curve (399).  

Levels of inflammatory cytokines in synovial fluid samples were assessed using an 

Inflammation 20-Plex Human ProcartaPlex™ Panel (Thermo Fisher, UK) according to 

manufacturer’s instructions. Magnetic antibody-labelled beads were added to the samples 

and antigen standards and incubated for 2h. Samples were incubated with detection antibody 

for 30min and then streptavidin-PE for 30min before resuspension in reading buffer and 

analysis on a Bio-Plex® instrument (Bio-Rad Laboratories Inc, USA). Each incubation stage was 

carried out on a rocker and samples washed in between each incubation. 
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2.3 Macrophage cultures 

Although tissue resident macrophages can be isolated directly from sites such as the 

synovium, this is a laborious process that results in few cells. Additionally, methods of isolation 

using enzymatic digestion have been found to cause inflammatory activation (400). 

Differentiation of macrophages from peripheral blood derived monocytes enables culture of 

high number of cells and polarisation towards different pro- and anti-inflammatory 

phenotypes. 

 

2.3.1 Blood monocyte derived macrophage culture 

Macrophages were generated using monocytes obtained from blood cones from healthy fully 

anonymised donors, from the NHS Blood and Transplant Centre, Birmingham. This was 

approved by the University of Birmingham Ethics Committee, under ethical agreement 

ERN_14-0446.  

 

2.3.1.1 Monocyte isolation 

CD14+ monocytes were isolated from blood using by RosetteSep™ Human Monocyte 

Enrichment Cocktail (Stem Cell, UK), as per manufacturer’s guidelines in a sterile environment 

at room temperature. This protocol isolates monocytes by negative selection, in which 

antibodies targeting non-monocyte cell surface markers bind and crosslink unwanted cells 

with red blood cells, forming “immunorosettes.” Therefore when centrifuged over a density 

gradient medium, red blood cells and unwanted cells both pellet, leaving unlabelled 

monocytes at the blood plasma:density gradient medium interface. Blood was mixed with 
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ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich, UK) to a final concentration of 1 mM 

and incubated with 75 μl RosetteSep™ Human Monocyte Enrichment Cocktail per 1ml of blood 

for 20 minutes. Blood was then diluted 1/4 in wash buffer (PBS, 2% v/v foetal bovine serum 

(FBS) and 1 mM EDTA), layered over Lymphoprep™ density gradient medium (Stem Cell 

Technologies, UK) and centrifuged at 1200g for 30 minutes with low acceleration and brake 

off. The interface layer of monocytes was pipetted off, resuspended in wash buffer and spun 

down at 300g for 10 minutes 5 times, until supernatant was clear. Isolated monocytes were 

counted and resuspended in Roswell Park Memorial Institute medium (RPMI 1640), 

supplemented with 10% v/v FBS, 100 U/ml penicillin and 100 μg/ml streptomycin (all Sigma 

Aldrich, UK) and 20 ng/ml human recombinant M-CSF (PeproTech, UK) and plated out at a 

concentration of 1x106 cells/ml for 24-well plates or T75 flasks, or 0.2x106 cells/ml for 96-well 

plates (plasticware all from Greiner, UK unless stated).  

 

2.3.1.2 Macrophage differentiation and polarisation 

In vitro differentiated macrophages were obtained by culturing monocytes with 20 ng/ml M-

CSF for 6 days, with media changes on day 2 (d2) and d5. Macrophages were polarised as 

shown in Table 2-1. All cytokines were purchased from PeproTech, UK. 
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Macrophage polarisation 

type 
Treatment cytokines Concentration 

M0 M-CSF 20 ng/ml 

M1 

M-CSF 20 ng/ml 

IFNγ 20 ng/ml 

Lipopolysaccharide (LPS) 10 ng/ml 

M1-like 

M-CSF 20 ng/ml 

IFNγ 20 ng/ml 

TNFα 10 ng/ml 

M2 
M-CSF 20 ng/ml 

IL-4 20 ng/ml 

Table 2-1 Macrophage polarisation treatments 

 

To assess active and inactive steroid stimulation, macrophages were treated with cortisol or 

cortisone respectively (Sigma-Aldrich, UK) at either 100 nM (equivalent to endogenous dose) 

or 1000 nM (equivalent to therapeutic dose). 

 

2.3.2 Alveolar macrophages 

Alveolar macrophages were provided by Dr Rahul Mahida and Lauren Davies at the Institution 

of Inflammation and Ageing at the Queen Elizabeth Hospital Birmingham. Lung tissue samples 

were taken from consenting never-smoker or long-term ex-smoker patients undergoing 



 

81 
 

surgical resection of lung tissue for mild chronic obstructive pulmonary disease (COPD). 

Alveolar macrophages were isolated by saline perfusion of lung tissue and density gradient 

centrifugation of lavage fluid, and samples assessed for purity by cytospin(401). Cells were 

seeded on 24-well plates at a density of 250,000 cells/ml in RPMI supplemented with 10% v/v 

FBS, 100 U/ml penicillin and 100 μg/ml streptomycin (all Sigma-Aldrich, UK). 

Alveolar macrophages were inflammatory activated by treatment with 1 μg/ml LPS 

(PreproTech, UK) and responses to steroid stimulation assessed by treatment with cortisone 

or cortisol (Sigma-Aldrich, UK). 
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2.4 mRNA expression analysis 

The expression of individual genes was investigated using TaqMan® quantitative polymerase 

chain reaction (qPCR) probes. TaqMan® probes contain a sequence complementary to the 

gene of interest along with a fluorescent probe that is normally inhibited by a quencher. 

During amplification of the cDNA by Taq® polymerase, the fluorescent probe is released from 

suppression by the quencher and a fluorescent signal is generated. This fluorescence is 

measured at each cycle of amplification and the intensity of the signal is proportional to the 

amount of that specific gene present in the sample. Relative quantification can be calculated 

by comparing the cycle threshold (CT), the cycle of amplification in which the fluorescent 

signal crosses a set threshold, of genes of interest to a housekeeping gene. 

 

2.4.1 RNA extraction 

RNA was isolated using the innuPREP RNA Mini Kit, following the manufacturer’s protocol for 

extraction from eukaryotic cells (Analytik Jena, Germany). Briefly, cells were lysed in RL lysis 

buffer at room temperature before removal of DNA and cell debris by centrifugation at 

10,000g on silica membrane. RNA was precipitated using 70% ethanol at room temperature 

and purified by centrifugation at 10,000g at 4°C on silica membrane. RNA was eluted in 30 µl 

RNase-free water (Promega, UK) by centrifuging at 8,000g and samples were stored at -80°C.  

Concentration and purity of samples were determined using a NanoDrop™ ND-1000 

spectrophotometer (Wilmington, USA). Absorbance at 260 nm was measured to calculate RNA 

concentration. Absorbance ratios at 260/280 and 260/230 were assessed to determine 

contamination by genomic DNA, phenol, protein and carbohydrates. 
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2.4.2 Reverse transcription 

350 ng of RNA per sample was reversed transcribed to cDNA for qPCR analysis using a 

GeneAmp® PCR System 27000 machine (Applied Biosystems, UK), following manufacturer’s 

instructions (Tables 2-2 and 2-3). cDNA samples were stored at -20°C until analysis by qPCR. 

All reagents were purchased from Applied Biosystems, UK. 

Reagent Volume per sample (μl) 

10X Reverse transcriptase buffer 2 

10mM dNTPs 0.8 

Random primers 2 

Multiscribe™ reverse transcriptase 1 

RNase-free water 7.2 

Table 2-2 Reverse transcription mastermix 

 

Temperature 

(°C) 
Time (minutes) 

25 10 

37 60 

48 30 

95 5 

4 ∞ 

Table 2-3 Reverse transcription PCR conditions 
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2.4.3 qPCR 

The mRNA expression of key genes was assessed by qPCR analysis of cDNA and normalised to 

expression of the housekeeping gene 18S. 7 ng cDNA (1µl) of each sample was loaded with 9 

µl qPCR mastermix containing appropriate gene probe, as detailed in Table 2-4 and 2-5 below. 

Reagent Volume per sample (μl) 

SensiFAST™ Probe Lo-ROX (Bioline, UK) 5 

RNase-free water 3.5 

Gene probe (as below) 0.5 

Table 2-4 qPCR mastermix 
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Target gene Applied Biosystems reference number 

18S 431943E 

HSD11B1 Hs01547870_m1 

HSD11B2 Hs00388669_m1 

CD64 Hs00417598_m1 

CD68 Hs02836816_g1 

CD163 Hs00174705_m1 

GILZ Hs00608272_m1 

NR3C1 Hs00353740_m1 

H6PD Hs00188728_m1  

AKR1C3 Hs00366267_m1 

SRD5A1 Hs00602694_mH 

IL-6 Hs00985639_m1 

IL-10 Hs00961622_m1 

IL-12A (p35) Hs01073447_m1 

TNFα Hs01113624_g1 

Table 2-5 qPCR probes used for analysis 

 

All reactions were carried out in a 96-well 0.1 ml microarray reaction plate (MicroAmp™, 

Applied Biosystems, UK). Plates were ran on the QuantStudio™ 5 Real-Time PCR System 

(Applied Biosystems, UK), as detailed in Table 2-6: 
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Cycles Temperature (°C) Time 

X1 
50 2 min 

95 1 min 

X40 
95 15 sec 

60 1 min 

Table 2-6 qPCR cycle conditions 

Abundance of specific mRNAs analysed, in CT, were normalised to that of the housekeeping 

gene 18S to determine ΔCT. mRNA expression (in arbitrary units, AU) was calculated through 

log transformation as:  

𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 (𝐴𝑈) = 1000 × 2−∆𝐶𝑇 

 

All analysis of statistical significance in mRNA expression changes was carried out using ΔCT 

values. 
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2.5 Steroid quantification 

2.5.1 11β-HSD1 enzyme activity assay 

The conversion of the inactive steroid cortisone into its active form cortisol by the enzyme 

11β-HSD1 was assessed using scanning thin layer chromatography (TLC). TLC allows 

separation of a sample into constituent compounds based on their differences in solubility. 

This is achieved through loading the samples onto an absorbent silica TLC plate (the stationary 

phase) that is placed in a tank containing a solvent such as ethanol and chloroform (the mobile 

phase). The samples are incubated for a set amount of time in the tank. As the more water-

soluble compounds will travel up the TLC plate at a slower rate, they are therefore separated 

from less water-soluble compounds which will have travelled further. For example, cortisone 

is slightly less water-soluble than cortisol, and so travels further up the TLC plate (402). The 

conversion of cortisone to cortisol is quantified by use of tritiated (3H) steroid tracer. On 

conversion of 3H-cortisone into cortisol the 3H group is retained, and so the level of 

radioactivity detected at each of the cortisone and cortisol bands in the TLC plate is 

proportional to the amount of each steroid.  

 

2.5.2 Scanning thin layer chromatography 

Macrophage 11β-HSD oxoreductase activity was quantified by incubating cells with 100nM 

cortisone (Sigma-Aldrich, UK) and 2 µl/ml 3H-cortisone tracer (Perkin Elmer, UK) for 18 hours. 

Steroids were then extracted from culture media in 5 ml dichloromethane. Samples were 

centrifuged at 1400 rpm for 10 minutes to separate aqueous and dichloromethane phases 

before aspiration of the aqueous phase. Dichloromethane phases were evaporated at 50°C 
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for 40 minutes. Steroid extracts were resuspended in 70 µl dichloromethane, spotted into 

silica plates and separated by TLC using 92:8 chloroform:ethanol. TLC plates were analysed 

with the Bioscan 200 Imaging scanner (Bioscan, USA) to give fractional conversion of cortisone 

to active cortisol (Figure 2-1). Steroid running distances on traces were confirmed using UV 

imaging of non-radiolabelled steroid controls.  

 

2.5.3 Protein assay 

To normalise steroid fractional conversion, protein concentrations of samples were 

determined by detergent compatible (DC) Protein assay as per manufacturer’s instructions 

(BioRad, UK). Cells were resuspended in RNase-free water, scraped and frozen at -20°C for at 

least 24h to lyse contents. 5 μl of each sample was incubated in duplicate in a 96-well plate 

with 25 μl Reagent A* (20 μl Reagent S per 1 ml Reagent A) and 200μl Reagent B for 15 min 

on a rocker. Bovine serum albumin (BSA; Sigma-Aldrich, UK) in RNase-free water was used as 

Figure 2-1 Representative radioactivity peaks for cortisol and cortisone on a TLC plate 
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a protein standard, with concentrations spanning the range 0-2 mg/ml. Concentration of 

protein was measured as absorbance at 750 nm using a Wallac Victor3 1420 multilabel 

counter (PerkinElmer, UK). The BSA standards were used to plot a standard curve with a linear 

trendline. The equation of this straight line (y = mx + c) was used to formulate the equation 

shown below, which was used to calculate the protein concentration of the samples in 

Microsoft® Excel® v2208: 

𝑝 = (𝑚 𝑥 𝑂𝐷) + 𝑐 

 

In which p = sample protein concentration (mg/ml), m = the gradient of the linear trendline, 

OD = the optical density of the absorbance at 750 nm, c = the y-intercept of the linear 

trendline. 

 

2.5.4 Calculation of 11β-HSD1 enzyme activity 

11β-HSD1 enzyme activity, expressed as picomoles product per milligram protein per hour 

(pmol/mg/hr), was calculated in Microsoft® Excel® v2208 as shown: 

𝐸𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  (
𝐸

𝐸 + 𝐹
) × 𝑆𝐸 × (

1

𝑝
) × (

1

𝑡
) 

 

In which E = cortisone (area of trace peak in counts), F = cortisol (area of trace peak in counts), 

SE = substrate amount (pmol), p = sample protein concentration (mg/ml), t = incubation time 

(hours). 
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2.5.5 LC-MS/MS 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is a commonly used 

technique for quantification of multiple steroids with a high level of sensitivity and specificity. 

LC-MS/MS allows for multiplex analysis of metabolites in a solution using liquid 

chromatography to first separate out individual metabolites based on their differing affinity 

for the water-solvent mobile phase and a linear gradient stationary matrix. After separation, 

the metabolites are ionised, and their mass-to-charge ratios measured by a mass analyser. 

This mass-to-charge ratio is based on the unique chemical composition of each metabolite 

and so allows their identification and quantification (403). 

Steroids from cell culture supernatants were extracted using liquid/liquid extraction. 3 ml of 

the solvent methyl tert-butyl ether (MTBE) was added to each 1 ml of supernatant in silane-

treated borosilicate glass tubes (Fisherbrand, Germany) with internal standards for each 

steroid assessed and vortexed for 15 seconds. Samples were centrifuged at 1500 rpm for 

10min and the upper organic layer containing steroids was collected into new glass tubes. 

Steroid extracts were evaporated for 15 min at 55°C under a nitrogen evaporator (Gebrüder 

Liebisch Labortechnik GmbH, Germany) and then reconstituted in 50/50 methanol/water for 

analysis by LC-MS/MS.  

Quantification of steroids by LC-MS/MS was carried out by Dr Angela Taylor using a Waters 

Xevo® mass spectrometer with ACQUITY ultra performance liquid chromatography system 

with HSS T3 1.2 x 50 mm column (Waters Corporation, UK).  
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2.6 ELISA 

Production of the pro-inflammatory M1 macrophage associated cytokines TNFα, IL-6 and IL-

12 p70 and the anti-inflammatory M2 associated cytokine IL-10 were assessed using enzyme-

linked immunosorbent assay (ELISA) analysis of cell culture supernatants. Cytokine levels are 

typically measured using sandwich ELISA assays. An absorbent microtiter plate is coated with 

polyclonal capture antibody specific to the cytokine of interest. Then the sample is added and 

incubated such that cytokine present in the sample will bind to the capture antibody. A 

“sandwich” is built with an enzyme labelled-detection antibody also specific to the cytokine, 

and then a substrate for that enzyme. This enzyme reaction is chromogenic and so produces 

a coloured product with an optical density proportional to the amount of cytokine present. A 

standard curve is generated using known concentrations of cytokine to calculate the 

concentration of the sample. 

Cytokine production was quantified using Invitrogen Human Uncoated ELISA Kits for TNFα, IL-

12 p70 and IL-10 (all Thermo Fisher Scientific, USA) and Precoated Quantikine® Human IL-6 

ELISA Kit (R&D Systems, USA), following manufacturers’ protocols. Samples were added in 

duplicate and diluted as appropriate in assay diluent. All stages performed at room 

temperatures on a shaker. Colorimetric changes were stopped with 25 µl of 2N H2S04 prior to 

being read at 450 nm on a FLUOstar® Omega Microplate Reader (BMG Labech, Germany). The 

cytokine standards of each plate were used to plot an asymmetric (five parameter) standard 

curve in GraphPad Prism and this was used to interpolate sample cytokine concentrations 

from optical density at 450 nm.  

 



 

92 
 

2.7 Flow cytometry for surface marker expression 

Macrophages were detached from wells using Accutase™ (BioLegend, UK), washed and 

resuspended in PBS supplemented with 0.5% w/v bovine serum albumin (BSA) (Sigma-Aldrich, 

UK) and 2mM EDTA with 10 μg/ml human IgG and incubated at 4°C for 30min to block Fc 

receptors. Cells were washed in PBS, centrifuged at 400g and resuspended in BD Horizon™ 

Fixable Viability Stain 780 (BD Biosciences, UK) diluted 1/1000 in PBS and incubated at room 

temperature for 15 min. A sample of cells was killed by sonication for a positive stain in the 

live/dead control. Cells were washed in PBS, spun down at 400g and resuspended in BD 

Horizon™ Brilliant Stain Buffer (BD Biosciences, UK) and an antibody mix as detailed in Table 

2-7 below (all antibodies from BD Biosciences, UK).  Single stained controls and isotype 

controls were prepared at the same concentration, following Fc blocking. Cells were incubated 

with antibodies for 30min at room temperature, in 96-well plates at a concentration of 1x106 

cells/ml. After staining, cells were washed in PBS, spun down at 400g and resuspended in 4% 

v/v formaldehyde in PBS and incubated at room temperature for 15 min to fix. Fixed cells were 

washed in PBS, spun down at 400g and resuspended in PBS with 0.5% BSA and 2mM EDTA. 

Prior to analysis on a LSRFortessa™ flow cytometer (BD Biosciences, UK) samples were filtered 

through a cell strainer. Data were acquired using DIVA software and analysed with FlowJo v10 

(both BD Biosciences, UK). 
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Marker Fluorochrome Clone Isotype Dilution 

CD16 FITC 3G8 Mouse IgG1 κ 1/100 

CD64 PE-Cy7 10.1 Mouse IgG1 κ 1/100 

CD86 BV510 2331 (FUN-1) Mouse IgG1 κ 1/100 

CD163 PE-CF594 GHI/61 Mouse IgG1 κ 1/100 

CD206 BV421 19.2 Mouse IgG1 κ 1/100 

HLA-DR BV605 G46-6 Mouse IgG2a κ 1/100 

Table 2-7 Flow cytometry antibody staining panel 

 

Antibody dilutions were optimised using stain index calculations. M1 and M2 macrophages 

were individually stained with 1 μl (1/100), 2.5 μl (1/40) or 5 μl (1/20) of antibody or isotype 

control per 100 μl stain volume. The median fluorescence intensity (MFI) of the antibody-

stained population (MFIpositive) and the isotype control-stained population (MFInegative) and the 

standard deviation (SD) of the negative population were calculated from FlowJo and used to 

find the stain index as shown in the equation below. The antibody dilution that gave the 

highest stain index was chosen as this gave the best separation between positive and negative 

staining (Table 2-8). 

𝑆𝑡𝑎𝑖𝑛 𝑖𝑛𝑑𝑒𝑥 =
𝑀𝐹𝐼𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 − 𝑀𝐹𝐼𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

(2𝑥𝑆𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒)
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Marker Fluorochrome Dilution MFIpositive MFInegative SDnegative Stain index 

CD16 FITC 1/100 13000 3126 1010 4.888119 

1/40 17100 3310 3934 1.752669 

1/20 14200 3665 1876 2.807836 

CD64 PE-Cy7 1/100 16500 864 3254 2.4025814 

1/40 19600 1485 5964 1.5186955 

1/20 19700 2323 7864 1.1048449 

CD86 BV510 1/100 15900 4934 12400 0.442177 

1/40 15500 5572 17300 0.286936 

1/20 16700 5929 19000 0.283447 

CD163 PE-CF594 1/100 11200 567 649 8.191834 

1/40 11400 784 908 5.845815 

1/20 11700 1129 1983 2.665406 

CD206 BV421 1/100 15500 184 377 20.313 

1/40 15000 207 5904 1.252795 

1/20 16800 238 551 15.02904 

HLA-DR BV605 1/100 220000 52800 67200 1.244048 

1/40 153000 81900 64700 0.549459 

1/20 136000 135000 79200 0.006313 

Table 2-8 Flow cytometry antibody stain index calculation 
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2.8 Phagocytosis assay 

Phagocytic capacity of macrophages was analysed with the Vybrant™ Phagocytosis Assay kit 

(Thermo Fisher, UK) according to manufacturer’s instructions. Polarised macrophages with or 

without glucocorticoid treatment were incubated with fluorescein-labelled Escherichia coli (E. 

coli) particles for 2h. Particles were removed, cells washed, and then trypan blue solution 

added for 1 min to quench non-internalised fluorescent particles. Samples were read on a 

PHERAstar® Omega microplate reader (BMG LabTech, Germany) to measure fluorescence at 

an excitation of 480 nm and emission of 520 nm. 
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2.9 Viability assay 

Macrophage viability was assessed using an ApoLive-Glo® Multiplex assay (Promega, UK). This 

assay uses two reagents to measure cell viability and apoptosis. Cells are incubated first with 

GF-AFC, a peptide substrate which is broken down by proteases in live cells to release a 

fluorescent product. This fluorescence intensity of this product is proportional to the number 

of viable cells. Cells are then incubated with Caspase-Glo®, a luminogenic caspase-3/7 

substrate. These caspases are activated during apoptosis, therefore a luminescent signal 

proportional to the number of apoptotic cells in the sample is generated. 

RosetteSep™-isolated human blood monocytes were plated on Eppendorf® Cell Imaging 96 

well glass bottom plates (Sigma-Aldrich, UK) at a concentration of 0.2x106 cells/ml for 

differentiation into macrophages. On d6 macrophages were polarised and treated for 24h 

with steroids. Then 20 μl Viability Reagent (10 μl GF-AFC substrate and 2 ml Assay Buffer) was 

added, plate was mixed gently on a rocker and cells were incubated at 37°C for 2h. 

Fluorescence at 400 nm excitation and 505 nm emission was measured using a PHERAstar® 

Omega microplate reader (BMG LabTech, Germany). Immediately after this, 100 μl Caspase-

Glo® 3/7 Reagent was added to each well. The plate was gently mixed on a rocker and 

incubated for 2h at room temperature before luminescence was read on the PHERAstar® 

Omega plate reader. 
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2.10 Sheared hydrogel GC formulations 

2.10.1 Sheared hydrogel generation  

1% w/v low acyl gellan gum (KELCOGEL®, USA) was added to 17 ml deionised sterile water 

with 5% v/v PBS and 10mM sodium chloride (NaCl) crosslinker (Sigma-Aldrich, UK) in a 

Wheaton™ borosilicate glass spinner flask (Thermo Fisher, UK) and autoclaved to dissolve and 

sterilise.  

Once cooled to room temperature, the flask was heated on a magnetic stirrer at 100°C for 15 

minutes, stirring at 500 rpm for the final 10 minutes once the bottom layer of the gel melted. 

Once the gel was molten, 1 ml cortisone (at a concentration of 10 mM in ethanol) or ethanol 

vehicle was added drop-by-drop using a 2 ml syringe through one of the arms of the flask. The 

heating was turned off and the mix was left to gel under constant shear rate of 500 rpm for 

2h until fully gelled. Gels were stored at 4°C until testing on cells or rheology.  

 

2.10.2 Rheological analysis 

Rheology concerns the deformation properties of a material and therefore these attributes 

can be analysed to assess how a material would behave under conditions of applied stress 

such as when being injected. Shear stress is the amount of force that must be exerted on a 

fluid to induce shear flow, where the top layer of a fluid moves at “maximum velocity” while 

the bottom layer “remains stationary”. This deformation in the fluid layers is termed shear 

strain, and its change can be measured over the time a shear stress is applied, resulting in a 

shear rate. The shear rate is the velocity of the uppermost layer of fluid (m/s) divided by the 

distance of this layer from the stationary layer (m) to give the unit 1/s or s-1. Viscosity is the 
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resistance of a fluid to be induced to flow and can be calculated by dividing the shear stress 

by the shear rate (to give Pa/s-1 or Pa∙s). For simple Newtonian fluids such as water viscosity 

does not change with shear stress or rate, and the relationship between these variables is 

linear. However, shear-thinning liquids show decreasing viscosity with increasing shear rate 

(404). This allows shear-thinning materials to be more easily injected, as they become less 

viscous when injection stress is applied. 

Rheological properties of gels were measured using a Kinexus rheometer and analysed with 

rSpace software v1.175.2326 (both Malvern Instruments, UK). Shear-thinning properties of 

gels were assessed using the Viscometry Shear Rate Ramp programme, where an applied 

shear rate was increased (ramp up) and then decreased (ramp down) in logarithmic 

increments to cover the range 0.01-500s-1.  

 

2.10.3 Macrophage treatments 

Macrophages were polarised for 24h into unpolarised M0, M1-like (IFNγ/TNFα) or M2 (IL-4) 

and then treated with 1 μM cortisone, 5 μM cortisone in gel or blank gel for 24h. RNA and 

supernatants were collected and analysed by qPCR or ELISA respectively. 
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2.11 Statistical analysis 

All data were analysed using IBM SPSS Statistics v28.0.1.0 (IBM Analytics, USA) and GraphPad 

Prism v5.03 and v9.5 (GraphPad Software, USA), with a P-value of ≤ 0.05 considered to be 

statistically significant. Normality of data was confirmed using the Shapiro-Wilk normality test. 

AMP dataset RNA-seq and synovial fluid LC-MS/MS correlations were assessed with Pearson 

correlation for parametric data or Spearman correlation for non-parametric data and 

corrected for multiple comparisons with a Bonferroni post-test. Data were analysed using 

Student’s t-test, or one-way ANOVA with post hoc Tukey’s test or two-way ANOVA with Tukey 

correction as appropriate. Experiments were carried out with sample sizes of n ≥ 3, defined as 

independent primary cell cultures from different donors, unless stated otherwise in figure 

legend. * denotes P≤0.05, ** denotes P≤0.01, *** denotes P≤0.001 and **** denotes 

P≤0.0001. 
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Chapter 3 CHARACTERISATION OF GLOBAL STEROID 

METABOLISM PROFILES IN SYNOVIAL MACROPHAGES IN 

HUMAN DISEASE: 

 

3.1 Introduction 

There is a strong body of evidence that supports a dysregulation of circulating GC and 

androgen levels in chronic inflammatory diseases such as RA. This has been implicated in 

disease pathology and inflammation, with an inflammation-induced steroidogenic shift 

towards increased production of GCs at the expense of androgens linked to worse disease 

(357-359). However, in addition to circulating serum levels of steroid determining tissue 

exposure, local steroid metabolism plays a central role in mediating their actions at a tissue 

and cellular level. This intracrine and paracrine activation of steroids has been implicated to 

facilitate anti-inflammatory functions of GCs and androgens on synovial cells (290, 314, 390). 

Previous studies of steroid dysregulation at the local synovial level in RA have focused on the 

balance of estrogens and androgens, however the interplay between synovial GCs and 

androgens has not been addressed (363). 

Several studies have demonstrated the expression and activity of key rate-limiting steroid 

activating enzymes within macrophages which are predicted to possess immunomodulatory 

potential and define the local levels of active steroids in peripheral tissues. These include GC 

activation by the enzyme 11β-HSD1 and androgen activation by the enzymes SRD5A1 and 

AKR1C3 (278, 290, 295, 314, 374, 375, 390). However, how these enzymes, in particular 

SRD5A1 and AKR1C3, are regulated in chronic inflammatory diseases such as RA remains 
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poorly defined. Similarly, it is unknown how expression and activity may change in 

macrophages with inflammation or whether there is differential steroid metabolism across 

the distinct macrophage subtypes that have been found to contribute to protection from or 

promotion of severe arthritic disease (120, 146). Therefore, the expression of these and 

related steroidogenic enzymes in synovial macrophages may have significant implications for 

the dysregulation of GCs and androgens seen in RA, and thereby contribute to disease 

pathophysiology.  

Thus, in this chapter we used a bulk RNA-seq dataset to explore how steroid metabolism 

changed at the cellular level in macrophages across RA disease severity and inflammation. We 

then examined whether these changes are reflected in the local synovial steroid metabolome 

profile using LC-MS/MS analysis of synovial fluid from RA and OA patients. 
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3.2 Materials and methods 

3.2.1 Bulk RNA-seq analysis of synoviocytes  

Bulk RNA-seq analysis was carried out as described in section 2.1 using data from the NIH AMP 

RA Network study (accession code SDY998) (145). The characteristics and demographics of the 

patients in this study are shown in Table 3-1.  

Demographic category Mean (± standard deviation) 

Age 

At sample collection 61 (± 10.48) 

At diagnosis 51.1 (± 13.18) 

Demographic category Number (% of total, n = 30) 

Sex 

Female 23 (76.67%) 

Male 7 (23.33%) 

Ethnicity 

White 20 (66.67%) 

Black 6 (20.0%) 

Asian 2 (6.67%) 

Other 2 (6.67%) 

Table 3-1 AMP RNA-seq study patient characteristics and demographics 

 

Differential steroid metabolism gene expression in high and low DAS28-CRP RA patient 

samples was assessed by BMedSci student Matthew Singh Kalirai a research project under my 
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co-supervision. Cut-offs of DAS28-CRP <2.6 and DAS28-CRP >5.1 for low and high 

inflammatory disease activity respectively were defined according to accepted clinical 

thresholds in the literature and validated by assessment of differential inflammatory gene 

expression in macrophages. DAS28-CRP <2.6 is usually defined as disease in remission, while 

>5.1 is usually defined as severe disease (6). Characteristics of low and high DAS28-CRP groups 

are shown in Table 3-2. Statistical significance of categorical characteristics was assessed by 

Chi-squared test and numerical characteristics assessed by unpaired Student’s t-test. Due to 

low sample numbers, it was not possible to exclude patients who were currently taking 

therapeutic GCs at the time of synovial tissue sample collection. However, a brief analysis of 

differential gene expression between therapeutic groups identified no differences in the 

expression of DAS28-CRP-associated differentially expressed genes identified. 
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Categorical characteristics 

DAS28-CRP <2.6 

(n=8, 40%) 

DAS28-CRP >5.1 

(n=12, 60%) p-value 

Number (% total) 

Sex 
Female 7 (87.5%) 8 (66.67%) 

0.2918 
Male 1 (12.5%) 4 (33.33%) 

Leukocyte 

infiltrate 

Leukocyte rich 1 (12.5%) 12 (100%) 
0.0009 (***) 

Leukocyte poor 7 (87.5%) 0 (0%) 

Taking oral 

steroids at 

time of sample 

collection 

Yes 3 (37.5%) 3 (25%) 

0.6590  
No 3 (37.5%) 7 (58.33%) 

Unknown 2 (25%) 2 (16.67%) 

Numerical characteristics Mean (± SD)  

Age 

At sample 

collection 
61.714 (± 1.658) 57.417 (± 8.826) 0.4181 

At diagnosis 41.833 (± 18.472) 54.167 (± 12.298) 0.1730 

DAS28-CRP 0.496 (± 0.926) 6.184 (± 0.968) 6.78E-10 (****) 

Krenn inflammation score 0.625 (± 0.744) 1.431 (± 1.292) 0.0947 

Table 3-2 DAS28-CRP low and high patient characteristics 

 

3.2.2 Single-cell RNA-seq analysis of synovial tissue macrophage clusters 

The expression of HSD11B1, SRD5A1 and AKR1C3 was assessed in healthy and RA synovial 

macrophages by Professor Mariola Kurowska-Stolarska and her lab group, using a previously 

published single-cell RNA-seq (scRNA-seq) dataset (146). Synovial tissue samples were 
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acquired from RA patients and healthy donors using ultrasound-guided biopsy (n=27; 4 

healthy, 4 undifferentiated peripheral inflammatory arthritis, 6 treatment-naïve active RA, 6 

treatment-resistant active RA and 7 RA in remission). CD11b+ and CD64+ synovial myeloid 

cells were sorted by FACS and 2,000-10,000 cells per sample were sequenced using 10X 

Genomics. Synovial tissue macrophages were clustered by principal component analysis (PCA) 

and uniform manifold approximation and projection (UMAP). The following previously defined 

synovial tissue macrophage clusters were analysed: TREM2low, TREM2high, FOLR2+ ID2+, 

FOLR2high LYVE1+, HLAhigh CLEC10Ahigh, CD48high S100A12+, CD48+ SPP1+, HLAhigh ISG15+ and 

FOLR2+ ICAM1+ (146). 

 

3.2.3 Synovial fluid and serum analysis 

Synovial fluid samples were collected from patients with hip OA or RA as described in section 

2.2. Matched blood serum samples were collected from OA patients by venous draw. 

Measures of disease severity and inflammation were correlated by Pearson or Spearman 

correlation to synovial fluid steroid and inflammatory cytokine levels.  

Patient characteristics are shown in the Table 3-3. Significance was assessed with unpaired 

Student’s t-test (age) or Chi-square test (sex). 
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Characteristics OA (n=27) RA (n=17) 

Age at sample 

collection 

Years (± SD) 69.8 (± 9.5) 55.2 (± 13.8) 

P-value 0.0003 (***) 

Sex 

Number female (%) 16 (59.23%) 12 (70.59%) 

P-value 0.09592 

Table 3-3 OA and RA patient characteristics                  
 

The clinical characteristics of RA patients, DAS28-CRP and CRP, are shown in Table 3-4. 

Significance was assessed using unpaired Student’s t-test. 

 Clinical characteristic Mean SD (±) p-value 

CRP 

Total 28.36 23.313   

Female 26.73 25.769 

 0.487 

Male 34.33 12.014 

 DAS28-CRP 

Total 4.72 0.774   

Female 4.65 0.702 

0.693 

Male 4.96 1.149 

Table 3-4 RA patient clinical characteristics 
 

Due to low sample numbers, it was not possible to exclude patients who were actively 

currently taking therapeutic GCs at the time of synovial fluid sample collection. The effect of 

GC treatment on readouts assessed in this chapter were calculated as shown in Table 3-5, 
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where statistical significance was assessed with Chi-square test (categorical variable; sex) or 

unpaired two-tailed Student’s t-test (numerical variables). 

 

Currently taking GCs  

Yes No P-value 

N (%) 

Total 3 (17.65%) 14 (82.35%)  

Female 1 (8.33%) 11 (91.67%) 
0.1186 

Male 2 (40%) 3 (60%) 

CRP (± SD) 31.33 (± 25.70) 25.58 (± 23.78) 0.7488 

DAS28-CRP (± SD) 3.78 (± 0.20) 4.87 (± 0.72) 0.0032 (**) 

Cortisol (average nM, ± SD) 109.82 (± 57.88) 182.72 (± 63.75) 0.1430 

Cortisone (average nM, ± SD) 6.56 (± 2.71) 16.42 (± 6.48) 0.0029 (**) 

Cortisol/cortisone 17.48 (± 7.15) 12.79 (± 5.55) 0.3759 

TNFα (average pg/ml, ± SD) 41.04 (± 37.86) 96.98 (± 62.11) 0.2673 

Table 3-5 Characteristics of RA patients associated with therapeutic GC use 
 

3.2.3.1 Inflammatory cytokine quantification  

Levels of inflammatory cytokines in synovial fluid samples of 27 OA patients and 6 RA patients 

was measured by Luminex analysis using an Inflammation 20-Plex Human ProcartaPlex™ Panel 

(Thermo Fisher, UK) as described in section 2.2.1. The average levels of TNFα measured in 

synovial fluid of patients is shown in Table 3-6. No significant differences in synovial TNFα 

were found between disease groups, as assessed by unpaired two-tailed Student’s t-test. 



 

108 
 

 n 
Synovial TNFα 

(pg/ml) 
SD (±) P-value 

OA 27 15.434 10.711 
0.0636 

RA 6 69.008 55.274 

Table 3-6 Synovial TNFα levels in OA and RA patients 
 

3.2.3.2 Steroid hormone quantification 

Steroids were extracted from synovial fluid and serum samples by Dr Angela Taylor using 

liquid/liquid extraction and run on a Waters Xevo® mass spectrometer as detailed in section 

2.5.5. The concentration of 25 steroids involved in GC and androgen metabolism 

(Supplementary Table 2) were quantified relative to a calibration series spanning the range 

0.5-1000 ng/ml for each steroid. 

 

3.2.4 Comparison of AMP RNA-seq and synovial fluid RA samples 

The demographics and characteristics of RA patients from the AMP RNA-seq and the synovial 

fluid studies used in this chapter are shown in Table 3-7. Statistical significance of numerical 

variables (age and DAS28-CRP) was assessed by unpaired Student’s t-test and categorical 

variable (sex) by Chi-square test. 
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Characteristics 

RA patients 

P-value 

AMP study (n=30) 
Synovial fluid study 

(n=17) 

Age at sample collection 
(years ± SD) 

61 (± 10.6) 55.2 (± 13.8) 0.155 

DAS28-CRP (± SD) 3.936 (± 2.451) 4.716 (± 0.774) 0.121 

Female sex (n, %) 23 (76.67%) 12 (70.59%) 0.646 

Table 3-7 Characteristics of RA patients in the AMP RNA-seq and synovial fluid studies 
 

3.2.5 Statistical analysis 

Statistical significance was assessed with IBM SPSS Statistics v28.0.1.0 (IBM Analytics, USA) 

and GraphPad Prism v5.03 and v9.5 (GraphPad Software, USA). Normality of data was tested 

using the Shapiro-Wilk normality test. Linear correlation was assessed using Pearson 

correlation for normally distributed data and Spearman correlation for nonparametric data 

with two-tailed P-value computed. Further statistical tests are detailed in Figure legends. 

Statistical significance is presented as follows: * P≤0.05, ** P≤0.01, *** P≤0.001 and **** 

P≤0.0001. 
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3.3 Results 

3.3.1 Synovial macrophage steroid metabolism gene expression correlates with disease 

activity and inflammation 

We initially examined differential gene expression of the global steroidogenic metabolism 

profile of RA synovial macrophages using the AMP bulk RNA-seq dataset of FACS-sorted 

synoviocytes (145). Of the 109 steroid metabolism genes examined in RA macrophages 

(Supplementary Table 1), 6 were found to show significant differential expression of greater 

than 1.5-fold difference between high and low disease activity, as measured by DAS28-CRP 

(Table 3-8).  

The genes that significantly increased with DAS28-CRP in synovial macrophages were the 

organic anion-transporting polypeptide SLCO4A1, the 11β-HSD1 gene HSD11B1 and 5α-

reductase SRD5A1 (Table 3-8). The genes that significantly decreased in expression with higher 

DAS28-CRP were the estrogen inactivating 17β-HSD enzyme HSD17B14, the androgen 

inactivating aldo-keto reductase AKR1C2 and androgen activating aldo-keto reductase 

AKR1C3. In the interests of time and to focus the study we chose to reduce the candidates to 

the known peripheral activators of GCs and androgens: the GC-activating enzyme HSD11B1 

and the rate-limiting androgen activating enzymes SRD5A1 and AKR1C3 (160, 336). 
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Gene 

Log2 fold 

change: 

DAS28-CRP 

high v low 

P-

value 
Function 

SLCO4A1 1.279 
0.0109 

(*) 

Organic anion-transporting polypeptide: 

uptakes estrone-3-sulfate, estradiol-17β-

glucuronide & prostaglandin E2 (405) 

HSD11B1 1.156 
0.0146 

(*) 

11β-hydroxysteroid dehydrogenase with oxo-

reductase activity, GC activating: converts 

cortisone to active GC cortisol and 11-DHC to 

active GC corticosterone (406) 

SRD5A1 0.906 
0.0040 

(**) 

5α-reductase, androgen activating enzyme: 

converts  testosterone to DHT (407) 

HSD17B14 -1.578 
0.0021 

(**) 

17β-hydroxysteroid dehydrogenase, estrogen 

inactivating: converts estrodiol to weaker 

estrogen estradiol estrone (408) 

AKR1C2 -1.915 
0.0013 

(**) 

Aldo-keto reductase, androgen inactivator: 

converts potent androgen DHT to weak 

androgen androstanediol (409) 

AKR1C3 -2.059 
0.0003 

(***) 

Aldo-keto reductase, androgen activator: 

converts DHEA to androstenediol, 

androstenedione to testosterone, and 5α-

androstenedione to DHT (336) 
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Table 3-8 DAS28-CRP high-low separated steroid metabolism DEGs in RA synovial 
macrophages 

 

To examine if this differential expression was a unique property of macrophages, or a shared 

change with inflammation across synoviocytes, expression of these genes was assessed in 

further synovial cell populations in the AMP dataset: fibroblasts, macrophages, T cells and B 

cells (Figure 3-1). This dataset includes the classification of each RA sample based on 

histological analysis of lymphocyte infiltration and thus intensity of local synovitis. Although 

each subset contained equivalent numbers of monocytes and macrophages, leukocyte rich RA 

tissues have high levels of infiltrating T and B cells while leukocyte poor tissues had fewer and 

were more similar to that of OA patients. Leukocyte rich samples were seen to correlate with 

the Krenn inflammation score, a histological measure of severity of inflammation (196). We 

also found leukocyte rich and poor samples significantly correlated with high (>5.1) and low 

(<2.6) DAS28-CRP measures of RA disease activity respectively (Table 3-2). Therefore, these 

categories were used to assess the differential expression of steroid metabolism genes across 

different intensities of local synovitis.  

Although fibroblasts showed high expression of HSD11B1, macrophages were the only 

population to show significant difference in expression of these genes between leukocyte rich 

and leukocyte poor samples (Figure 3-1 A). HSD11B1 (3.2-fold; P≤0.001) and SRD5A1 (1.3-fold; 

Differentially expressed genes (DEGs) from a panel of steroid metabolism genes (supplementary 
table 1) identified as having a statistically significant magnitude log2 fold change > 0.58 (1.5-fold 
change) between DAS28-CRP high (>5.1) and DAS28-CRP low (<2.6) in RA synovial macrophages in 
the AMP bulk RNA-seq dataset (DAS28-CRP high n=12, DAS28-CRP low n=8).  Significance of 
differential expression was assessed by two tailed unpaired Student’s t-test or Mann-Whitney U-
test, with Benjamini-Horchbeg correction for false discovery rate at 5%. (* p≤0.05, ** p≤0.01, *** 
p≤0.001, **** p≤0.0001). 
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P≤0.01) both increased in expression with local synovial inflammation while AKR1C3 

decreased (2.0-fold; P≤0.001).  

The expression of HSD11B2, encoding 11β-HSD2, was briefly assessed as previous reports 

identified this to be the predominant 11β-HSD isozyme expressed in human synovial 

macrophages (289). However, HSD11B2 was only expressed at low levels in macrophages, 

with a nonsignificant slight increase in expression in the less inflamed leukocyte poor samples 

(P=0.1177; Figure 3-1 D).  

Expression of the GR isozyme GRα, NR3C1, and the androgen receptor, AR, was examined to 

ascertain steroid-responsiveness of different cell types. NR3C1 was expressed across all cells 

(Figure 3-1 E) while the AR was mainly expressed by fibroblasts (Figure 3-1 F). The expression 

of both NR3C1 and AR was unchanged between leukocyte rich and poor samples. 
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Figure 3-1 Glucocorticoid and androgen activating enzymes are differentially expressed with 
inflammation in RA synovial macrophages 

RNA expression of (A) the GC activating enzyme HSD11B1, androgen-activating enzymes (B) SRD5A1 
and (C) AKR1C3, (D) GC inactivating enzyme HSD11B2, (E) glucocorticoid receptor NR3C1 and (F) 
androgen receptor (AR) was assessed in leukocyte-poor (low synovial inflammation; - white bars) and 
leukocyte-rich (high synovial inflammation; + black bars) samples in the AMP RNA-seq dataset 
(leukocyte-poor n=12; leukocyte-rich n=11). Data are presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Bonferroni’s multiple comparisons test to 
compare leukocyte rich and poor (** p≤0.01, *** p≤0.001). 
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To assess whether there is an interaction between these changes in macrophage steroid 

metabolism and RA disease severity, the expression of HSD11B1, AKR1C3 and SRD5A1 was 

correlated to DAS28-CRP. As levels of GCs are unaffected by sex, whereas levels of androgens 

such as testosterone and DHT, generated by enzymes AKR1C3 and SRD5A1, are usually higher 

in males than females, samples were grouped for analysis of HSD11B1 expression and sex-

split for AKR1C3 and SRD5A1 (410) (Figure 3-2).  

HSD11B1 RNA expression showed a moderate and significant positive correlation with DAS28-

CRP (r=0.484; P=0.0068; Figure 3-2 A). Likewise, AKR1C3 expression significantly decreased 

(r=-0.557; P=0.0058) and SRD5A1 significantly increased (r=0.545; P=0.0072) with DAS28-CRP 

in female patients (Figure 3-2 A-C). These correlations matched the trends seen in expression 

for each gene with local synovial inflammation as characterised by level of leukocyte 

infiltration.  

Although male patients followed the same trend for each enzyme, the correlations were not 

significant (AKR1C3: P=0.5187; SRD5A1: P=0.2759), likely due to the low male sample size. 
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Figure 3-2 Macrophage expression of HSD11B1, AKR1C3 and SRD5A1 correlates with RA 
disease severity 

Correlations of RA patient disease severity (DAS28-CRP) with macrophage RNA expression of (A) 
HSD11B1, (B) AKR1C3 and (C) SRD5A1 as measured by RNA-seq in the AMP dataset. DAS28-CRP 
severity cut-offs of DAS28-CRP > 2.8 for low disease activity and DAS28-CRP < 5.1 for high disease 
activity as shown by dotted vertical lines (n=30; female n=23; male n=7). Data are presented as 
individual values. Correlation and statistical significance were determined using Pearson or Spearman 
correlation coefficient (** p≤0.01). 
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3.3.2 Examination of changes in steroid metabolism genes across macrophage subsets 

As RA synovial macrophages are highly heterogenous, with distinct subsets identified in 

protection from and pathology of severe disease, the expression of HSD11B1, AKR1C3 and 

SRD5A1 was examined in a previously published scRNA-seq dataset in collaboration with 

Professor Mariola Kurowska-Stolarska (146).  

This dataset defined nine clusters of macrophages present across healthy and RA synovia 

(Figure 3-3 A). The TREM2high subset of synovial tissue macrophages were identified by 

Alivernini et al to be associated with healthy synovial tissue and RA remission, as well as 

expression of pro-resolution markers such as CD163. Severe and treatment-resistant RA was 

instead associated with higher levels of the SPP1+ and S100A12+ subsets, which express high 

levels of osteopontin and alarmin respectively (146).  

HSD11B1 expression was identified primarily within the SPP1+ subset of synovial tissue 

macrophages (Figure 3-3 B) and SRD5A1 expression was particularly enriched within the 

S100A12+ subset. AKR1C3 expression however was found at high levels in the pro-resolution 

TREM2high subset (Figure 3-3 C).  
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Figure 3-3 Steroid metabolism genes are expressed by functionally distinct synovial 
macrophage subsets 

(A) Uniform manifold approximation and projection (UMAP) visualisation of transcriptomically- and 
functionally-distinct macrophage subset clusters identified by scRNA-seq of RA and healthy synovial 

macrophages by Professor Mariola Kurowska-Stolarska (146). UMAP visualisation of density (AU) 
and expression level (AU) for (B) HSD11B1, (C) AKR1C3 and (D) SRD5A1 according to clustering by 
subset. Data are presented as individual samples. n=27; 4 healthy, 4 undifferentiated peripheral 
inflammatory arthritis, 6 treatment-naïve active RA, 6 treatment-resistant active RA and 7 RA in 
remission. 
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3.3.3 Analysis of local synovial fluid steroid availability  

To determine whether changes in local steroid metabolism drive differences in the local 

synovial micro-environment, we examined how steroid profiles compared between matched 

synovial fluid and blood serum samples by LC-MS/MS analysis of OA patients (Figure 3-4). As 

before, female and male samples were combined for GC analysis, but split for androgen 

analysis to avoid potential bias driven by differential adrenal-gonadal output.  

There was an overall trend towards greater levels of steroid in blood serum of males and 

females relative to synovial fluid (Figure 3-4). Significantly higher levels of cortisol were found 

in OA patient serum compared to synovial fluid (1.9-fold; P≤0.001), while cortisone levels were 

equivalent (P=0.8610; Figure 3-4 A). In female patients there was a higher level of both DHEA 

(0.8-fold; P≤0.01) and the precursor 11-oxygenated androgen 11β-hydroxyandrostenedione 

(11OHA4; 2.1-fold; P≤0.001) in serum (Figure 3-4 B). Meanwhile, male patients had higher 

serum 11OHA4 (2.2-fold; P≤0.001) and also higher testosterone (2.5-fold; P≤0.001; Figure 3-4 

C). The data show that, although at a lower level than in serum, steroid metabolites are 

present in synovial fluid and are therefore readily available for conversion by steroidogenic 

cells, such as macrophages.  
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Figure 3-4 Blood serum has greater steroid levels than synovial fluid 

LC-MS/MS was used to compare blood serum (black bars) and synovial fluid (white bars) levels of (A) 
glucocorticoids and androgens in (B) female and (C) male OA patients. n=27, female n=16, male n=11. 
Data are presented as mean ± SEM and statistical significance was determined using two-way ANOVA 
with Bonferroni’s multiple comparisons test (** p≤0.01, *** p≤0.001). 
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Absolute steroid measurements can be confounded in singular spot samples by variation in 

diurnal and ultradian rhythms, and further variations of these rhythms identified between 

tissues, therefore we examined steroid ratios as an independent measure of relative enzyme 

activity (411).  

On comparing the ratio of cortisol/cortisone, testosterone/androstenedione and DHT/5α-

androstanedione as surrogates for 11β-HSD1 and AKR1C3 activity, no differences were found 

between synovial fluid and serum (Figure 3-5 A, C, D). Similarly, there was no difference in the 

ratio of total GCs (cortisone and cortisol) over androgens (DHT and testosterone) (Figure 3-4 

E). The ratio of DHT/T, as catalysed by SRD5A1, was lower in the synovia of female patients 

(1.7-fold; P≤0.05; Figure 3-5 B). This may be due to low availability of the substrate 

testosterone (Figure 3-4 B), or lower expression of SRD5A1 compared to other tissues of the 

periphery. 
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Figure 3-5 Serum and synovial fluid do not have differences in steroid enzymatic activation 

LC-MS/MS was used to compare steroid ratios of blood serum (black bars) and synovial fluid (white 
bars) in OA patients: (A) cortisol/cortisone as mediated by 11β-HSD1, (B) DHT/testosterone as 
mediated by SRD5A1, and (C) testosterone/androstenedione and (D) DHT/5α-androstenedione as 
mediated by AKR1C3. (E) Levels of GCs (cortisol and cortisone) over androgens (DHT and testosterone). 
n=27, female n=16, male n=11. Data are presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Bonferroni’s multiple comparisons test (* p≤0.05). 
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In order to understand the effects of chronic inflammatory disease on relative levels of steroid 

hormones within the synovium, we examined the steroid metabolome profile in synovial fluid 

of OA and RA patients by LC-MS/MS (Figure 3-6). It has been previously reported that steroid 

dysregulation seen in RA has been associated with inflammatory factors such as TNFα, 

whereas the steroid dysregulation seen in OA is associated less with inflammation and more 

with age (358, 412). Therefore, it was expected that any steroid dysregulation would be more 

pronounced in RA.  

As seen in serum, and based on expected adrenal output, total cortisol levels were higher than 

that of cortisone in synovial fluid of both RA and OA patients (Figure 3-6 A). Absolute levels of 

GCs did not differ between OA and RA synovial fluid samples. In both female and male 

patients, synovial androgens were broadly similar across OA and RA (Figure 3-6 B-C). However, 

there was a significantly higher level of 11OHA4 in the synovial fluid of OA patients than that 

of RA patients (female: 2.5-fold, P≤0.0001; male: 2.0-fold, P≤0.01). Androgen precursors such 

as DHEA, androstenedione and testosterone were identified in both RA and OA synovial fluid, 

although at low levels particularly in female patients.  

Together these data indicate that the GC and androgen profiles of OA and RA synovial fluid 

are broadly similar, and that RA synovial fluid possesses inactive steroid metabolites, such as 

cortisone and androstenedione, which are available for local metabolism and activation.  
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Figure 3-6 OA and RA synovial fluid have similar steroid profiles 

LC-MS/MS was used to quantify steroids in synovial fluid of OA (black bars) and RA synovial fluid (white 
bars): levels of (A) glucocorticoids and androgens in (B) female and (C) male patients. OA female n=16, 
male n=11; RA female n=12, male n=5. Data are presented as mean ± SEM and statistical significance 
was determined using two-way ANOVA with Bonferroni’s multiple comparisons test (** p≤0.01, **** 
p≤0.0001). 
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As before (Figure 3-5), we examined steroid ratios as an independent measure of relative 

enzyme activity to assess differences in metabolism between OA and RA synovial fluid (Figure 

3-7).  

No differences were seen in 11β-HSD1 (Figure 3-7 A) and SRD5A1 (Figure 3-7 B) activity, 

however sex differences were noticeable on assessing AKR1C3 activity. The ratios of 

testosterone/androstenedione (Figure 3-7 C) and DHT/5α-androstanedione (Figure 3-7 D) 

were significantly higher in male RA (T/A4 male RA v female RA: 19.7-fold, P≤0.01) and OA 

patients (DHT/5α-androstanedione male OA v female OA: 12.1-fold, P≤0.001), respectively, 

compared to their female counterparts. However, only DHT/5α-androstanedione was found 

to significantly differ with disease, with a lower level seen in male RA patients compared to 

OA patients (4.5-fold, P≤0.05; Figure 3-7 D).  

The ratio of GCs/androgens was assessed as level of cortisol and cortisone over testosterone 

and DHT to measure the balance of metabolites at the final stages of each steroidogenic 

pathway, to assess whether local synovial steroid metabolism could recapitulate systemic 

adrenal GCs/androgen dysregulation seen previously in inflammatory disease (356). There 

was a trend towards higher levels of GCs/androgens in RA patients compared to OA patients, 

however this was not significant (Female OA v RA: 1.7-fold, P= 0.1876; male OA v RA: 12.4-

fold, P= 0.5984; Figure 3-7 E). 

Collectively, these data imply that while absolute levels of steroids may be broadly similar 

between OA and RA synovial fluid, the differential activity of AKR1C3 between them suggests 

that activity of steroidogenic enzymes may vary with disease severity and inflammation.  
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Figure 3-7 Sex- and disease-specific differences in androgen activation by AKR1C3 in OA and 
RA synovial fluid 

LC-MS/MS was used to compare steroid ratios in synovial fluid of OA (black bars) and RA synovial fluid 
(white bars) female and male patients: (A) cortisol/cortisone as mediated by 11β-HSD1, (B) 
DHT/testosterone as mediated by SRD5A1, and (C) testosterone/androstenedione and (D) DHT/5α-
androstenedione as mediated by AKR1C3. (E) Levels of GCs (cortisol and cortisone) over androgens 
(DHT and testosterone). OA female n=16, male n=11; RA female n=12, male n=5. Data are presented 
as mean ± SEM and statistical significance was determined using two-way ANOVA with Bonferroni’s 
multiple comparisons test (* p≤0.05, ** p≤0.01, *** p≤0.001). 
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3.3.4 Correlation of steroidogenic enzyme activity with measures of disease severity  

Using synovial steroid profiles as determined by LC-MS/MS, the enzyme activity of 11β-HSD1 

(cortisol/cortisone), AKR1C3 (testosterone/androstenedione and DHT/5α-androstanedione) 

and SRD5A1 (DHT/testosterone) and the levels of total GCs relative to active androgens 

(cortisone + cortisol/testosterone + DHT) were calculated, and their correlation with markers 

of disease activity and inflammation in RA patients assessed. 

A weak positive correlation between cortisol/cortisone and CRP was seen (r=0.342), implying 

higher 11β-HSD1 activity (Figure 3-8 A). There was a negative correlation between 

DHT/testosterone and CRP in both male (r=-0.999) and female patients (r=-0.474), which was 

also seen for DHT/5α-androstanedione (female: r=-0.943) and testosterone/androstenedione 

(female: r=-0.452; Figure 3-8 B-D). These changes would favour increased GC levels and 

reduced androgen activation with inflammation, which was supported by moderate positive 

correlations seen between levels of GCs/androgens and CRP (female: r=0.409; male: r=0.500; 

Figure 3-8 E). However, none of these correlations were statistically significant. 
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Figure 3-8 Ratios of synovial GCs and androgens do not correlate with RA patient CRP 

Ratio of synovial fluid (A) cortisol over cortisone (n=14; female n=11; male n=3), (B) 
dihydrotestosterone (DHT) over testosterone (T) (n=14; female n=11; male n=3), (C) DHT over 
androstenedione (5α-dione) (n=5; female n=3; male n=2), (D) testosterone over androstenedione (A4) 
(n=10; female n=8; male n=2) and (E) cortisone and cortisol over testosterone and DHT 
(GCs/androgens) (n=14; female n=11; male n=3 ) calculated by LC-MS/MS and C-reactive protein (CRP). 
Female patients are represented by black circles and male patients by grey triangles. Data are 
presented as individual datapoints. Correlation and statistical significance were determined using 
Pearson or Spearman correlation with Bonferroni’s post-test correction for number of repeated 
measures. 
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Ratios of GCs and androgens were then assessed against DAS28-CRP as a measure of global 

disease activity in RA patients. Here, synovial cortisol/cortisone was not found to correlate 

with DAS28-CRP (r=-0.080; Figure 3-9 A). Similarly, levels of active androgens over precursors 

did not correlate with DAS28-CRP, apart from a strong negative, though nonsignificant, 

correlation with AKR1C3 activity (DHT/5α-androstanedione: r=-0.999; 

testosterone/androstenedione: r=-0.997) and DAS28-CRP in male patients (Figure 3-9 C-D). As 

with CRP measurements, the GCs/androgens (cortisone and cortisol over testosterone and 

DHT) ratio positively correlated with DAS28-CRP, although far more so in male patients 

(r=0.999) than in female patients (r=0.255, Figure 3-9 E). 

Together, these data show no significant correlation between synovial steroid levels and 

measures of inflammation (CRP) or disease activity (DAS28-CRP) in RA patients. 
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Figure 3-9 Ratios of synovial GCs and androgens do not correlate with RA patient DAS28-CRP 

Ratio of synovial fluid (A) cortisol over cortisone (n=14; female n=11; male n=3), (B) 
dihydrotestosterone (DHT) over testosterone (T) (n=14; female n=11; male n=3), (C) DHT over 
androstenedione (5α-dione) (n=6; female n=3; male n=3), (D) testosterone over androstenedione (A4) 
(n=11; female n=8; male n=3) and (E) cortisone and cortisol over testosterone and DHT 
(GCs/androgens) (n=14; female n=11; male n=3 ) calculated by LC-MS/MS and patient DAS28-CRP. 
Female patients are represented by black circles and male patients by grey triangles. DAS28-CRP 
severity cut-offs of DAS28-CRP < 5.1 for high disease activity as shown by dotted vertical line. Data are 
presented as individual datapoints. Correlation and statistical significance were determined using 
Pearson or Spearman correlation with Bonferroni’s post-test correction for number of repeated 
measures. 
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3.3.5 Correlation of steroidogenic enzyme activity with synovial TNFα  

TNFα is a potent pro-inflammatory cytokine with defined roles in pathology of inflammatory 

diseases such as RA, particularly within macrophages, and strongly linked with systemic 

steroid dysregulation (356, 358). Therefore, the relationship between levels of synovial TNFα 

and steroids was investigated to determine if steroid dysregulation was similarly linked to local 

synovial inflammation. RA was compared to OA as an arthritic disease with less of an 

inflammation-induced steroid dysregulation component.  

Synovial 11β-HSD1 activity was assessed using ratio of cortisol/cortisone (Figure 3-10). 

However, levels of cortisol/cortisone and TNFα did not correlate in RA or OA patients. 

  

Figure 3-10 Synovial 11β-HSD1 activity does not correlate with TNFα levels 

Ratio of synovial cortisol over cortisone calculated by LC-MS/MS and synovial TNFα as quantified by 
Luminex for OA patients (grey circle) and RA patients (black triangle) (n=38; OA=27; RA n=6). Data are 
presented as individual datapoints. Correlation and statistical significance were determined using 
Pearson or Spearman correlation with Bonferroni’s post-test correction for number of repeated 
measures. 
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The activity of the enzyme SRD5A1 in local inflammation was investigated by assessing the 

ratio of DHT/testosterone against synovial TNFα (Figure 3-11). Male RA patients, but not OA 

patients, showed a moderate positive correlation between DHT/testosterone and TNFα 

(r=0.757, Figure 3-11 B), which corroborates the increased macrophage expression of SRD5A1 

with synovial inflammation previously shown (Figure 3-1 C). In female RA patients this trend 

was negative (r=-0.475), likely due to low synovial levels of DHT, while female OA patients 

showed a weak positive trend between SRD5A1 activity and TNFα (r=0.221, Figure 3-11 A).  

  

Figure 3-11 Synovial SRD5A1 activity does not correlate with TNFα levels 

Steroid ratios as calculated by LC-MS/MS were correlated with synovial TNFα as quantified by Luminex 
for OA patients (grey circle) and RA patients (black triangle). The ratio of DHT over testosterone in (A) 
female and (B) male patients. Female OA n=16, RA n=3; male OA n=11, RA n=3. Data are presented as 
individual datapoints. Correlation and statistical significance were determined using Pearson or 
Spearman correlation with Bonferroni’s post-test correction for number of repeated measures. 
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The activity of AR1C3 was assessed using the ratios of DHT/5α-androstanedione and 

testosterone/androstenedione (Figure 3-12). The ratio of DHT/5α-androstanedione was 

negatively correlated with synovial TNFα in OA patients (females: r=-0.423; males: r=-0.205) 

and female RA patients (r=-0.475, Figure 3-12 A-B). This is in line with the decreased 

macrophage expression of AKR1C3 seen with higher synovial inflammation (Figure 3-1 B), 

however this was not significant and could not be tested in male RA patients due to low 

sample numbers. Similarly, it was not possible to assess testosterone/androstenedione in RA 

patients due to low sample numbers, while OA patients showed weak positive correlations 

between testosterone/androstenedione and TNFα (females: r=0.132; males: r=0.371; Figure 

3-12 C-D). 

Collectively, these data do not show any significant relationship between ratios of active GCs, 

mediated by 11β-HSD1, and androgens, mediated by SRD5A1 and AKR1C3, and local levels of 

TNFα in either OA or RA. 
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Figure 3-12 Synovial AKR1C3 activity does not correlate with TNFα levels 

Steroid ratios as calculated by LC-MS/MS were correlated with synovial TNFα as quantified by Luminex 
for OA patients (grey circle) and RA patients (black triangle). The ratio of DHT over 5α-dione in (A) 
female (OA=8; RA n=3) and (B) male patients (OA=6; RA n=3). The ratio of testosterone (T) over 
androstenedione (A4) in (C) female (OA=16) and (D) male patients (OA=9; RA n=2). Data are presented 
as individual datapoints. Correlation and statistical significance were determined using Pearson or 
Spearman correlation with Bonferroni’s post-test correction for number of repeated measures. 
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Finally, the balance of GCs (cortisone and cortisol) and androgens (testosterone and DHT) in 

synovial fluid was measured against TNFα levels (Figure 3-13). While RA patients showed 

positive correlations between GCs/androgens and TNFα (females: r=0.984; males: r=0.500) 

and this was not found in OA patients, these correlations were not significant. 

Together these data do not show translation of changes identified in synovial macrophage 

steroidogenic gene expression with RA severity and inflammation to local changes in steroid 

metabolism identifiable at the synovial fluid level. 

 

  

Figure 3-13 Synovial GCs/androgens do not correlate with TNFα levels 

Ratio of synovial cortisone and cortisol (GCs) over DHT and testosterone (androgens) calculated by 
LC-MS/MS and synovial TNFα as quantified by Luminex for OA (grey circle) and RA (black triangle) (A) 
female (OA=16; RA n=3) and (B) male patients (OA=11; RA n=3). Data are presented as individual 
datapoints. Correlation and statistical significance were determined using Pearson or Spearman 
correlation with Bonferroni’s post-test correction for number of repeated measures. 
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3.4 Discussion 

Steroid dysregulation is a key feature of RA and is known to be driven by the chronic 

inflammatory backdrop of the disease. As macrophages are capable of metabolising both GCs 

and androgens, with resulting negative regulatory effects on inflammatory functions, the 

expression of steroid metabolising enzymes in synovial macrophages was examined. We have 

identified that three enzymes with rate-limiting roles in peripheral activation of GCs and 

androgens (HSD11B1, AKR1C3 and SRD5A1) were among the most strongly differentially 

expressed, when we compared high and low DAS28-CRP disease activity, in RA synovial 

macrophages (Table 3-8). This implies that these cells are dynamically changing the 

metabolism and activation of GCs and androgens across inflammation and disease activity in 

RA. The significance of this is difficult to interpret, but we suspect it may underpin reported 

changes in steroid hormone profiles favouring increased GCs and decreased androgens that 

have been reported in RA and further chronic inflammatory diseases (356, 357). 

Using further analysis of the AMP RNA-seq dataset, it was confirmed that this inflammation-

mediated differential enzyme expression was unique to macrophages when compared to 

other major cell types in the inflamed synovia: fibroblasts, T cells and B cells (Figure 3-1). In 

leukocyte-rich samples, with higher synovitis and infiltrate, synovial macrophages 

upregulated HSD11B1 and SRD5A1, but downregulated AKR1C3 compared to those from less 

inflamed leukocyte-poor samples. This significant correlation was also seen with DAS28-CRP, 

suggesting that the dysregulation of steroid metabolism by macrophages in the local inflamed 

synovia had a global effect on disease severity. High expression of HSD11B1 was also seen in 

fibroblasts, however this did not change between leukocyte rich and poor samples (Figure 3-



 

137 
 

1 A). The former finding was expected, as RA FLS are known to express 11β-HSD1 and this 

contributes to protection from severe arthritic disease, as seen on mesenchymal knock out of 

11β-HSD1 in murine polyarthritis (314). However, that RA fibroblast HSD11B1 expression 

levels are not differentially regulated by local inflammation is noteworthy, as it suggests that 

macrophage pre-receptor GC metabolism is far more acutely regulated in inflammatory 

diseases such as RA. Importantly though, the activity of the 11β-HSD1 enzyme is regulated not 

only at the transcriptional level, but also through availability of its cofactor NAPDH, and similar 

posttranslational mechanisms of regulation are known for SRD5A1 and AKR1C3 (258).  

Analysis of GC and androgen activating enzymes in the scRNA-seq dataset of synovial 

macrophages suggested an interesting functional link for this differential expression (Figure 

3-3). HSD11B1 and SRD5A1 expression were both found within macrophage subsets 

previously associated with more severe RA, while AKR1C3 expression was more found within 

pro-resolution subsets present in healthy and RA-remission synovia (146). This suggests a 

distinct shift in macrophage steroid metabolism as inflammatory disease progresses, with a 

loss of AKR1C3-mediated activation of earlier androgen precursors and the acquisition of a 

phenotype that preferentially activates GCs and later stage androgens via 11β-HSD1 and 

SRD5A1. Additionally, TREM2+ macrophages have previously been identified as a key tissue 

resident macrophage population for maintenance of synovial barrier integrity prior to the 

onset of arthritis (13). The expression of AKR1C3 in these healthy- and remission-associated 

TREM2+ clusters implies that early stage activation of androgens by macrophages could be 

important in resolution of inflammation and disease activity. 



 

138 
 

The functional relevance of this dysregulated steroid metabolism transcriptome was assessed 

in synovial fluids from RA patients. It was expected that, were synovial macrophages 

contributing significantly to the local synovial fluid metabolome, we would find an increase in 

cortisol/cortisone and perhaps DHT/testosterone with local and systemic measures of 

inflammation and disease severity, due to inflammation-induced increases in HSD11B1 and 

SRD5A1 expression in macrophages. Moreover, total levels of androgens relative to GCs would 

decrease due to the inflammation-induced downregulation of AKR1C3, as this enzyme 

catalyses many key activation steps in androgen activation along the pathway, including 

testosterone/androstenedione and DHT/5α-androstanedione. It has been previously shown 

that 11β-HSD1 activity positively correlated with systemic inflammation, as measured by CRP 

and ESR, as well as levels of synovial infiltrate (309, 310). Although studies of steroid 

dysregulation in the synovial fluid have focused on the balance of estrogens/androgens, due 

to the reported inflammatory-mediated increase in serum GCs/androgens in RA, we expected 

a similar shift in the synovia (356-359). As inflammation drives further systemic and local 

generation of GCs, steroid biosynthesis may switch to preferentially generate GCs at the 

expense of androgens, which may contribute to the paucity of androgens in synovial fluid, in 

addition to the generation of estrogens via inflammation-induced aromatase upregulation on 

cells such as fibroblasts (364, 377). The balance of active androgens and GCs may therefore 

be reflected in measures of systemic inflammation and RA disease activity.  

However, no significant correlations were identified with steroid ratios and measures of CRP, 

DAS28-CRP or synovial TNFα in this study. As synovial fluid steroids were seen to closely match 

the profiles of sera (Figure 3-4), it is likely that levels of steroids in synovial fluid represent only 

systemic serum changes, with any potential local metabolic differences being masked by this. 
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Synovial fluid is known to have a very high turnover and lipophilic steroids diffuse across the 

synovial membrane with ease (413, 414). The only steroid ratio that was found to be 

significantly different between synovial fluid and serum was DHT/testosterone, but only in 

female patients (Figure 3-5 B). Similarly, the level of DHT/5α-androstanedione was seen to be 

lower in male RA patients than OA patients, perhaps due to an inflammation-induced decrease 

in macrophage AKR1C3 expression (Figure 3-7 D). However, neither of these changes were 

seen to be linked to inflammation or disease severity on closer analysis in RA patients. 

This study was further limited due to the nature of sample collection, as it was not possible to 

control for the time of day, fasting state or other factors known to influence steroid 

availability. Circadian and ultradian rhythms drive steroid production from the adrenal glands, 

and further temporal variation can be seen even within peripheral tissues (411, 415). A further 

study controlling for this by taking synovial fluid and serum samples from patients at the same 

time of day would give a better representation of steroid availability, however singular “spot 

analysis” of steroid levels would not give an accurate representation of what is likely a dynamic 

metabolic process between multiple cell types. Additionally, it was not possible to exclude 

patients taking therapeutic GCs from these studies. Although these were only a minority of 

patients, it was seen that those taking GCs had significantly lower synovial cortisone and 

DAS28-CRP (Table 3-5). 

Previous research has found stronger positive correlations between (THF+5aTHF)/THE, a 

urinary measure of 11β-HSD1 activity, and ESR and CRP in established RA, whereas early 

persistent RA and resolving arthritis showed little to no correlation (310). Unfortunately, it 

was not possible to stratify the serum and synovial fluid samples in this study in this manner 
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due to low sample numbers and unavailability of exact diagnoses. As shown in Table 3-7, RA 

patients in the synovial fluid study had an equivalent average DAS28-CRP score to the AMP 

study RA patients, 4.716 versus 3.936. This score is defined as moderate disease activity, 

however none of the patients in this study had a DAS28-CRP score lower than this moderate 

score range (≥3.2 to <5.1) and therefore our range of disease severity was limited (6). Further 

analysis with a larger sample of patients covering progression and resolution of disease, from 

remission/low activity through to high disease activity, could provide further insight into the 

relevance of steroid dysregulation to disease severity. Furthermore, the urinary metabolite 

study solely recruited GC- and DMARD-naïve patients to prevent interactions of synthetic 

steroids or anti-inflammatory agents on metabolism (310). Urine samples, used to calculate 

11β-HSD1 activity, were collected from all patients in the mid-morning, following previous 

validation of this timepoint as an accurate representation of the GC ratios seen in a full 24-

hour urine profile. A similar validation of synovial fluid steroid levels could identify the optimal 

timepoint for collection, however this would be far more invasive than urinary analysis. 

Additionally, this would likely not overcome the high turnover of synovial fluid and 

equilibration with serum obscuring local steroid metabolism. 

Correlation of steroid ratios with disease activity and inflammation necessitated separation of 

the samples by sex, as sex-dependent differences were identified in both of the ratios assessed 

for AKR1C3 in OA and RA synovial fluid, where male patients were found to have higher ratios 

of testosterone/androstenedione and DHT/5α-androstanedione (Figure 3-7 C-D). However, 

despite similar measures of CRP and DAS28-CRP for male and female RA patients (Table 3-4), 

this reduced sample sizes for comparisons and so individual variability was not controlled for. 

This loss was particularly compounded on analysis of AKR1C3 activity as the precursors 
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androstenedione and 5α-androstanedione were found only at low levels, sometimes below 

the limit of detection, particularly in female patients. Finally, this study was limited by the age 

ranges of the patients. Whilst the significantly older average age of the OA patients compared 

to RA patients (69.8 v 55.2; Table 3-3) does accurately represent trends in disease 

presentation, age-matching would allow a better comparison of age-associated and 

inflammatory-associated steroid dysregulation between these diseases. Therefore, further 

analysis of a larger sample size for each disease, with age- and sex-matching, would provide a 

more accurate depiction of steroid dysregulation with disease and provide additional 

opportunities for variable control.  

The identification of 11-oxygenated androgens in the synovial fluid was unexpected, and has 

not been previously reported. 11OHA4 and 11OHT, precursors with limited androgenic 

activity, are both mainly produced in the adrenal glands from CYP11B1-hydroxylation of 

androstenedione and testosterone respectively and released into circulation (320). These can 

be converted to their keto forms, 11-ketoandrostenedione (11KA4) and 11-ketotestosterone 

(11KT) by 11β-HSD2, and 11KA4 into 11KT by AKR1C3, in the adrenals or, preferentially, the 

periphery (416). Although 11KA4 is largely inert as an androgen, 11KT has equivalent 

androgenicity to testosterone (322). PBMCs have recently been shown to convert 11KA4 into 

11KT by AKR1C3, however this was found to be mainly by natural killer cells, with little to no 

activity in monocytes (323). As human RA synovial macrophages have been identified to 

express both 11β-HSD2, according to previously published immunohistochemistry analysis, 

and AKR1C3 in this study (Figure 3-1 C) it is an intriguing possibility that they could be 

catalysing both the reduction of 11-hydroxy androgens into keto forms and generation of 

active 11KT (289). With the reduction of AKR1C3 expression seen with increasing local RA 
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inflammation and disease severity (Figure 3-1 and Figure 3-2) there could be a reduction in 

generation of 11KT, and therefore any potential anti-inflammatory effects from this active 

androgen. However, as of yet there has been no exploration of the effects of 11-oxygenated 

androgens on macrophages. Additionally, 11β-HSD2 was not among the genes seen to be 

significantly differentially regulated with RA severity and inflammation (Figure 3-1 D). Further 

analysis was beyond the scope of this thesis, as we sought to focus on androgens generated 

by the classical and alternate pathways only, though 11-oxygenated androgens may have roles 

in regulation of inflammation in the synovia. 

Although synovial macrophages have previously been shown to convert testosterone into 

DHT, presumably by SRD5A1, and other human macrophage populations appear to express 

both SRD5A1 and AKR1C3, there are other cells populations in the synovia that could also 

express these enzymes and contribute to synovial steroid levels (374, 375, 390). T cells and B 

cells have previously been found generate DHT via SRD5A1 expression, and here it was found 

that RA synovial T and B cells both expressed SRD5A1, while T cells also expressed lower levels 

of AKR1C3 (Figure 3-1 B, C) (346). Similarly, RA fibroblasts were found to express both SRD5A1 

and AKR1C3, which does not appear to have been reported before in the synovia (Figure 3-1 

B, C). Although these expression levels did not change with leukocyte infiltration level, this 

does not rule out posttranslational regulation of enzyme activity by inflammation in arthritic 

disease, and so these cell types may contribute to the changes in androgen levels seen with 

RA. Finally, as fibroblasts were seen to be the main population expressing AR, with a far lower 

expression level in macrophages, it may be that while macrophages produce androgens 

locally, fibroblasts are the main androgen-responsive population. Given the rapid fluid 
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turnover of the synovium, our analysis will not have captured the intracrine and paracrine 

steroid metabolism present within and between these cells.  

In conclusion, this study confirmed distinct regulation of GC and androgen steroid metabolism 

genes in macrophages, which may be linked to their function in the RA synovia. However, 

synovial analysis was insufficient to prove contribution to synovial fluid steroid levels and 

dysregulation with inflammatory disease. As macrophages express both the receptor and 

activating enzyme for GCs, they may contribute to both intracrine and paracrine GC-induced 

regulation of inflammation. Meanwhile, the expression of androgen activating enzymes, with 

lower levels of AR, imply a stronger role for synovial macrophages in increasing local paracrine 

availability of androgens. Unfortunately, the dynamic nature of synovial fluid turnover and the 

insufficient sample size and controls in our synovial fluid study meant that analysis was unable 

to capture a functional outcome of the transcriptional changes seen. These data also imply 

that intracellular levels of steroids could be more relevant for inflammatory disease, therefore 

the effects of intracrine and paracrine steroid metabolism of GCs and androgens is further 

investigated in macrophages in vitro in the following chapters of this thesis. 
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Chapter 4 MACROPHAGE METABOLISM OF 

GLUCOCORTICOIDS AND FUNCTIONAL EFFECTS ON 

INFLAMMATORY PROFILES 

 

4.1 Introduction 

As central drivers of the inflammatory response, macrophages are key targets of the anti-

inflammatory properties of GCs. GC treatment of inflammatory-activated macrophages 

downregulates their anti-microbial and pro-inflammatory functions and influences their 

polarisation states, as reviewed in section 1.3.4 (226-229, 235, 236). The GC-activating enzyme 

11β-HSD1 has previously been shown to be upregulated upon inflammatory activation of 

macrophages by factors such as IFNγ and LPS (104, 273, 291). This facilitates the intracrine 

activation of GCs within macrophages, influencing their cytokine release profiles and pro-

resolution functions, evidenced in murine models of transgenic Hsd11b1 deletion. In this 

context, murine macrophages show excessive production of pro-inflammatory cytokines upon 

stimulation and delayed phagocytosis of apoptotic neutrophils in models of sterile 

inflammation (278, 295). However, the regulation of 11β-HSD1 and its effects on inflammatory 

functions in human macrophages have not been fully ascertained. 

Analysis of the AMP bulk RNA-seq dataset in Chapter 3 identified that synovial macrophage 

expression of the 11β-HSD1 gene HSD11B1 significantly correlated with severity of 

inflammation and disease in RA patients, and scRNA-seq cluster analysis suggested that this 

expression was localised to a pro-inflammatory pathogenic synovial macrophage subset. 

Whilst measures of GC metabolism in the synovial fluid did not yield significant correlations 
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with synovial cytokine profiles or changes in disease severity, this experimental design was 

not sufficient to explore the role of local intracrine and paracrine GC metabolism on the 

inflammatory function of macrophages. Therefore, in this chapter we used in vitro cultures of 

macrophages polarised to distinct pro- and anti-inflammatory states to investigate the effect 

of intracrine GC metabolism by 11β-HSD1 on macrophage inflammatory profiles and function.  
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4.2 Materials and methods 

4.2.1 Macrophage culture 

4.2.1.1 Validation of monocyte sorting purity 

Monocytes were isolated from human blood cones by RosetteSep™ as previously described 

(section 2.3.1). To compare isolation efficacy, PBMCs were isolated from blood cones by 

density gradient centrifugation. Blood was layered over Lymphoprep™ density gradient 

medium (Stem Cell Technologies, UK) and centrifuged at 1200g for 30 minutes with low 

acceleration and brake off.  

Isolated PBMCs and RosetteSep™ isolated monocytes from matched samples were washed in 

PBS, stained with CD14+ PE antibody (clone MPHIP9, BD Biosciences, UK) diluted 1/100 in PBS 

for 30min and then washed in PBS and resuspended in PBS with 0.5% BSA and 2 mM EDTA (all 

Sigma-Aldrich, UK). Unstained PBMCs and monocytes from the same samples were ran as 

negative controls to set CD14+ gating. Cells were filtered through a 100 μm cell strainer before 

analysis and ran on a LSRFortessa™ flow cytometer (BD Biosciences, UK). Data were acquired 

using DIVA software and analysed with FlowJo v10 (both BD Biosciences, UK).  

Monocytes isolated from blood with RosetteSep™ had a CD14+ purity of around 90% (Figure 

4-1). 
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4.2.1.2 Macrophage polarisation and validation 

Macrophages were differentiated from CD14+ human blood monocytes, as detailed in section 

2.3.1. After differentiation in 20 ng/ml M-CSF, macrophages were treated with polarising 

factors, as shown in Figure 4-2.  

To validate M1 and M2 polarisation and assess differential GC metabolism, differentiated 

macrophages were treated with 20 ng/ml IFNγ and 10 ng/ml LPS (M1), 20 ng/ml IFNγ and 10 

ng/ml TNFα (M1-like) or 20 ng/ml IL-4 (M2), or untreated (M0) for 24h in macrophage media 

(RPMI and 20 ng/ml M-CSF) before analysis by qPCR, ELISA or flow cytometry. 

Figure 4-1 Purity of RosetteSep™ isolated blood monocytes 

Representative scatter plots showing proportion of CD14+ cells as measured by flow cytometry in (A) 
peripheral blood mononuclear cells (PBMCs) isolated by density gradient centrifugation and (B) cells 
isolated from whole blood with RosetteSepTM Monocyte Enrichment kit. (C) Percentage of CD14+ cells 
in PBMCs and RosetteSepTM-isolated monocytes (n=3). Data are presented as mean ± SEM and 
statistical significance was determined using Student’s paired t-test (** p≤0.01). 
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4.2.1.3 Macrophage GC treatment during polarisation 

To assess effects of GCs on polarisation, macrophages were concurrently treated with 1000 

nM cortisol or cortisone, or ethanol vehicle control, during 24h polarisation as previously 

described. To assess the effect of PPARγ-agonism on HSD11B1 expression, macrophages were 

treated with 1 μM rosiglitazone (VWR International, UK) or DMSO vehicle control (Sigma-

Aldrich, UK), with or without 1000 nM cortisol. Following 24h treatment, RNA was isolated for 

qPCR analysis and supernatants for ELISA analysis.  

 

Figure 4-2 Generation of human blood monocyte-derived macrophages 

1. Monocyte isolation – CD14+ monocytes isolated directly from whole blood with RosetteSepTM kit. 2. 
Macrophage differentiation – isolated monocytes differentiated into macrophages with d6 M-CSF 
treatment, with media changes on d2 and d5. 3. Macrophage polarisation – mature differentiated 
macrophages are polarised with cytokines into functionally distinct phenotypes. 



 

149 
 

4.2.1.4 The effects of pre-receptor GC metabolism on macrophage inflammatory function 

Macrophages were treated for 24h with 20 ng/ml IFNγ and 10 ng/ml TNFα (M1-like) or 

untreated (M0) in macrophage media (RPMI and 20 ng/ml M-CSF). After 24h, media was 

changed, and polarised macrophages were treated with 1000 nM cortisone or ethanol vehicle 

for a further 24h. 10 ng/ml LPS or vehicle was added for 8h before RNA and media collected 

for analysis. 

 

4.2.1.5 Human alveolar macrophage isolation and culture 

Alveolar macrophages were isolated by Dr Rahul Mahida and Lauren Davies at the Institution 

of Inflammation and Ageing at the Queen Elizabeth Hospital Birmingham as detailed in section 

2.3.2. Macrophages were activated with 1 μg/ml LPS and treated with or without 100 nM or 

1000 nM cortisol or 1000 nM cortisone during 24h polarisation to assess inflammatory 

activation and GC responses. 

 

4.2.2 Gene expression analysis 

Following appropriate treatment timepoint, RNA was isolated from macrophage cultures with 

an innuPREP RNA Mini kit (Analytik Jena, Germany), following manufacturer’s protocol, as 

described in section 2.4.1. Yield and purity of samples, as determined by absorbance ratios at 

260/280 and 260/230, was measured on a NanoDrop™ ND-1000 spectrophotometer 

(Wilmington, USA). 350 ng of RNA per sample was reverse transcribed using Applied 

Biosystems High-Capacity cDNA Reverse Transcription Kit and a GeneAmp® PCR System 27000 

machine (Applied Biosystems, UK), following the protocol detailed in section 2.4.2. qPCR 
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analysis was carried out on a QuantStudio™ 5 Real-Time PCR System (Applied Biosystems, UK) 

with TaqMan probes, listed in section 2.4.3. Expression of genes of interest was normalised to 

that of 18S for quantification of relative expression. 

 

4.2.3 Cytokine release analysis 

Cytokine levels were measured by ELISA as detailed in section 2.6. Supernatants were 

collected from macrophage cultures following relevant stimulation time detailed in relevant 

figure legends. ELISAs were carried out using Invitrogen Human Uncoated ELISA Kits for TNFα, 

IL-12 p70 and IL-10 (all Thermo Fisher Scientific, USA) and Precoated Quantikine® Human IL-6 

ELISA Kit (R&D Systems, USA), following manufacturers’ protocols, and ran on a FLUOstar® 

Omega Microplate Reader (BMG Labtech, Germany). 

 

4.2.4 Surface marker expression analysis 

The expression of M1- and M2-associated cell surface markers was assessed by flow 

cytometry as detailed in section 2.7. After 24h polarisation, macrophages were stained with 

the following antibodies (all BD Biosciences, UK): CD16-FITC (clone 3G8), CD64-PE-Cy7 (clone 

10.1), CD86-BV510 (clone 2331 [FUN-1]), CD163-PE-CF594 (clone GHI/61), CD206-BV421 

(clone 19.2) and HLA-DR-BV605 (clone G46-6), all at 1/100 dilution as determined by staining 

index optimisation (section 2.7). Stained cells were ran on a LSRFortessa™ flow cytometer 

using DIVA software and analysed with FlowJo v10 (all BD Biosciences, UK). Expression of 

markers on M1- and M2-polarised macrophages was compared to nonspecific isotype controls 

for that antibody.  
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4.2.5 11β-HSD activity assays 

GC-converting enzyme activity was assessed using scanning TLC (section 2.5.2) with 

normalisation determined by DC protein assay (section 2.5.3). Macrophages were polarised 

for 48h to ensure adequate protein expression of 11β-HSD enzymes, and then incubated with 

100 nM cortisone (for oxo-reductase activity) or 100 nM cortisol (for dehydrogenase activity) 

with trace amounts of tritiated cortisone or cortisol respectively (all Perkin Elmer, UK) for 3h 

(oxo-reductase activity) or 18h (dehydrogenase activity). Steroids were extracted in 

dichloromethane, separated by TLC with 92:8 ratio of chloroform:ethanol and then analysed 

with a Bioscan 200 Imaging scanner (Bioscan, USA) and rate of steroid conversion calculated 

as detailed in section 2.5.4. 

 

4.2.6 Phagocytosis assay 

Macrophages were polarised to M2 macrophages with 20 ng/ml IL-4 for 24h in the presence 

of 1000 nM cortisol or ethanol vehicle. Phagocytosis was then assessed with the Vybrant™ E. 

coli Phagocytosis Assay kit (Thermo Fisher, UK) according to manufacturer’s instructions, 

detailed in section 2.8. The fluorescence intensity of a linear dilution of fluorescent E. coli 

beads in assay buffer was measured to calculate the approximate level of beads phagocytosed 

by macrophages.  

 

4.2.7 Cell viability assay 

Viability was assessed using an ApoLive-Glo® Multiplex assay (Promega, UK) as detailed in 

section 2.9. Following differentiation from monocytes as before on Eppendorf® Cell Imaging 
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96 well glass bottom plates (Sigma-Aldrich, UK) macrophages were polarised to M0 

(untreated) or M1-like (IFNγ and TNFα) for 24h with ethanol vehicle control or 1000 nM 

cortisone or cortisol and then assessed for viability and apoptosis according to manufacturer’s 

guidelines. M0 macrophages were treated with 10 mM hydrochloric acid (HCl) 10min before 

assay as a positive control for cell death. 

 

4.2.8 Statistical analysis 

Statistical significance was assessed with IBM SPSS Statistics v28.0.1.0 (IBM Analytics, USA) 

and GraphPad Prism v5.03 and v9.5 (GraphPad Software, USA). Normality of data was tested 

using a Shapiro-Wilk test for Gaussian distribution. Paired Student’s t-test was used to 

compare significance of two groups from same blood donors. When multiple treatment 

groups were present a one-way ANOVA with Tukey’s post hoc analysis was used to test 

significance between all groups. Two-way ANOVA analysis with Bonferroni multiple 

comparison post-test was used to compare between macrophage polarisation subsets and 

treatment groups. Statistical significance is presented as follows: * P≤0.05, ** P≤0.01 and *** 

P≤0.001. 
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4.3 Results 

4.3.1 Validation of M1 and M2 macrophage polarisation 

To investigate the role of GC pre-receptor metabolism by 11β-HSD1 in regulation of 

macrophage inflammatory profiles, we generated M1 (IFNγ and LPS) and M2 (IL-4) polarised 

macrophages in vitro. The acquisition of expected distinct pro- and anti-inflammatory profiles 

was validated by analysis of morphology, gene expression, cytokine secretion and surface 

marker expression. 

Following 24h of polarisation, microscopy of cultured macrophages confirmed acquisition of 

the expected distinct morphology: M1 macrophages had a rounder morphology while M2 

macrophages had a more stromal-like spindle shape (Figure 4-3 A) (417). Analysis of mRNA 

expression by qPCR confirmed that both M1 and M2 macrophages expressed equivalent levels 

of the general human macrophage marker CD68 (P=0.7409), while M1-polarised expressed 

significantly higher levels of the high affinity IgG receptor CD64 (14.1-fold, P≤0.05), associated 

with M1 anti-microbial functions (Figure 4-3 B). There was a strong trend towards higher 

expression of the M2-associated pro-resolution scavenger receptor CD163 in M2 

macrophages (3.5-fold, P=0.0871; Figure 4-3 B).  

High levels of TNFα secretion were seen in M1 macrophages, and these were significantly 

higher in M1 polarised macrophages than in M2 (249.2-fold, P≤0.05; Figure 4-3 C). IL-12 p70 

levels also appeared greater in M1 macrophages relative to M2 polarised, although this was 

not significant (P=0.3460). The M2-associated anti-inflammatory cytokine IL-10 was secreted 

by both macrophage subsets, with a trend towards greater secretion in M1 polarised 

macrophages (9.0-fold, P=0.0896). 
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Brief analysis of cell surface marker expression by flow cytometry confirmed expression of 

macrophage polarisation associated markers compared to nonspecific antibody isotype 

controls. M1-polarised macrophages expressed markers associated with M1-like pro-

inflammatory functions: high affinity IgG receptor CD64, co-stimulation marker CD86 and 

antigen presentation molecule HLA-DR (Figure 4-3 D). M2 macrophages expressed markers 

associated with M2-polarisation and anti-inflammatory function: the low affinity IgG receptor 

CD16 and scavenger receptors CD163 and CD206 (Figure 4-3 D).  
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4.3.2 GC pre-receptor activation is upregulated in pro-inflammatory macrophages 

GC pre-receptor metabolism by the enzymes 11β-HSD1 and 11β-HSD2 was investigated in 

differentially polarised macrophages to assess the effects of inflammation on macrophage GC 

metabolism. We initially assessed further genes involved in GC signalling and metabolism to 

determine their contribution on inflammatory polarisation (Figure 4-4).  

Following 24h M1 or M2 polarisation, the expression of the primary GC receptor NR3C1 

(Figure 4-4 A), acute GC signalling response transcript GILZ (Figure 4-4 B) and rate-limiting 11β-

HSD1 oxo-reductase activity cofactor-generating enzyme H6PDH (Figure 4-4 C) were 

measured by qPCR. No difference in expression was identified for NR3C1 or H6PDH between 

M1 and M2 polarised macrophages. Conversely, GILZ expression was higher in M1 polarised 

macrophages than M2 (2.2-fold, P≤0.05). 

 

 

Figure 4-3 Validation of macrophage polarisation 

Macrophages were polarised for 24h into M1 (IFNγ/LPS) or M2 (IL-4). (A) Microscopy images of 
macrophages at 10X magnification. Black arrows show cells with rounded and flat morphology, white 
arrows show cells with elongated processes. (B) RNA expression (AU) of the macrophage 
differentiation marker CD68, M1-associated gene CD64 and M2-associated gene CD163 as measured 
by qPCR (n=4). (C) Following 48h polarisation, concentration of the M1-associated cytokines TNFα and 
IL-12 p70 and M2-associated cytokine IL-10 were quantified by ELISA analysis of cell supernatants 
(n=3). (D) Representative histograms of M1 macrophage (red) expression of the M1-associated cell 
surface markers CD64, CD86 and HLA-DR and M2 macrophage (blue) expression of the M2-associated 
surface markers CD16, CD163 and CD206 compared to antibody isotype control (black), as measured 
by flow cytometry after 48h polarisation. Data are presented as mean ± SEM and statistical significance 
was determined using paired Student’s t-test (* p≤0.05). ND, not detected. 
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Pre-receptor GC metabolism was assessed in differentially polarised macrophages to confirm 

inflammatory induction of 11β-HSD1. We assessed 11β-HSD1 expression and activity across 

two well established protocols for M1-like polarisation using either IFNγ (20 ng/ml) and LPS 

(10 ng/ml) or IFNγ (20 ng/ml) and TNFα (10 ng/ml) for 24h, as well as establishing their 

independent action on 11β-HSD1 regulation (418).  

Following 24h polarisation, HSD11B1 mRNA expression was significantly increased in M1 and 

M1-like polarised macrophages using both protocols relative to unpolarised M0 controls (M1: 

13.6-fold; M1-like: 12.7-fold; both P≤0.05), showing no significant difference between those 

polarised with IFNγ and LPS or IFNγ and TNFα (Figure 4-5 A). Individual inflammatory factors 

and IL-4 polarised M2 macrophages did not significantly upregulate HSD11B1 expression 

compared to the unpolarised control.  

Figure 4-4 Polarised macrophage expression of glucocorticoid-associated genes 

RNA expression (AU) of (A) the glucocorticoid receptor (NR3C1), (B) glucocorticoid-induced leucine 
zipper (GILZ) and (C) hexose-6-phosphate dehydrogenase (H6PDH) in M1 (IFNγ/LPS) and M2 (IL-4) 
polarised macrophages as measured by qPCR (n=4). Data are presented as mean ± SEM and statistical 
significance was determined using Student’s paired t-test (* p≤0.05). 
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We next examined HSD11B2 mRNA expression to assess whether the GC-inactivating enzyme 

11β-HSD2 was also differentially regulated by inflammatory polarisation. This appeared to be 

highest in unpolarised macrophages, however there were no significant differences in 

expression seen across macrophage subsets (Figure 4-5 B). There was a trend towards 

decreased HSD11B2 expression in IFNγ/TNFα M1-like macrophages, but this was not 

significant (M0 vs IFNγ/TNFα M1: 6.6-fold, P=0.1191). 

Oxo-reductase (cortisone to cortisol) enzyme activity assays supported these findings. The 

highest rate of cortisone to cortisol conversion by 11β-HSD1 was seen in IFNγ and TNFα M1-

like polarised macrophages, being significantly greater than both M0 (25-fold, P≤0.001) and 

M2 polarised macrophages (3.3-fold, P≤0.05) as well as macrophages treated with LPS (2.5-

fold, P≤0.05) or TNFα (5.3-fold, P≤0.01) alone (Figure 4-5 C). However, IFNγ and LPS M1 

macrophages also had significantly higher oxo-reductase activity than unpolarised control (13-

fold, P≤0.05). As seen in the gene expression analysis, there were no differences in 

dehydrogenase activity associated with the 11β-HSD2 isozyme (Figure 4-5 D). 

Together these data show that 11β-HSD1 gene expression and cortisol-generating activity is 

most potently upregulated in pro-inflammatory M1-like polarised macrophages. 
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Figure 4-5 Pro-inflammatory polarisation induces 11β-HSD1 gene expression and enzyme 
activity in macrophages 

mRNA expression (AU) of (A) HSD11B1 and (B) HSD11B2 measured by qPCR in macrophages polarised 
for 24h (n=4). 11β-HSD (C) oxoreductase (GC activating) and (D) dehydrogenase (GC inactivating) 
activity (pmol/mg protein/hr) quantified by scanning TLC assays in macrophages polarised for 48h 
(n=3). Data are presented as mean ± SEM and statistical significance was determined using one-way 
ANOVA with Tukey’s multiple comparisons test (* p≤0.05, ** p≤0.01, *** p≤0.001). 
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4.3.3 The 11β-HSD isozymes are further modulated in macrophages by GCs 

In order to examine the role of GCs in the inflammatory regulation of the 11β-HSD enzymes 

in macrophages, we examined expression and activity following M1 and M2 polarisation in 

combination with treatment with the endogenous GC cortisol (1000 nM) or vehicle during 48h 

polarisation. 

The addition of cortisol downregulated HSD11B1 gene expression in IFNγ/TNFα (4.6-fold, 

P≤0.05) and IFNγ/LPS (3.0-fold, P≤0.05) M1-like polarised macrophages compared to those 

treated with vehicle (Figure 4-6 A). Whilst not significant, a trend towards downregulation in 

M2 (6.7-fold, P≥0.9999) and M0 (5.0-fold, P≥0.9999) macrophages was also observed in 

response to cortisol treatment during polarisation (Figure 4-6 A). Conversely, a trend towards 

increased HSD11B2 mRNA expression was observed following addition of cortisol during 

IFNγ/TNFα M1 polarisation (4.0-fold, P=0.9982) and M2 polarisation (3.3-fold, P=0.5687), but 

not in IFNγ/LPS M1 macrophages or unpolarised M0 macrophages (Figure 4-6 B).  

These trends were mirrored in 11β-HSD1 enzyme activity only for IFNγ/TNFα M1 polarised 

macrophages, where rate of GC activation decreased on cortisol treatment (4.0-fold, P≤0.01) 

(Figure 4-6 C). In IFNγ/LPS M1 macrophages, there was a trend towards decreased oxo-

reductase activity with addition of cortisol, but this was not significant (1.8-fold, P=0.5077). 

GC-inactivating dehydrogenase activity however was unchanged by cortisol treatment (Figure 

4-6 D). This equilibration of cortisol-treated and untreated is likely the result of cortisol being 

converted by 11β-HSD2 into cortisone, which then fed into 11β-HSD1 to generate further 

cortisol. Therefore, it is very technically difficult to measure the change in enzyme activity of 

11β-HSD by pre-treatment with substrates. 
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Figure 4-6 Cortisol stimulation downregulates 11β-HSD1 gene expression and enzyme 
activity 

RNA expression (AU) of (A) HSD11B1 and (B) HSD11B2 measured by qPCR in macrophages polarised 
and treated with or without 1000 nM cortisol (F) for 24h (HSD11B1 n=4; HSD11B2 n=3, M2 n=2). 11β-
HSD (C) oxo-reductase (GC activating) and (D) dehydrogenase (GC inactivating) activity (pmol/mg 
protein/hr) quantified by scanning TLC assays in macrophages polarised and treated with or without 
1000 nM cortisol (F) for 48h (n=3; M2 n=2). Data are presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Bonferroni multiple comparisons post-test (* 
p≤0.05, ** p≤0.01). 
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As cortisol downregulated 11β-HSD1 gene expression and activity, we next investigated 

whether the inactive GC cortisone could have similar effects following its intracrine 

metabolism and activation. As seen in Figure 4-6 D, pre-treatment with cortisol did not impact 

11β-HSD2 activity, likely due to interconversion of cortisone and cortisol between 11β-HSD 

isozymes complicating the assay. Therefore, we assessed the ability of cortisone to 

downregulate mRNA expression of the 11β-HSD isozymes compared to cortisol. Macrophages 

were treated with 1000 nM cortisone during polarisation, and compared to high and low dose 

cortisol, 1000 nM and 100 nM respectively (Figure 4-7).  

As before, high dose cortisol treatment during M1 polarisation dramatically downregulated 

HSD11B1 gene expression (8.8-fold, P≤0.05; Figure 4-7 A). However, cortisone treatment did 

not affect HSD11B1 expression. Both doses of cortisol upregulated HSD11B2 expression 

(control vs 100 nM cortisol: 8.9-fold, P≤0.05; control vs 1000 nM cortisol: 18.6-fold, P≤0.001), 

while the effect of cortisone treatment again was equivalent to control (Figure 4-7 B). These 

trends were also seen in M2 polarised macrophages, with a cortisol-induced downregulation 

of HSD11B1 and induction of HSD11B2 however neither of these effects were significant 

(Figure 4-7 D-E). 

We next assessed the effects of the PPARγ-activating compound rosiglitazone on 11β-HSD 

gene expression, as PPARγ agonists have previously been shown to enhance HSD11B1 

expression and activity, and we hypothesised this could overcome cortisol-induced 

downregulation of HSD11B1 expression (293). Treatment with the PPARγ-activating drug 

rosiglitazone did not affect HSD11B1 expression in M1 macrophages (Figure 4-7 C). 

Rosiglitazone treatment appeared to increase HSD11B1 expression in M2 macrophages (M2 
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control vs rosiglitazone-treated M2: 3.2-fold, P=0.8453), however this was also not significant 

(Figure 4-7 F). 

These findings suggest a reciprocal regulation of the 11β-HSD enzymes in macrophages; while 

inflammation upregulates HSD11B1 expression in macrophages, stimulation with active, but 

not inactive, GCs downregulates this. Conversely, cortisol treatment upregulates the 

expression of its inactivating enzyme, HSD11B2, in inflammatory macrophages. 
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Figure 4-7 Cortisol, but not cortisone, drives reciprocal regulation of 11β-HSD isozymes 

mRNA expression (AU) of HSD11B1 and HSD11B2 measured by qPCR in (A-B) M1 (IFNγ/LPS) 
macrophages and (C-D) M2 (IL-4) macrophages untreated (Ctrl) or treated with 100 nM or 1000 nM 
cortisol (F) or 1000 nM cortisone (E) for 24h (n=4). The effect of 1μM rosiglitazone (RSG) treatment 
during 24h polarisation with and without 1000 nM cortisol (F) on HSD11B1 expression was assessed in 
(C) M1 (IFNγ/LPS) macrophages and (F) M2 (IL-4) polarised macrophages (n=3).  Data are presented as 
mean ± SEM and statistical significance was determined using one-way ANOVA with Tukey’s multiple 
comparisons test (* p≤0.05, *** p≤0.001). 
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4.3.4 GC pre-receptor metabolism regulation in alveolar macrophages as a tissue 

resident macrophage population 

In order to assess whether the inflammation-induced upregulation of GC pre-receptor 

metabolism was present in macrophage populations aside from our blood monocyte-derived 

culture model, we investigated the expression of HSD11B1 and GILZ in human alveolar 

macrophages (Figure 4-8). 

Inflammatory polarisation of alveolar macrophages with LPS showed a trend towards 

upregulation of HSD11B1 compared to M0 macrophages, although significance could not be 

assessed due to low sample size for M0 macrophages (Figure 4-8 A). There was also a trend 

towards downregulation of HSD11B1 when M1 alveolar macrophages were treated with 

increasing concentrations of cortisol (control vs 100 nM cortisol: 2.1-fold, P=0.7336; control 

vs 1000 nM cortisol: 3.4-fold, P=0.5198), but not cortisone (control vs 1000 nM cortisone 

P=.09874; Figure 4-8 B). Similarly, the GC-inducible gene GILZ was slightly upregulated by GCs 

(control vs 100 nM cortisol: 4.9-fold, P=0.6328; control vs 1000 nM cortisol: 5.1-fold, 

P=0.6066), but again this was not significant (Figure 4-8 C). 

These findings suggest that alveolar macrophages may have a similar reciprocal regulation of 

11β-HSD1 by inflammatory activation and GC stimulation as seen with blood monocyte-

derived macrophages, however there was considerable variability between the patient 

samples these cells were isolated from. 
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4.3.5 The functional effects of GC metabolism and activation on macrophage polarisation  

Having characterised an inflammation-induced upregulation of 11β-HSD1 expression and 

activity in M1 inflammatory macrophages, we next investigated the functional effects of GC 

activation by 11β-HSD1 on acquisition of a polarised state by macrophages. To examine this, 

we treated macrophages with or without 1000 nM cortisone or cortisol during M1 or M2 

polarisation (Figure 4-9). 

 

Figure 4-8 GC pre-receptor metabolism by 11β-HSD1 may be upregulated by inflammation 
and downregulated by cortisol in alveolar macrophages 

RNA expression (AU) of (A) HSD11B1 in alveolar macrophages unpolarised (M0) or M1-like polarised 
(LPS) for 24h as measured by qPCR (M0 n=2, M1-like n=3). RNA expression of (A) HSD11B1 and (B) GILZ 
in alveolar macrophages polarised to M1 and untreated (Ctrl) or treated with 100 nM or 1000 nM 
cortisol (F) or 1000 nM cortisone (E) during 24h polarisation (n=3). Data are presented as mean ± SEM 
and statistical significance was determined using paired Student’s t-test (A) or one-way ANOVA with 
Tukey’s multiple comparisons test (B-C). 
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The mRNA expression of key genes involved in GC signalling metabolism were assessed 

following 24h polarisation, with or without cortisone or cortisol: the GRα gene NR3C1, the GC-

responsive anti-inflammatory transcription factor GILZ, and the enzyme which generates the 

11β-HSD1 cofactor NADPH, H6PDH (Figure 4-10). NR3C1 and H6PDH expression were 

unaffected by GC treatment in M1 macrophages (Figure 4-10 A, C). Both cortisol and cortisone 

treatment increased GILZ expression in M1 macrophages compared to control, however the 

induction of GILZ was greater with cortisol (control vs cortisol: 7.0-fold, P≤0.001; cortisol vs 

cortisone: 1.7-fold, P≤0.05) than with cortisone (control vs cortisone: 4.1-fold, P≤0.001) 

(Figure 4-10 B). Although GC treatment appeared to decrease expression of NR3C1 and H6PDH 

Figure 4-9 Schematic for analysis of GC stimulation during macrophage polarisation 

1. Monocyte isolation – CD14+ monocytes isolated directly from whole blood with RosetteSepTM kit. 
2. Macrophage differentiation – isolated monocytes differentiated into macrophages with d6 M-CSF 
treatment, with media changes on d2 and d5. 3. Macrophage polarisation – mature differentiated 
macrophages are polarised for 24h into M1 macrophages (20 ng/ml IFNγ and 10 ng/ml LPS) or M2 
macrophages (20 ng/ml IL-4) with concurrent treatment with 1000 nM cortisol or cortisone or vehicle. 
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in M2 macrophages, these changes were not significant (Figure 4-10 D, F). In M2 macrophages, 

cortisol and cortisone treatment similarly increased GILZ expression, with a greater induction 

again seen with cortisol (control vs cortisol: 8.1-fold, P≤0.001; cortisol vs cortisone: 2.4-fold, 

P≤0.05) than cortisone (control vs cortisone: 3.4-fold, P≤0.05) (Figure 4-10 E). These data 

confirm that our macrophage cultures are GC-sensitive, as shown by upregulation of the anti-

inflammatory GC responsive gene GILZ.  
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Figure 4-10 Glucocorticoid treatment upregulates GILZ but not other genes involved in 
glucocorticoid metabolism 

RNA expression (AU) of (A) NR3C1, (B) GILZ and (C) HDPDH measured by qPCR in M1 (IFNγ/LPS) 
macrophages and M2 (IL-4) macrophages untreated (Ctrl) or treated during polarisation with 1000 nM 
cortisol (F) or 1000 nM cortisone (E) for 24h (n=4). Data are presented as mean ± SEM and statistical 
significance was determined using one-way ANOVA with Tukey’s multiple comparisons test (* p≤0.05, 
*** p≤0.001). 
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4.3.5.1 The functional effects of GC metabolism and activation in M1 macrophages  

The effect of GC treatment on acquisition of pro-inflammatory profiles was assessed by 

treating M1 macrophages with 1000 nM cortisol or cortisone during polarisation with IFNγ 

and LPS (Figure 4-11). 

Whilst a marked downregulation of both TNFα and IL-6 mRNA was observed in response to 

cortisol treatment, these were not significant (TNFα control vs cortisol: 5.6-fold, P= 0.0593; IL-

6 control vs cortisol: 2.7-fold, P= 0.1744) (Figure 4-11 A, B). Similarly, there was a trend 

towards decreased expression of the anti-inflammatory cytokine IL-10 with cortisol treatment 

(control vs cortisol: 3.1-fold, P=0.4070) (Figure 4-11 C). Cortisol treatment increased 

expression of the pro-resolution scavenger receptor CD163 (control vs cortisol: 10.4-fold, 

P≤0.01), however again cortisone had no effect compared to control (Figure 4-11 D). 

Expression of the high affinity IgG receptor CD64 saw a nonsignificant increase with both 

cortisol (2.0-fold, P=0.0795) and cortisone (1.8-fold, P=0.1274) compared to control (Figure 4-

11 E).  

In contrast to gene expression, concurrent treatment with cortisol or cortisone during M1 

polarisation significantly reduced secretion of the pro-inflammatory cytokine TNFα (control vs 

cortisol: 125.9-fold, P≤0.001; control vs cortisone: 16.3-fold, Figure 4-11 F). Secretion of the 

pro-inflammatory cytokine IL-12 p70 showed a trend towards decrease on treatment with 

both cortisol (25.5-fold, P=0.4510) and cortisone (11.7-fold, P=0.5759) compared to M1 

polarised only, however this was not significant (Figure 4-11 G). As seen with gene expression, 

secretion of the anti-inflammatory cytokine IL-10 showed a slight decrease on cortisol 
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treatment compared to polarised only (5.5-fold, P=0.2079) (Figure 4-11 H). It was not possible 

to examine IL-6 cytokine secretion or IL-12A (p35) expression in these cells. 

Together these data show that treatment with active cortisol impedes full acquisition of 

macrophage M1-like pro-inflammatory profiles, with induction of scavenger receptor CD163 

as previously reported (419). Cortisone treatment during polarisation had no effect on gene 

expression, likely due to the timepoint of treatments not allowing for sufficient conversion 

and GC-response. Nevertheless, cortisone was able to significantly decrease secretion of the 

potent pro-inflammatory cytokine TNFα, a key feature of inflammatory M1 macrophages. 
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Figure 4-11 GC treatment during polarisation attenuates M1 pro-inflammatory profiles 

RNA expression (AU) of (A) TNFα, (B) IL-6, (C) CD64, (D) CD163 and (E) IL-10 measured by qPCR, and 
cytokine concentration (pg/ml) of (F) TNFα, (G) IL-12 p70 and (H) IL-10 quantified by ELISA in M1 
macrophages (IFNγ and LPS) untreated (Ctrl) or treated 1000 nM cortisol (F) or 1000 nM cortisone (E) 
for 24h during polarisation (qPCR n=4, ELISA n=3). Data are presented as mean ± SEM and statistical 
significance was determined using one-way ANOVA with Tukey’s multiple comparisons test (* p≤0.05, 
*** p≤0.001). 
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4.3.5.2 The functional effects of GC metabolism and activation in M2 macrophages  

The effect of GC treatment on expression of these polarisation-associated markers was then 

assessed to determine whether they would promote a similar more pro-resolution phenotype 

in more anti-inflammatory M2 macrophages (Figure 4-12). 

Cortisol and cortisone treatment during polarisation both significantly downregulated TNFα 

expression in M2 macrophages, with a more potent decrease seen with cortisol (10.8-fold, 

P≤0.01) than cortisone (3.9-fold, P≤0.05) compared to control (Figure 4-12 A). GC treatment 

had no effect on IL-6 expression (Figure 4-12 B). A trend towards increased IL-10 expression 

was observed with cortisol treatment compared to both control (3.3-fold, P=0.0737) and 

cortisone treatment (2.4-fold, P=0.2926) (Figure 4-12 C). As in M1 macrophages, CD163 

expression was induced by cortisol, and here this was significantly higher than both control 

(5.3-fold, P≤0.01) and cortisone (4.9-fold, P≤0.05) treatment (Figure 4-12 D). There was no 

effect of GC treatment on CD64 expression, save for a nonsignificant decrease in expression 

with cortisol (2.2-fold, P=0.7402) (Figure 4-12 E). Within M2 macrophages, GC treatment had 

no significant effect on TNFα or IL-12 p70 release, in line with their limited baseline secretion 

of these cytokines (Figure 4-12 F, G). There was a trend towards increase in release of IL-10 by 

cortisol treated M2 macrophages compared to control (1.8-fold, P=0.3178) and cortisone 

treatment (3.0-fold, P=0.1013), however this was not statistically significant (Figure 4-12 H). 

Together these data show that GCs can help to promote the acquisition of a pro-resolution 

anti-inflammatory profile during M2 polarisation, via decrease in TNFα gene expression. 

However, as with M1 macrophages, cortisol had greater effects than cortisone during 

polarisation, as seen with a cortisol-induced increase in CD163 expression 
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Figure 4-12 GC treatment augments acquisition of anti-inflammatory pro-resolution profile 
during M2 polarisation 

RNA expression (AU) of (A) TNFα, (B) IL-6, (C) CD64, (D) CD163 and (E) IL-10 measured by qPCR, and 
cytokine concentration (pg/ml) of (F) TNFα, (G) IL-12 p70 and (H) IL-10 quantified by ELISA in M2 
macrophages (IL-4) untreated (Ctrl) or treated 1000 nM cortisol (F) or 1000 nM cortisone (E) for 24h 
during polarisation (qPCR n=4, ELISA n=3). Data are presented as mean ± SEM and statistical 
significance was determined using one-way ANOVA with Tukey’s multiple comparisons test (* p≤0.05, 
** p≤0.01). 
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4.3.5.3 The functional effects of GCs on M2 macrophage phagocytosis  

Phagocytosis is a key macrophage function known to be positively regulated by GCs, including 

via pre-receptor metabolism by 11β-HSD1 (278). We tested the effects of M2 polarisation, as 

these cells are known to possess phagocytic capabilities in line with their roles in tissue 

remodelling and resolution of inflammation. These cells were treated with cortisol, prior to 

testing inactive cortisone, as this was expected to give additive effects on phagocytosis (Figure 

4-13) (111).  

M2 macrophages were seen to phagocytose fluorescently-labelled E. coli particles, however 

cortisol treatment during polarisation did not enhance this and instead a nonsignificant 

decrease in phagocytosis was seen (1.7-fold, P=0.1565, Figure 4-13 A). We calculated an 

estimate of beads phagocytosed by macrophages by measuring fluorescence intensity of 

diluted beads and plotting the fluorescence intensity of M2 macrophages with and without 

cortisol (Figure 4-13 B). This suggested that less than 10% of the beads in each well were being 

phagocytosed by macrophages. These data imply that in this experimental setup phagocytosis 

was not affected by cortisol and therefore this setup was not suitable to examine regulation 

of this function by GC metabolism. 
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Figure 4-13 Cortisol did not have an effect on macrophage phagocytosis of E. coli particles 

(A) Fluorescence intensity of FITC-labelled E. coli particles (AU) taken up by M2 (IL-4) polarised 
macrophages untreated (Ctrl) or treated with 1000 nM cortisol (F) (n=3). (B) Standard curve of 
fluorescence intensity (AU) of fluorescent bead dilutions, dotted lines and grey shading show average 
intensity of fluorescence from beads phagocytosed by macrophages (M2 control = 6,7344.27 AU; M2 
+ 1000 nM cortisol = 3,8849.42 AU) to calculate proportion of phagocytosed beads. Data are presented 
as (A) mean ± SEM or (B) individual datapoints and statistical significance was determined using 
Student’s paired t-test to compare M2 polarised with M2 polarised treated with cortisol (A). 
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4.3.5.4 The functional effects of GC metabolism on macrophage viability 

One of the most potent immunosuppressive effects GCs exert on immune cells is promotion 

of apoptosis in populations such as T and B cells (220-222). In order to confirm that the GC-

induced decreases in pro-inflammatory profiles seen in our macrophages was not due to loss 

of cell viability, we measured viability and apoptosis in M0 and M1-like macrophages treated 

with 1000 nM cortisol or cortisone during 24h polarisation (Figure 4-14). GC treatment was 

not seen to have any effect on either viability (Figure 4-14 A) or apoptosis (Figure 4-14 B) of 

macrophages at the doses explored in this study.  

 

 

Figure 4-14 Downregulation of M1 macrophage pro-inflammatory profiles by 
glucocorticoids is not caused by loss of cell viability 

(A) Cell viability as quantified by GF-AFC fluorescence (AU) and (B) apoptosis as quantified by Caspase-
Glo 3/7 luminescence (AU) in untreated or 10mM HCl treated (HCl ctrl) M0 macrophages and M0 and 
M1-like (IFNγ and TNFα) polarised macrophages (Ctrl) treated with 1000 nM cortisol (F) or cortisone 
(E), using an ApoLive-Glo multiplex assay (n=3). Data are presented as mean ± SEM and statistical 
significance was determined using two-way ANOVA with Bonferroni’s multiple comparisons test. 
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4.3.6 Pre-receptor metabolism of cortisone regulates inflammatory function of 

macrophages on subsequent inflammatory challenge 

Simultaneous inflammatory polarisation and cortisone treatment likely didn’t result in 

negative regulation of inflammatory profiles in M1 macrophages, as there was not sufficient 

time for inflammation-induced upregulation of 11β-HSD1 to metabolise inactive GCs. In order 

to assess the impact of pre-receptor metabolism of cortisone by 11β-HSD1 on macrophage 

inflammatory function, we tested the effect of cortisone treatment on inflammatory output 

of differentially polarised macrophages subjected to subsequent LPS inflammatory challenge 

(Figure 4-15).  

Unpolarised M0 macrophages were compared to M1-like polarised with IFNγ and TNFα as 

these had been shown to possess the lowest and highest levels of HSD11B1 mRNA expression 

(Figure 4-5 A; M0 v IFNγ/TNFα-polarised: 12.7-fold, P≤0.05) and enzyme activity respectively 

(Figure 4-5 C; M0 v IFNγ/TNFα-polarised: 25-fold, P≤0.001). Using IFNγ/TNFα-polarised 

allowed us to compare the response of LPS-naïve M0 and M1-like macrophages to acute LPS 

challenge to assess regulation of inflammatory function. 

It was predicted that only the pro-inflammatory M1-like polarisation would drive sufficient 

11β-HSD1 expression and activity to metabolise cortisone into active GCs and downregulate 

inflammatory responses on LPS challenge, compared to unpolarised M0 macrophages and M1 

macrophages not treated with cortisone. 
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The gene expression of key pro-inflammatory cytokines and the pro-resolution scavenger 

receptor CD163 was assessed by qPCR analysis of differentially polarised macrophages, 

treated with cortisone, and then stimulated with LPS for 8h (Figure 4-16). 

As expected, since M0 unpolarised macrophages were previously shown to have very little 

HSD11B1 expression (Figure 4-5 A), cortisone treatment prior to LPS stimulation of M0 

macrophages had no impact on their expression of inflammatory cytokines compared to LPS 

treatment without cortisone (Figure 4-16 A-C). In IFNγ/TNFα M1-like polarised macrophages, 

there was a trend towards reduction of inflammatory cytokine gene expression in LPS-

stimulated cells pre-treated with cortisone compared to LPS only, however these comparisons 

were not significant (TNFα LPS v cortisone/LPS: 2.6-fold, P=0.0594; IL-6 LPS v cortisone/LPS, 

4.2-fold, P=0.2772; IL-12A LPS v cortisone/LPS: 4.6-fold, P=0.7317; Figure 4-16 A-C). Although 

expression appeared blunted by cortisone treatment, the levels of TNFα, IL-6 and IL-12A gene 

Figure 4-15 Schematic for analysis of regulation of inflammatory function by cortisone in an 
LPS challenge model 

CD14+ monocytes isolated from whole blood by RosetteSepTM kit were differentiated into 
macrophages by 6d incubation with 20 ng/ml M-CSF. Macrophages were polarised into M0 unpolarised 
cells (untreated) or pro-inflammatory M1 (IFNγ and TNFα) for 24h. Medium was changed, and 
polarised cells were treated with 1000 nM cortisone (E) or vehicle for 24h. Then cells were treated 
with 10 ng/ml LPS for 8h and RNA and supernatants collected. 
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expression were still higher than polarised-only controls. However, cortisone pre-treatment 

of LPS stimulated M1 macrophages was able to significantly upregulate the pro-resolution 

scavenger receptor CD163 compared to LPS only treatment (14.0-fold, P≤0.05; Figure 4-16 D).  

These data show that cortisone metabolism by 11β-HSD1 in M1-polarised cells may help to 

regulate pro-inflammatory gene expression on subsequent inflammatory challenge, however 

the stimulation timepoints chosen may not be the optimal time for capture of these effects at 

their greatest intensity. 

 

Figure 4-16 Pre-receptor metabolism of glucocorticoids regulates inflammatory gene 
expression in M1 macrophages 

Macrophages were polarised for 24h into M0 unpolarised or IFNγ/TNFα M1-like macrophages, then 
treated with cortisone for 24h before 8h LPS stimulation. mRNA expression (AU) of (A) TNFα, (B) IL-6, 
(C) IL-12A and (D) CD163 measured by qPCR (n=5, cortisone only n=4). Data are presented as mean ± 
SEM and statistical significance was determined using one-way ANOVA with Tukey’s multiple 
comparisons test (* p≤0.05, ** p≤0.01, *** p≤0.001). 
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We then investigated the cytokine output of these cells, assessing production of the pro-

inflammatory cytokines TNFα, IL-6 and IL-12 p70 by cortisone pre-treated M0 and M1-like 

macrophages challenged with LPS (Figure 4-17). As before, cortisone pre-treatment made no 

difference to the cytokine output of LPS stimulated M0 macrophages (Figure 4-17 A-C). M1-

like macrophages however, produced significantly less TNFα (1.8-fold, LPS v cortisone/LPS 

P≤0.001; Figure 4-17 A) and IL-6 (2.9-fold, LPS v cortisone/LPS P≤0.05; Figure 4-17 B) on LPS 

stimulation when pre-treated with cortisone than those simulated with LPS without pre-

treatment. Additionally, there was a trend towards decreased IL-12 p70 secretion from LPS 

treated M1-like macrophages that had been pre-treated with cortisone compared to those 

only stimulated with LPS (LPS v cortisone/LP: 1.6-fold, P=0.2243), however this was not 

significant (Figure 4-17 C).  

These data show that GC pre-receptor metabolism is not only upregulated on inflammatory 

polarisation of macrophages, but that it also allows the metabolism of inactive cortisone to 

negatively regulate the inflammatory profiles of these cells on subsequent inflammatory 

challenge. 
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Figure 4-17 Pre-receptor metabolism of glucocorticoids regulates inflammatory cytokine 
production in M1 macrophages 

Macrophages were polarised for 24h into M0 unpolarised or IFNγ/TNFα M1-like macrophages, then 
treated with cortisone for 24h before 8h LPS stimulation. Supernatants were assessed by ELISA to 
measure cytokine production (pg/ml): (A) TNFα, (B) IL-6 and (C) IL-12 p70 (n=5, cortisone only n=4). 
Data are presented as mean ± SEM and statistical significance was determined using one-way ANOVA 
with Tukey’s multiple comparisons test (* p≤0.05, ** p≤0.01, *** p≤0.001). ND, not detected. 
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4.4 Discussion 

RA synovial steroid metabolism profiles, assessed in Chapter 3, suggested that intracrine and 

paracrine metabolism of GCs and androgens by macrophages was more important to their 

function and impact on disease activity than contributions to tissue level steroid levels. Our 

group has previously explored paracrine GC signalling via 11β-HSD1 between macrophages 

and fibroblasts. Using conditioned media treatments of in vitro cell cultures, we found that 

loss of 11β-HSD1 by genetic knockout in fibroblasts could be compensated for by generation 

of active GCs by macrophages, resulting in downregulation of inflammatory fibroblast 

cytokine secretion. However, myeloid, but not mesenchymal, Hsd11b1 knockout TNF-tg mice 

had worse disease than Hsd11b1-competent TNF-tg mice when treated with active 

corticosterone (290). Therefore, the GC-mediated regulation of inflammation in myeloid cells 

could not be fully compensated for by stromal cell paracrine signalling. We therefore 

investigated the role of intracrine GC activation by 11β-HSD1 in macrophages using in vitro 

cultures, which allowed us to focus solely on macrophages, and not other LysM+ populations 

affected by myeloid-targeting knockouts such as neutrophils (299).  

Macrophages have previously been found to upregulate the expression and activity of 11β-

HSD1 on inflammatory stimulation and polarisation, however there are conflicting reports of 

more anti-inflammatory factors, such as the M2 polarising cytokine IL-4, driving greater 11β-

HSD1 induction than pro-inflammatory factors in myeloid cells (104, 273, 291). Additionally, 

many of these earlier studies used murine-derived macrophages or macrophage cell lines, 

which may respond differently to inflammatory stimulation compared with human 

macrophages.  
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We therefore investigated whether the inflammation-induced upregulation of 11β-HSD1 that 

we found in human RA synovial macrophages (Chapter 3) was also present in polarised human 

blood monocyte-derived macrophages, and whether intracrine activation of GCs by this 

enzyme served to regulate inflammatory functions. HSD11B1 gene expression and cortisol 

generating activity were significantly increased in “classically” polarised M1 macrophages 

(IFNγ and LPS) and also in M1-like macrophages generated from IFNγ and TNFα (Figure 4-5), 

which have previously been reported to possess potent pro-inflammatory and anti-microbial 

functions (109, 418, 420). IFNγ and TNFα are key pro-inflammatory cytokines found in the 

synovium of RA patients, and are linked with intensity of synovitis (421). This supports our 

findings in the AMP bulk RNA-seq study, where increasing inflammation, both at the local 

synovial level as measured by leukocyte infiltration and at the systemic level with DAS28-CRP, 

induces higher expression of HSD11B1 in macrophages.  

We did not find significant induction of 11β-HSD1 expression or activity on M2 polarisation 

(Figure 4-5), conflicting with some earlier findings in monocyte-derived macrophages where 

IL-4 polarisation induced the highest expression of HSD11B1 (273, 293). However, both of 

these studies treated isolated monocytes directly with IL-4 to drive M2 macrophage 

polarisation, rather than having temporally separated macrophage differentiation and 

stimulation stages. This likely represents a cell context specific regulation of 11β-HSD1 in 

macrophages and monocytes, with this method of differentiating macrophages from 

monocytes with concurrent cytokine stimulation perhaps driving a more monocyte-like cell 

rather than a macrophage. We also saw similar trends in inflammatory-activated alveolar 

macrophages (Figure 4-8), suggesting a conserved response across sites in tissue 

macrophages.  
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Reports of the regulation of the 11β-HSD enzymes by GCs in macrophages were not found in 

the literature. In stromal cells, simultaneous stimulation with inflammatory factors and GCs, 

such as TNFα and dexamethasone in fibroblasts and osteoblasts, additively increases 11β-

HSD1 expression and activity (284, 285). However, we found that addition of cortisol during 

macrophage inflammatory polarisation significantly decreased HSD11B1 expression, and also 

decreased cortisol generating oxo-reductase enzyme activity in IFNγ/TNFα M1-like polarised 

macrophages (Figure 4-6). This GC-induced downregulation is to be expected as osteoclasts, 

which like macrophages are myeloid-derived, show a similar inflammation-induced 

upregulation and GC-induced downregulation of 11β-HSD1 (282). This has important 

implications for our aim to target GCs more specifically to macrophages via 11β-HSD1 as it 

suggests that active GCs generated by macrophage metabolism of targeted inactive GCs will 

not lead to a positive feedback loop of GC generation and thus further harmful actions of GCs 

on off-target cells such as osteoblasts and myocytes. 

Our findings on the effects of polarisation and GC treatment on HSD11B2 expression are less 

clear, as we did not find significant changes in expression or activity of 11β-HSD2 when 

assessing macrophage polarisation and high dose cortisol treatment (Figure 4-6), however we 

did find a significant induction of HSD11B2 in M1 (IFNγ/LPS) macrophages when assessing a 

cortisol dose response (Figure 4-7 B). Despite previous reports in the literature identifying 

11β-HSD2 on synovial macrophages in RA, we did not find a high level of mRNA expression of 

this enzyme in synovial macrophages in the AMP RNA-seq dataset. Similarly, our qPCR analysis 

of the HSD11B2 gene in monocyte-derived macrophages identified relatively low-level 

expression. Thus, our data implies a reciprocal regulation of the 11β-HSD enzymes in 

inflammatory polarised macrophages, in which active GCs downregulate 11β-HSD1 to prevent 
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further GC generation and may upregulate 11β-HSD2 to promote their inactivation. This 

represents the inherent plasticity of macrophages in their response to external stimuli, with 

pre-receptor GC metabolism by these enzymes similarly linked to changes in macrophage 

polarisation and function. However, there needs to be further analysis of 11β-HSD2 gene 

expression and activity to confirm this GC-mediated regulation. It may be that our timepoints 

for assessing gene expression (24h) and enzyme activity (48h polarisation/treatment then 18h 

dehydrogenase activity assay) are not suitable for this enzyme in macrophages, or 

macrophage 11β-HSD2 simply does not have as much functional relevance as 11β-HSD1. 

Finally, contrary to previous findings, we did not see any significant effects of PPARγ-activation 

on HSD11B1 expression. However, Chinetti-Gbaguidi et al described a different method for 

generating macrophages from monocytes, instead differentiating monocytes directly into M2-

like macrophages with long-term IL-4 treatment, which likely contributed to their finding of 

higher 11β-HSD1 activity (293). Further analysis using dose responses of rosiglitazone and 

other PPARγ-agonists, as well as confirmation of PPARγ-induced gene expression, would give 

a confirmation of whether the slight induction of HSD11B1 in M2 macrophages (Figure 4-7 F) 

is indicative of regulation of HSD11B1 expression by PPARγ. 

Further supporting our aim of targeting 11β-HSD1 in inflammatory macrophages to improve 

anti-inflammatory functions of GCs are our findings that inactive GCs could drive functional 

changes in M1 macrophages. Treating macrophages with 24h GCs at the time of polarisation 

downregulated some cytokine production in M1 macrophages, although only TNFα 

significantly (Figure 4-11 F), while gene expression analysis did not yield any significant 

changes with cortisone treatment (Figure 4-11 A-E). Cortisone treatment however did drive a 

significant upregulation of the GC-inducible gene GILZ, implying that enough was converted 
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to activate GRα (Figure 4-10). In M2 macrophages, cortisone treatment unexpectedly and 

significantly downregulated TNFα mRNA expression (Figure 4-12 A); it may be that the very 

low-level induction of TNFα in this more anti-inflammatory cell type (as seen compared to M1 

in Figure 4-3 C) was more easily suppressed by the low level of active GC generated from 

cortisone in these cells. Importantly, viability assays confirmed that this downregulation of 

inflammatory function was not simply due to cell death induced by GC treatment at the doses 

assessed in this study (Figure 4-14). 

Active GC treatment with cortisol during polarisation promoted expression of the 

haemoglobin scavenger receptor CD163 in M1 and M2 macrophages (Figure 4-11 D, Figure 4-

12 D) which has previously been shown to be GC-inducible on macrophages, and is associated 

with a pro-resolution macrophage phenotype (419). We did not, however, see other expected 

effects of GC treatment on macrophages, including enhanced phagocytosis of apoptotic cells 

and release of anti-inflammatory cytokines such as IL-10 (223, 224).  

By temporally separating our inflammatory polarisation of macrophages from treatment with 

inactive GC and assessing the subsequent response to LPS inflammatory challenge, we were 

able to better discern the effects of cortisone treatment on macrophage inflammatory 

function. Unpolarised macrophages, shown to have very little 11β-HSD1 expression or activity 

(Figure 4-5), did not exhibit a suppression of LPS-induced inflammatory cytokine mRNA 

expression and production when pre-treated with cortisone (Figure 4-16 and Figure 4-17). 

However, IFNγ/TNFα-polarised M1 macrophages, with high 11β-HSD1 expression and activity, 

were able to significantly increase expression of CD163 and decrease secretion of TNFα and 

IL-6 on LPS challenge when pre-treated with cortisone (Figure 4-16 and Figure 4-17). This 
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experiment shows the intracrine regulation of macrophage inflammatory function by 11β-

HSD1-metabolised GCs, with pro-inflammatory polarisation priming these cells for 

responsiveness to inactive GCs. The effect of these metabolised GCs is a shift towards 

resolution of inflammation through downregulation of inflammatory cytokines and 

upregulation of the scavenger receptor CD163. Further studies should confirm the role of 11β-

HSD1 in this process using inhibitors and assess acquisition of further pro-resolution functions 

such as other scavenger receptors and phagocytosis of apoptotic cells. 

Due to time constraints and the low throughput method of macrophage generation from 

blood monocytes, a limitation of this thesis is that we were not able to investigate further 

macrophage functions and their regulation by inflammatory polarisation and GCs. These 

constraints limited our flow cytometry analysis, as large amounts of cells are required to 

assess the effects of GC treatment on expression of polarisation-associated surface marker 

expression. Instead, these markers were initially used to confirm and validate macrophage 

polarisation in pilot experiments (Figure 4-3 D). Additionally, we were unable to fully compare 

differences of GC treatment on polarised macrophage gene expression and cytokine secretion 

for the cytokines IL-6 and IL-12 p70 (Figure 4-11 and Figure 4-12). 

Analysis of phagocytosis was not investigated further as active GCs did not regulate 

phagocytosis in the experimental setup assessed, and so we did not expect inactive GCs to 

have any effects. GCs are well known to promote phagocytosis of apoptotic cells but also 

phagosomal destruction of pathogens such as bacteria (422, 423). However, there are 

conflicting reports of GCs instead suppressing macrophage phagocytosis of pathogens (229, 

424, 425). The outcome of GC treatment on phagocytosis is likely highly dependent on the 
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polarisation state of the macrophage and the potency of the GCs tested. As IL-4 polarised M2 

macrophages have been characterised as a distinct subset to the GC-induced “M2c” 

macrophage, it is likely that each factor could antagonise functions promoted by the other. 

Although M2 macrophages have previously been reported to have a great phagocytic capacity 

for E. coli, as used in our assay, this function may be suppressed by cortisol in this context 

(426). As GCs have previously been shown to have key roles in clearance of apoptotic cells 

during the resolution of inflammation, investigation of this specific function may be more 

informative. This could be carried out using quantification of the uptake of fluorescently-

labelled apoptotic cells by macrophages using imaging or flow cytometry. The use of a pH-

sensitive dye such as pHrodo™ would detect acidification of the phagosome and thus confirm 

phagocytosis.  

A further function that is known to be negatively regulated by GCs is antigen presentation. GC 

treatment downregulates the professional antigen presentation molecule MHCII (HLA in 

humans) which is a defined marker of M1-like pro-inflammatory polarisation of macrophages 

(226, 229, 230). This marker has been found to differentiate functionally distinct subsets of 

synovial macrophages in RA; with MHCII+ macrophages linked to disease progression and 

MHCII- associated instead with resolution of inflammation and disease activity (120). Previous 

work in the Hardy group identified a significant shift towards MHCII+ M1-like macrophage 

polarisation in Hsd11b1-/- TNF-tg mice, suggesting that GC metabolism by this enzyme helps 

to promote pro-resolution polarisation and functions of macrophages at the expense of the 

MHCII+ pro-inflammatory subset (314). This finding may link to the poor clinical response to 

therapeutic GCs seen in 11βflx/LysMcre TNF-tg mice compared to Hsd11b1-competent mice; 

macrophage 11β-HSD1 may also mediate pro-resolution polarisation in response to 
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therapeutic GCs, and these are important for resolution of inflammation and disease (290). 

Further work using our in vitro macrophage cultures could examine effects of inactive GC 

treatment on expression of MHCII and costimulatory markers required for antigen 

presentation by qPCR and flow cytometry, as well as functional assays to measure ability of 

treated macrophages to activate T cells with cognate antigen. 

It may also be important to further investigate the regulation of 11β-HSD1 in other 

macrophage populations, such as synovial tissue macrophages as these cells are highly 

heterogeneous and tissue specific. Although inflammatory activation and GC-treatment of 

alveolar macrophages showed trends toward induction and downregulation of HSD11B1 

respectively (Figure 4-8), mirroring findings in monocyte-derived macrophage cultures, these 

changes were not significant. This is likely due to the high level of variability between patient 

samples, particularly as these alveolar macrophages were isolated from patients with mild 

COPD, a disease in which macrophages play a key role in orchestration of inflammation (427). 

A comparison of these mild COPD macrophages with those isolated from healthy controls 

could suggest whether 11β-HSD1 is differentially regulated by inflammation in this disease 

and plays a role in macrophage inflammatory function here. 

In conclusion, in this study we aimed to investigate how macrophage inflammatory function 

was regulated by 11β-HSD1 metabolism of GCs. We confirmed that inflammatory polarisation 

upregulates 11β-HSD1 metabolism in primary human blood monocyte derived macrophages, 

as seen in synovial RA macrophages. This inflammation-induced activation of the endogenous 

GC cortisol from cortisone enables anti-inflammatory regulation of macrophage function by 

changing inflammatory cytokine profiles and expression of pro-resolution scavenger 
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receptors. The downregulation of inflammatory functions and upregulation of pro-resolution 

markers represents a shift in polarisation towards a macrophage phenotype, which likely 

promotes resolution of inflammation and tissue repair, and may be beneficial in diseases such 

as RA. 
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Chapter 5 MACROPHAGE METABOLISM OF ANDROGENS 

AND FUNCTIONAL EFFECTS ON INFLAMMATORY PROFILES 

 

5.1 Introduction 

Androgens are known to have generally anti-inflammatory and immunosuppressant effects. 

This is believed to play a role in the marked sex imbalance of autoinflammatory diseases such 

as RA, where there is a higher proportion of female patients, and lower androgen levels are 

linked with increased incidence of RA and higher inflammatory measures such as ESR (351-

353). However, dysregulation of androgen levels in RA may also present at the intracrine level, 

in which inactive precursors are activated to functional androgens within a cell, in immune 

cells such as synovial macrophages, which play a major role in dictating the inflammatory RA 

environment.  

As discussed in Section 1.4.4, different populations of macrophages, including synovial and 

monocyte-derived macrophages, have been found to express various enzymes of the 

androgen metabolic pathway, and androgen stimulation appears to exert anti-inflammatory 

effects on macrophages (374, 375). However, most studies on the functional effects of 

androgen stimulation in macrophages have focused on the active androgens testosterone and 

DHT (371, 379-381, 383). Less is known about how androgen metabolism is regulated by 

inflammatory polarisation of macrophages and how this metabolism influences macrophage 

function.  

Intracrine androgen metabolism by RA synovial macrophages may be involved in their 

inflammatory function, as these cells have been identified to metabolise testosterone into 



 

193 
 

both the potent active androgen DHT, but also the less active precursor androstenedione (390, 

391). However, again, it is unknown how this is regulated with inflammation and whether this 

metabolism differs between distinct subsets of tissue macrophages. 

Analysis of the AMP RNA-seq dataset in Chapter 3 identified an inflammation-induced 

differential expression of key androgen activating enzymes AKR1C3 and SRD5A1 in RA synovial 

macrophages. scRNA-seq dataset analysis found that the inflammatory-upregulated SRD5A1 

was primarily expressed in the synovial macrophage subset associated with severe disease, 

while the inflammation-downregulated enzyme AKR1C3 was mainly expressed by a subset 

associated with remission and healthy synovial tissue. This, in line with our findings that 

overall ratios of active androgens and precursors in RA synovial fluid did not change with 

inflammation or disease severity suggests that macrophage intracrine androgen metabolism 

may have more of a role in defining the inflammatory status of the diseased joint. 

To explore this further, in this chapter we investigate androgen metabolism in monocyte-

derived macrophages, as previously carried out for GC pre-receptor metabolism in Chapter 4, 

in order to further characterise the regulatory relationship between macrophage 

inflammatory polarisation and function and intracrine androgen metabolism. 
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5.2 Materials and methods 

5.2.1 Macrophage culture and polarisation 

Monocytes were isolated from human blood cones by RosetteSep™ and differentiated into 

macrophages for 6d with 20 ng/ml M-CSF as previously described (section 2.3.1).  

Macrophages were polarised for 24h into M0 (unpolarised) or M1-like (20 ng/ml IFNγ and 10 

ng/ml TNFα) prior to treatment with androgens to assess effects of androgen metabolism on 

inflammatory profiles. 

 

5.2.1.1 Steroid hormone quantification 

Androgen metabolism was assessed in differentially polarised macrophages by treating cells 

with androgen precursors and assessing conversion into metabolites by LC-MS/MS. Following 

24h polarisation, macrophages were treated with 100nM of DHEA, androstenedione or 

testosterone (all Sigma-Aldrich, UK) or ethanol vehicle for 48h. Supernatants were then 

collected and stored at -80°C. 

Steroids were extracted from supernatants using liquid/liquid extraction as detailed in section 

2.5.5. Dr Angela Taylor ran all samples on a Waters Xevo® mass spectrometer as detailed in 

section 2.5.5. The concentrations of androgens were quantified relative to a calibration series 

spanning the range 0.5-1000 ng/ml for each steroid. 
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5.2.2 Gene expression analysis 

Following the appropriate treatment timepoint, RNA was isolated from macrophage cultures 

with an innuPREP RNA Mini kit (Analytik Jena, Germany), following manufacturer’s protocol, 

as described in section 2.4.1. Yield and purity of samples, as determined by absorbance ratios 

at 260/280 and 260/230, was measured on a NanoDrop™ ND-1000 spectrophotometer 

(Wilmington, USA). 350ng of RNA per sample was reverse transcribed using Applied 

Biosystems reverse transcription reagents and a GeneAmp® PCR System 27000 machine 

(Applied Biosystems, UK), following the protocol detailed in section 2.4.2. qPCR analysis was 

carried out on a QuantStudio™ 5 Real-Time PCR System (Applied Biosystems, UK) with TaqMan 

probes, listed in section 2.4.3. Expression of genes of interest was normalised to that of 18S. 

 

5.2.3 Cell viability assay 

Viability was assessed using an ApoLive-Glo® Multiplex assay (Promega, UK) as detailed in 

section 2.9. Following differentiation from monocytes as before on Eppendorf® Cell Imaging 

96 well glass bottom plates (Sigma-Aldrich, UK) macrophages were polarised to M0 

(untreated) or M1-like (IFNγ and TNFα) for 24h with ethanol vehicle control or 10nM DHT 

(Sigma-Aldrich, UK) and then assessed for viability and apoptosis according to manufacturer’s 

guidelines. M0 macrophages were treated with 10mM hydrochloric acid (HCl) 10min before 

assay as a positive cell death control. 
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5.2.4 Cytokine release analysis 

Cytokine levels were measured by ELISA as detailed in section 2.6. Supernatants were 

collected from macrophage cultures following relevant stimulation time. ELISAs were carried 

out using Invitrogen Human Uncoated ELISA Kits for TNFα and IL-12 p70 (both Thermo Fisher 

Scientific, UK) and Precoated Quantikine® Human IL-6 ELISA Kit (R&D Systems, UK), following 

manufacturers’ protocols, and ran on a FLUOstar® Omega Microplate Reader (BMG Labech, 

Germany). 

5.2.5 Statistical analysis 

Statistical significance was assessed with IBM SPSS Statistics v28.0.1.0 (IBM Analytics, USA) 

and GraphPad Prism v5.03 and v9.5 (GraphPad Software, USA). Normality of data was tested 

using a Shapiro-Wilk test for Gaussian distribution. One-way ANOVA with Tukey’s post hoc 

analysis was used to test significance between all groups when multiple treatment groups 

were present. Two-way ANOVA analysis with Bonferroni multiple comparison post-test was 

used to compare between macrophage polarisation subsets and treatment groups. Statistical 

significance is presented as follows: * P≤0.05, ** P≤0.01 and *** P≤0.001.  
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5.3 Results 

5.3.1 Differential expression of androgen activating enzymes AKR1C3 and SRD5A1 in pro-

inflammatory monocyte-derived macrophages 

As androgen levels in blood sera differ between males and females and could affect blood 

monocyte-derived macrophage responses to androgen stimulation in vitro, we assessed the 

baseline levels of androgens in blood samples used for macrophage culture by LC-MS/MS 

(Figure 5-1). 

Baseline sera levels of testosterone were mostly within the healthy male reference range as 

previously published (410) (Figure 5-1 A). DHT levels were fully within the healthy male 

reference ranges (Figure 5-1 B). These data suggest that all these samples can be analysed 

together, as they all have similar baseline androgen levels. 

 

 

Figure 5-1 Androgen levels in in vitro macrophage samples 

Concentration (nM) of (A) testosterone and (B) DHT in sera of whole blood samples used for 
macrophage generation quantified by LC-MS/MS (n=6). Dotted lines show healthy male reference 
ranges for serum testosterone and DHT as previously published by Kratz (410). 
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Analysis of the AMP bulk RNA-seq dataset identified that the androgen activating genes 

AKR1C3 and SRD5A1 were differentially regulated with inflammation and disease severity in 

RA synovial macrophages (Chapter 3). While the early-stage androgen activator AKR1C3 was 

downregulated with increasing synovitis and DAS28-CRP, expression of the DHT-generating 

enzyme SRD5A1 was upregulated. We therefore investigated whether similar changes in gene 

expression would be seen with differential inflammatory polarisation of monocyte-derived 

macrophages as measured by qPCR (Figure 5-2). 

As with the AMP RNA-seq data, expression of AKR1C3 was significantly lower in pro-

inflammatory M1-like macrophages polarised with IFNγ and TNFα compared with unpolarised 

M0 (8.6-fold, P≤0.01; Figure 5-2 A). Similarly, expression of SRD5A1 was higher in M1-like 

macrophages than in M0 (2.0-fold, P≤0.05, Figure 5-2 B).  

These data show that human blood monocyte-derived macrophages have a similar 

transcriptional regulation of AKR1C3 and SRD5A1 with inflammation as previously identified 

synovial macrophages. 
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Figure 5-2 Androgen metabolism genes are differentially regulated in inflammatory human 
macrophages 

RNA expression (AU) of the androgen activating enzymes (A) ARK1C3 and (B) SRD5A1 in macrophages 
polarised for 24h to unpolarised M0 or pro-inflammatory M1-like (IFNγ and TNFα) as measured by 
qPCR (n=4). Data are presented as mean ± SEM and statistical significance was determined using paired 
Student’s t-test (* p≤0.05, ** p≤0.01). 
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5.3.2 Inflammatory macrophages have increased androgen activation 

The metabolism of androgens was assessed by treating M0 or M1-like polarised macrophages 

with the precursors DHEA, androstenedione or testosterone and quantifying metabolite 

production by LC-MS/MS (Figure 5-3). These steroids have previously been shown to be 

metabolised by macrophage populations to yield downstream androgens (374, 375). 

DHEA treatment of M0 macrophages resulted in negligible conversion of this precursor into 

other androgen metabolites (Figure 5-3 A). Treatment with androstenedione led to some 

conversion into 5α-androstanedione (31.1% [±6.5%]), androsterone (8.9% [±3.0%]) and some 

further metabolites (Figure 5-3 B). M0 macrophages also converted some testosterone into 

DHT but only marginally (10.2% [±3.4%]; Figure 5-3 C).  

Similar to M0 macrophages, M1-like macrophages did not convert DHEA into further 

androgens (Figure 5-3 D). However, M1-like macrophages converted nearly all the 

androstenedione treatment into downstream metabolites, in particular 5α-androstanedione 

(49.5% [±2.1%]), androsterone (21.0% [±1.6%]) and active androgen DHT (11.8% [±1.1%]; 

Figure 5-3 E). 31.4% (±4.3%) of the testosterone treatment was converted into DHT but also 

some upstream inactive metabolites such as androstenediol (18.0% [±3.1%]; Figure 5-3 F).  

We also assessed the baseline generation of androgens in M1-like polarised macrophages; 

however, androgens were only produced at very low to minimal levels and so were assumed 

to be negligible (Figure 5-3 G). 

These data show that monocyte-derived macrophages are capable of metabolising inactive 

androgen precursors into active androgens, and suggest that this metabolism is upregulated 

in inflammatory polarised macrophages. 
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Figure 5-3 Macrophages can metabolise androgens from precursors 

Proportion (percentage) of androgens in supernatants of macrophages polarised for 24h to 
unpolarised (M0) (A-C) or pro-inflammatory M1-like (IFNγ and TNFα) (D-F) and then treated for 48h 
with 100 nM DHEA, androstenedione (A4) or testosterone (T) and analysed by LC-MS/MS (n=5, DHEA 
treated n=3). White bars depict the androgen with which macrophages were treated. (G) 
Concentration (nM) of androgens in macrophages polarised to M1 for 48h without androgen 
treatment, as quantified by LC-MS/MS (n=5). Data are presented as mean ± SEM. 5α-adione, 5α-
androstandione; A4, androstenedione; A5, androstenediol; An, androsterone; DHEA, 
dehydroepiandrosterone; DHT, dihydrotestosterone; ND, not detected; T, testosterone. 
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In order to assess whether inflammatory polarised macrophages had differences in androgen 

metabolism in line with their differing enzyme gene expression we calculated the generation 

of androgens from their precursors (Figure 5-4). It was not possible to calculate the AKR1C3-

catalysed conversion of DHEA into androstenediol, as most of the samples contained 

androstenediol levels below the limit of detection. Therefore, we assessed the conversion of 

DHEA into testosterone, despite this not being a direct conversion step (Figure 5-4 A). 

As expected, given the low conversion of DHEA in Figure 5-3, there were no differences in 

androstenedione/DHEA or testosterone/DHEA in DHEA treated M0 and M1-like macrophages 

(A4/DHEA: M0 v M1-like 2.4-fold, P=0.2793; T/DHEA: 2.2-fold, P=0.1100; Figure 5-4 B-C). 

There was a trend towards greater generation of DHT from testosterone in M1-like 

macrophages compared to M0 macrophages, in line with their increased SRD5A1 expression, 

but this was not significant (6.4-fold, P=0.0625; Figure 5-4 D).  

In androstenedione treated macrophages, however, M1-like polarisation was found to 

increase the generation of 5α-androstanedione from androstenedione (28.4-fold, P≤0.01), in 

line with the greater level of SRD5A1 expression seen in these cells (Figure 5-4 E). M1-like 

macrophages also showed significantly higher generation of DHT from 5α-androstanedione 

(6.8-fold, P≤0.01; Figure 5-4 F) and conversion of androstenedione into testosterone (19.8-

fold, P≤0.05; Figure 5-4 G), both of which were catalysed by AKR1C3. 

Collectively these data show that despite inflammatory polarisation driving differential 

regulation of the SRD5A1 and AKR1C3 enzymes, the effects on metabolism appear to be a 

general increase in production of androgens from precursors compared to unpolarised 

macrophages. 
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Figure 5-4 Inflammatory polarisation increases androgen activation in macrophages 

(A) Pathway of androgen activation. Ratio of (B) androstenedione (A4) over DHEA and (C) testosterone 
(T) over DHEA in DHEA-treated cells, (D) dihydrotestosterone (DHT) over T in T treated cells, and (E) 
5α-androstandione (5α-adione) over A4, (F) DHT over 5α-adione and (G) T over A4 in A4 treated cells, 
in macrophages polarised to M0 (unpolarised) or M1 (IFNγ and TNFα) for 24h and then treated with 
100 nM DHEA, T or A4 and steroid levels in supernatants quantified by LC-MS/MS (n=5; DHEA-treated 
n=3). Data are presented as mean ± SEM and statistical significance was determined using Student’s 
paired t-test (* p≤0.05, ** p≤0.01). 
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5.3.3 Differences in androgen metabolism between M0 and M1 macrophages are not 

due to changes in viability  

We assessed the effects of androgen stimulation on viability of M0 and M1-like polarised 

macrophages to ensure that differences in metabolism were not caused by loss of cell viability 

(Figure 5-5). We treated macrophages with the potent androgen DHT, as this would have the 

strongest androgenic effects. 

There were no differences in viability (Figure 5-5 A) for M0 and M1-like macrophages when 

treated with the active androgen DHT. Although there was a trend towards decreased 

apoptosis in M1-like macrophages compared to M0 for both control (1.8-fold, P=0.2190) and 

DHT treated (1.7-fold, P=0.2153), these were also not significant (Figure 5-5 B). These data 

suggest that the decreased androgen metabolism seen in M0 macrophages is not due to 

changes in viability compared to M1-like macrophages on androgen stimulation. 

Figure 5-5 DHT treatment does not affect macrophage viability 

(A) Cell viability as quantified by GF-AFC fluorescence (AU) and (B) apoptosis as quantified by Caspase-
Glo 3/7 luminescence (AU) in untreated or HCl treated (HCl ctrl) M0 macrophages and M0 and M1-like 
(IFNγ and TNFα) polarised macrophages (Ctrl) treated with 10nM dihydrotestosterone (DHT), using an 
ApoLive-Glo multiplex assay (n=3). Data are presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Bonferroni’s multiple comparisons post-test. 
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5.3.4 Pre-receptor androgen metabolism does not influence inflammatory function of 

macrophages on subsequent inflammatory challenge 

We assessed the impact of inflammatory polarisation induced differences in metabolism on 

regulation of macrophage inflammatory functions using the same LPS challenge methodology 

used in Chapter 4.  

As shown in Figure 5-6, macrophages were polarised for 24h to yield unpolarised M0 or 

inflammatory M1-like macrophages (IFNγ/TNFα); these were each treated with androgens for 

24h before acute LPS challenge for 8h to assess whether androgen pre-treatment would 

reduce subsequent inflammatory response to LPS. We assessed treatment with the inactive 

androgen precursor androstenedione and testosterone, which can function both as an active 

androgen and as a precursor to the more potent DHT. DHT pre-treatment was included to 

compare the anti-inflammatory effects of intracrine androgen metabolism to treatment with 

an active potent androgen. Cortisol pre-treatment was included as a positive control to assess 

regulation of LPS-induced inflammation, and to assess if cortisol and DHT stimulation could 

provide additive anti-inflammatory effects. As M1-like macrophages were confirmed to 

exhibit greater androgen activation than M0 macrophages, we predicted that we would see a 

greater downregulation of LPS-induced inflammatory responses in M1-like polarised 

macrophages.  
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Figure 5-6 Schematic for analysis of regulation of inflammatory function by androgen 
metabolism 

CD14+ monocytes isolated from whole blood by RosetteSepTM kit were differentiated into 
macrophages by 6h incubation with 20 ng/ml M-CSF. Macrophages were polarised into M0 
unpolarised cells (untreated) or pro-inflammatory M1-like (IFNγ and TNFα) for 24h. Medium was 
changed, and polarised cells were treated with 10 nM DHT (with or without 1000 nM cortisol), 100 nM 
androstenedione or 100 nM testosterone or vehicle for 24h. Then cells were treated with 10 ng/ml 
LPS for 8h and RNA and supernatants collected.  
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The effects of intracrine androgen metabolism on macrophage inflammatory gene expression 

was assessed by qPCR in M0 and M1-like macrophages (Figure 5-7).  

Cortisol pre-treatment downregulated LPS-induced expression of the pro-inflammatory 

cytokine genes TNFα (M0 LPS control vs cortisol LPS: 3.6-fold, P≤0.001; M1-like: 1.8-fold, 

P≤0.05; Figure 5-7 A), IL-6 (M1-like: 3.6-fold, P≤0.05; Figure 5-7 B) and IL-12A (M1-like: 4.8-

fold, P≤0.01; Figure 5-7 C) and increased expression of the pro-resolution gene CD163 (M0 LPS 

control vs cortisol LPS: 2.5-fold, P≤0.001; M1-like: 8.6-fold, P≤0.001; Figure 5-7 D). Although 

there was a trend towards decrease of LPS-induced expression of IL-6 and IL-12A with cortisol 

pre-treatment in M0 macrophages, these were not significant (IL-6: M0 LPS control vs cortisol 

LPS: 6.4-fold, P=0.0518; IL-12A: M0 LPS control vs cortisol LPS: 2.2-fold, P=0.3985). 

Pre-treatment with androstenedione (A4), testosterone or DHT alone did not significantly 

regulate LPS-induced inflammatory gene expression profiles. When DHT was applied in 

combination with cortisol there was a significant decrease in LPS-induced expression of TNFα 

expression in M0 macrophages (M0 LPS control vs cortisol+DHT LPS: 3.0-fold, P≤0.01; Figure 

5-7 A), IL-6 in M1-like macrophages (M1-like LPS control vs cortisol+DHT LPS: 4.2-fold, P≤0.05; 

Figure 5-7 B) and IL-12A in M1-like macrophages (M1-like LPS control vs cortisol+DHT LPS: 6.0-

fold, P≤0.01; Figure 5-7 C). There was also an increase in CD163 expression on combined 

cortisol and DHT pre-treatment prior to LPS stimulation compared to LPS alone (M0 LPS 

control vs cortisol+DHT LPS: 2.7-fold, P≤0.001; M1-like LPS control vs cortisol+DHT LPS: 8.3-

fold, P≤0.001; Figure 5-7 D). However, the gene expression changes seen with addition of DHT 

to cortisol pre-treatment were no different to cortisol pre-treatment alone: no additive 

changes in inflammatory regulation were seen.  
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Therefore, despite an inflammation-induced increase in androgen metabolism seen in M1-like 

macrophages, treating these cells with androgens did not decrease inflammatory gene 

responses to subsequent inflammatory challenge with LPS. 

 

 

Figure 5-7 Androgen pre-treatment does not suppress inflammatory gene profiles from LPS 
stimulation 

RNA expression (AU) of (A) TNFα, (B) IL-6, (C) IL-12A and (D) CD163 in macrophages polarised for 24h 
to unpolarised (M0) or inflammatory M1-like (IFNγ/TNFα) and then untreated (Ctrl), treated with 8h 
LPS only (LPS) or pre-treated with 24h 1000 nM cortisol (F), 100 nM androstenedione (A4), 100 nM 
testosterone (T), 10 nM dihydrotestosterone (DHT) or combined 1000 nM cortisol and 10 nM DHT 
(F+DHT) as measured by qPCR (n=3). Data are presented as mean ± SEM and statistical significance 
was determined with one-way ANOVA with Dunnett’s post-test to compare groups to LPS-only group 
(* p≤0.05, ** p≤0.01, *** p≤0.001). 
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The effects of androgen pre-treatment on regulation of LPS challenge-induced inflammatory 

cytokine release in M0 and M1-like polarised macrophages was assessed by ELISA analysis of 

supernatants (Figure 5-8). 

As with gene expression, cortisol pre-treatment reduced the LPS-induced secretion of the 

inflammatory cytokines TNFα (M0 LPS control vs cortisol LPS: 2.2-fold, P≤0.01; M1-like: 11.3-

fold, P≤0.001; Figure 5-8 A), IL-6 (M1-like: 2.1-fold, P≤0.05; Figure 5-8 B) and IL-12 p70 (M1-

like: P≤0.05; Figure 5-7 C). There was a trend towards decrease of LPS-induced secretion of IL-

6 with cortisol pre-treatment in M0 macrophages; this was not significant (M0 LPS control vs 

cortisol LPS: 3.8-fold, P=0.1550). 

While concomitant DHT and cortisol pre-treatment prior to LPS stimulation did decrease 

release of TNFα (M0 LPS control vs cortisol+DHT LPS: 2.1-fold, P≤0.001; M1-like LPS control vs 

cortisol+DHT LPS: 13.2-fold, P≤0.001; Figure 5-8 A), IL-6 (M1-like LPS control vs cortisol+DHT 

LPS: 2.9-fold, P≤0.01; Figure 5-8 B) and IL-12 p70 (M1-like LPS control vs cortisol+DHT LPS: 

23.9-fold, P≤0.05; Figure 5-8 C), again these were not dissimilar to level of decrease induced 

by cortisol pre-treatment alone. Pre-treatment with androgens also had no effect on LPS-

induced cytokine secretion. 

Together these data show that despite increased androgen metabolism occurring within 

inflammatory macrophages compared to unpolarised macrophages, this intracrine 

metabolism did not regulate their inflammatory functional response to LPS challenge.  
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Figure 5-8 Androgen pre-treatment does not suppress inflammatory cytokines from LPS 
stimulation 

Cytokine concentration (pg/ml) in supernatants of (A) TNFα, (B) IL-6 and (C) IL-12 p70 in macrophages 
polarised for 24h to unpolarised (M0) or inflammatory M1-like (IFNγ/TNFα) and then untreated (Ctrl), 
treated with 8h LPS only (LPS) or pre-treated with 24h 1000 nM cortisol (F), 100 nM androstenedione 
(A4), 100 nM testosterone (T), 10 nM dihydrotestosterone (DHT) or combined 1000 nM cortisol and 
10 nM DHT (F+DHT) as measured by ELISA (n=3). Data are presented as mean ± SEM and statistical 
significance was determined with one-way ANOVA with Dunnett’s post-test to compare groups to LPS-
only group (* p≤0.05, ** p≤0.01, *** p≤0.001). ND, not detected. 
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5.4 Discussion 

The dysregulation of systemic androgen metabolism has been strongly implicated in the 

pathophysiology of chronic inflammatory diseases such as RA (339, 356, 358, 359). However, 

the local availability of steroids is closely regulated by paracrine and intracrine metabolism, 

which facilitate active steroid signalling between and within cells respectively (333). Our lab 

has previously highlighted the importance of inflammatory GC pre-receptor metabolism by 

11β-HSD1 in the pathology and resolution of arthritis (290, 314). Given the anti-inflammatory 

effects of androgens on immune cells and the previously reported expression of key 

androgenic enzymes in these cells, intracrine metabolism of androgens has been implicated 

in functional regulation of macrophages (334). Our analysis of the AMP RA RNA-seq dataset in 

Chapter 3 identified that the key extragonadal androgen activating enzymes, AKR1C3 and 

SRD5A1, were amongst the most differentially regulated steroid metabolism genes in RA 

synovial macrophages. In Chapter 4, we found GC intracrine metabolism by 11β-HSD1 allowed 

for functional regulation of inflammatory macrophages. Therefore, we sought to identify 

whether androgen intracrine metabolism by AKR1C3 and SRD5A1 would regulate 

inflammatory macrophages in a similar manner. 

Analysis of monocyte-derived macrophages confirmed a similar transcriptional regulation of 

the key rate limiting androgen activating enzymes AKR1C3 and SRD5A1 with inflammation as 

previously identified in RA synovial macrophages. AKR1C3 was previously found to decrease 

expression in synovial macrophages with increasing DAS28-CRP and local synovitis, which was 

mirrored by the lower expression identified in unpolarised macrophages compared to 

inflammatory polarised macrophages (Figure 5-2 A). Meanwhile, the inverse was true for 



 

212 
 

SRD5A1, which instead increased with measures of inflammation in RA and with M1-like 

polarisation in vitro (Figure 5-2 B). These data imply a conserved regulation of androgen 

metabolism across tissue and monocyte-derived macrophage populations with inflammation.  

Although androgen metabolism by SRD5A1 and AKR1C3 has been identified in numerous 

macrophage subsets, including synovial macrophages, alveolar macrophages, and monocyte-

derived in vitro models, far less is known about the effects of inflammatory polarisation on 

androgen metabolism (374, 375, 390, 391). In mice, in vivo LPS challenge reduced the 

expression of AKR1C3 and SRD5A1 on isolated microglia compared to those from vehicle-

treated animals, while treatment of ex vivo microglia with LPS after isolation instead 

upregulated both enzymes. This in vitro activation resulted in an increased generation of DHT, 

5α-androstanedione and testosterone from androstenedione (428). Further investigation of 

the effects of androgen metabolism by inflammatory macrophages has instead focused more 

on the balance of androgen and estrogen production. Synovial macrophages were identified 

to increase aromatase activity, and therefore conversion of androgens to estrogens, in 

response to stimulation with GCs, IL-1, IL-6 or TNFα (429). However, this is highly cell context 

specific, as the monocyte-derived macrophage THP-1 line instead downregulates aromatase 

expression in response to TNFα stimulation (377). This androgen-estrogen metabolism 

balance could also be affected by the inflammatory regulation of androgen activating enzymes 

such as AKR1C3 and SRD5A1. This is beyond the scope of this thesis; however, given its links 

to androgen metabolism and more pro-inflammatory effects, estrogen metabolism in 

macrophages warrants further investigation. Finally, AKR1C3 is also involved in prostaglandin 

metabolism, generating the prostaglandin (PG) F isomers, PGF2 and 9α,11β-PGF2 (430). This 

function of AKR1C3 has been implicated in enhancing the pro-inflammatory functions of 
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macrophages and therefore metastasis of hepatocellular carcinoma (431). Therefore, further 

work should also take into consideration the other substrates of these enzymes, and the other 

metabolic pathways they incorporate and how these impact inflammatory function.  

The differential regulation of AKR1C3 and SRD5A1 by inflammatory activation in macrophages 

does not appear to have been reported previously. The balance of these enzymes in 

inflammatory macrophages may shift androgen metabolism more towards activation of later 

stage potent androgens such as DHT from testosterone, while decreasing the activation of 

earlier androgen precursors such as DHEA. This would imply an overall decrease in intracrine 

androgen activation in inflammatory macrophages, as by decreasing AKR1C3 expression 

macrophages would be expected to have reduced ability to generate testosterone from 

available DHEA or androstenedione, nor could they convert 5α-androstanedione into DHT via 

the alternative pathway of androgen synthesis (Figure 5-4 A). Reciprocal regulation of SRD5A1 

and AKR1C3 has not previously been reported. As these enzymes are both reductases that use 

NADPH as a cofactor, it may be that transcriptional regulation is required for adequate NADPH 

availability, particularly also with its use as a substrate by inflammatory macrophage NADPH 

oxidase enzymes to generate ROS (432). 

However, despite this differential transcriptional regulation with inflammation, on analysis of 

androgen metabolism by LC-MS/MS it was found that inflammatory M1-like polarised 

macrophages had generally higher levels of androgen activation than M0 unpolarised 

macrophages (Figure 5-4). This included the SRD5A1-catalysed generation of 5α-

androstanedione from androstenedione and DHT from testosterone, but also the AKR1C3-

catalysed conversion of 5α-androstanedione to DHT and androstenedione to testosterone 
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(Figure 5-4).  As many genes are acutely regulated by inflammatory activation, it may be that 

the 24h timepoint used for our monocyte-derived macrophage cultures is missing a more 

dynamic regulation of these genes. However, this was the same trend seen with RNA-seq 

analysis of synovial macrophages in Chapter 3. There is likely further posttranscriptional 

regulation of these enzymes which is modulating their activity beyond their transcription in 

macrophages. In Rubinow’s review of the role of intracrine sex steroid metabolism, synovial 

macrophages were noted to be more estrogenic while monocyte-derived macrophages 

appear more androgenic, based on analysis of metabolism following steroid treatments ex 

vivo (334). Therefore, we might expect differences in steroid metabolism between these cell 

types, despite the similar patterns of inflammation-induced gene expression we identified in 

this thesis. Further comparison is warranted, such as investigating the differences in steroid 

metabolism in ex vivo cell cultures of each, to assess whether inflammation-induced changes 

in androgen metabolism are conserved between different macrophage populations. This 

would be important given that analysis of synovial macrophages is primarily carried out on ex 

vivo samples from OA and RA patients, where increased inflammatory cytokines may be 

inducing aromatase expression to higher levels than that of healthy synovial macrophages 

(363, 365, 375, 429). 

As we identified increased androgen activation in pro-inflammatory polarised macrophages 

compared to unpolarised, we assessed whether this would lead to anti-inflammatory 

regulation capable of driving differential responses to subsequent LPS challenge (Figure 5-6). 

In Chapter 4 we found that inflammatory polarisation allowed M1-like macrophages to 

respond to cortisone and limit subsequent inflammatory response to LPS. However, despite 

distinct differences in enzyme gene expression and androgen metabolism, androgen pre-
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treatment did not affect response to LPS in either macrophage polarisation subset (Figure 5-

7 and Figure 5-8). We postulated that a combination of cortisol and DHT stimulation could 

drive synergistic anti-inflammatory effects, particularly as these steroids share some 

regulatory mechanisms such as inhibition of NFκB by enhancement of IκBα (193, 381). 

However, no additive effect was seen when compared to cortisol pre-treatment alone. It may 

be that 24h was not sufficient time for macrophages to metabolise androgens, as our LC-

MS/MS analysis used a 48h androgen treatment timepoint to ensure adequate time for 

measurable conversion. Previous work assessing androgen metabolism in macrophages has 

used treatment timings between 24h and 5d, however alveolar macrophages have been found 

to convert androstenedione into measurable quantities of testosterone and 5α-

androstanedione in as little as 1-4h (374, 375, 390, 391). Therefore, further work should be 

carried out using our monocyte-derived macrophage cultures to determine the kinetics of 

androgen activation and identify the best timepoints for assessing impact of intracrine 

activation on functional responses.  

Importantly, in our LC-MS/MS analysis of androgen treated macrophages, it was not possible 

to directly follow the metabolic fate of the precursors. More accurate analysis of androgen 

metabolism could be carried out using radioisotope tracer assays, in which macrophages 

would be treated with labelled precursors, which would be transferred to their resulting 

downstream metabolites. Anti-inflammatory effects of direct androgen stimulation on our 

macrophage polarisation models could also be explored, such as the previously reported 

testosterone-induced decrease in TNFα release on LPS challenge (372). This would be useful 

to replicate in our cultures as a positive control to assess relevance of intracrine androgen 

activation. We could additionally directly assess the relevance of intracrine androgen 
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metabolism to macrophage anti-inflammatory regulation by treating with enzyme inhibitors 

(433). For example, inhibition of the SRD5A1 enzyme with drugs such as finasteride would 

allow us to compare macrophage responses to testosterone treatment with and without its 

intracrine conversion to DHT.  

Our study was limited by low sample sizes and limitations of working with NHS blood donor 

cones. Measurements of baseline serum androgen levels were used with the goal of 

separating biological replicates by high and low androgen levels, however these were all found 

to be within a similar male range and so were analysed together (410). Separation of blood 

samples by biological sex and age for monocyte-derived cultures would allow us to investigate 

whether macrophage androgen metabolism contributes to the sex and age differences 

identified in autoinflammatory diseases such as RA (352). Blood monocyte-derived 

macrophages from post-menopausal female and age-matched male donors were previously 

found to have equivalent levels of AR expression and anti-inflammatory response to 

testosterone treatment, however the higher levels of estrogens have been strongly linked to 

the enhanced inflammatory function of macrophages commonly measured in seen in pre-

menopausal females (382, 434).  

It may be that macrophage activation of androgens has more functional relevance in paracrine 

rather than intracrine signalling. This is supported by our findings in the AMP RA RNA-seq 

dataset, where synovial macrophages only expressed low levels of the AR gene, whilst FLS had 

moderate expression. Although monocyte-derived macrophages have been shown to express 

AR, further work should assess expression of and signalling at the AR in our monocyte-derived 

macrophage cultures to see if this differs with RA synovial macrophages (370, 382). Previously 
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our group confirmed the paracrine signalling of GCs between macrophages and FLS using 

transfer of conditioned media from one population treated with inactive GCs to the other 

population that had Hsd11b1 knocked out (290). Similar work could be carried out using 

conditioned media from macrophages treated with androgens to assess whether they can 

generate active androgens capable of regulating fibroblast inflammatory functions, such as 

the previously reported decrease of IL-6 release by TNFα-activated fibroblasts treated with 

testosterone (435). 

In conclusion, while an inflammation-induced regulation of androgen activating enzymes and 

androgen metabolism was identified in monocyte-derived macrophage cultures, these did not 

drive an anti-inflammatory functional shift via intracrine means in our experimental setup. 

This indicates that macrophages may function as paracrine activators of androgens to aid 

regulation of further inflammatory cell types. However, further work is required to assess the 

balance of intracrine and paracrine androgen metabolism in macrophage populations. 
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Chapter 6 TARGETING MACROPHAGE STEROID 

METABOLISM TO IMPROVE ANTI-INFLAMMATORY 

EFFECTS OF GLUCOCORTICOIDS 

 

6.1 Introduction 

Therapeutic GCs are widely utilised in the treatment of numerous chronic inflammatory 

diseases, but their application is limited by potent catabolic side effects on tissues such as 

bone and muscle (39). Administration of intra-articular (IA) GCs into inflamed RA joints 

reduces synovial T cells and inflammatory mediators including MMPs, RANKL and TNFα (254-

256). In contrast, viability of synovial macrophages are generally unaffected and synovial 

macrophage numbers can positively predict success of IA GC therapy (45). This implies that 

rather than simply eliminating inflammatory macrophages, local GC therapy promotes 

phenotypic shifts in macrophage function, likely driving enhancement of the pro-resolution 

subsets of synovial tissue macrophages that have been associated with drug-free remission of 

RA (144, 146). 

IA injection offers more site-specific targeting of GCs, with a reduction in systemic GC-

associated side effects (247, 253). However, complications of IA GC injections include pain at 

the injection site, rapid drug elimination via capillary and lymphatic clearance and catabolic 

side effects on local tissues, as well as systemic effects, such as HPA downregulation, on 

release of GCs into systemic circulation (436-438). Therefore, there has been an unmet need 

to identify GC formulations that possess greater specificity for inflammatory cells with physical 

properties that facilitate IA injection into inflamed joints. 
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As reviewed extensively by Oliveira et al, numerous distinct formulations of hydrogels have 

emerged as valuable drug delivery vehicles in the treatment of RA, due to their chemical and 

mechanical biocompatibility (439). In this chapter, we examined sheared hydrogels made 

from the polysaccharide gellan as one such hydrogel formulation based on their reported 

favourable profile of physical properties. These include biocompatibility, improved ease of 

injectability, stability after injection and tuneable slow-release properties (440, 441).  

In Chapter 3 we identified that expression of the GC-activating enzyme, HSD11B1, was elevated 

within inflammatory synovial macrophages in the joints of patients with RA. Then in Chapter 

4 we confirmed that this enzyme is able to mediate the local amplification of GCs to 

downregulate macrophage pro-inflammatory polarisation and functions and upregulate pro-

resolution markers. We identified that 11β-HSD1 expression could be used to more selectively 

target and activate GC precursors within pro-inflammatory macrophages in vitro, whilst in vivo 

studies previously demonstrated that 11β-HSD1 shapes macrophage polarisation and function 

within the inflamed arthritic joint (290, 314). Therefore, in this chapter we hypothesised that 

local inactive GC release from sheared hydrogels could selectively target increased GC 

metabolism in inflammatory macrophages to downregulate their tissue destructive and pro-

inflammatory functions while promoting acquisition of a more pro-resolution phenotype. 

Furthermore, we hypothesised that sheared gellan hydrogels would be suitable vehicles for 

slow release of GCs to prolong steroid metabolism and efficacy of anti-inflammatory functions 

in macrophages. 
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6.2 Materials and methods 

6.2.1 Macrophage culture and polarisation 

Monocytes were isolated from human blood cones by RosetteSep™ and differentiated into 

macrophages for 6d with 20 ng/ml M-CSF as previously described (section 2.3.1).  

To assess inactive GC formulations, macrophages were polarised for 24h into M0 

(unpolarised), M1-like (20 ng/ml IFNγ and 10 ng/ml TNFα) or M2 (20 ng/ml IL-4) prior to 

treatment with compounds or soluble GC controls. 

 

6.2.2 Generation of sheared hydrogels 

Cortisone and ethanol vehicle loaded hydrogels were generated as detailed in section 2.10.1. 

Briefly, 1% w/v low acyl gellan gum (KELCOGEL®, USA), 17 ml deionised sterile water, 5% v/v 

PBS and 10 mM sodium chloride (Sigma-Aldrich, UK) were mixed in a Wheaton™ borosilicate 

glass spinner flask (Thermo Fisher, UK) and then autoclaved to dissolve and sterilise. 1ml 

10mM cortisone or ethanol was added to the flask during gelation under shear on a magnetic 

stirrer at 100°C for 15 minutes, then stirring at 500 rpm for 2h. Gels were stored at 4°C until 

testing on cells or rheology.  

500 μl of sheared hydrogel formulation was loaded into a 1 ml syringe with 25Gx25mm BD 

Microlance™ 3 needle (both Fisher Scientific Ltd, UK and 100 μl injected onto a strip of 

Parafilm® to assess ease of injectability. 

Soluble GCs and hydrogels were added at a dilution of 1/100 to polarised macrophages and 

incubated for 24h. Sheared hydrogels were pipetted into culture media above adherent cell 
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layer, where they were seen to remain without contact with macrophages. Supernatants were 

collected carefully by pipette to avoid disrupting or taking up hydrogel, and hydrogels were 

removed from culture wells with a cell scraper before RNA isolation as detailed below. 

 

6.2.2.1 Rheological analysis 

Rheological properties of ethanol vehicle loaded hydrogels were measured as detailed in 

section 2.10.2 using the Viscometry Shear Rate Ramp programme on a Kinexus Ultra 

rheometer with 40 mm parallel plates at 1 mm gap (Malvern Panalytical, UK). Data were 

analysed with rSpace software v1.75.2326 (Malvern Panalytical, UK). Rheological 

measurements were carried out at 37°C to mimic in vitro cell culture conditions.  

 

6.2.3 Gene expression analysis 

Following the appropriate treatment timepoint, RNA was isolated from macrophage cultures 

with an innuPREP RNA Mini kit (Analytik Jena, Germany), following manufacturer’s protocol, 

as described in section 2.4.1. Yield and purity of samples, as determined by absorbance ratios 

at 260/280 and 260/230, were measured on a NanoDrop™ ND-1000 spectrophotometer 

(Wilmington, USA). 350 ng of RNA per sample were reverse transcribed using Applied 

Biosystems reverse transcription reagents and a GeneAmp® PCR System 27000 machine 

(Applied Biosystems, UK), following the protocol detailed in section 2.4.2. qPCR analysis was 

carried out on a QuantStudio™ 5 Real-Time PCR System (Applied Biosystems, UK) with TaqMan 

probes, listed in section 2.4.3. Expression of genes of interest were normalised to that of 18S. 
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6.2.4 Cytokine release analysis 

Cytokine levels were measured by Ana Crastin, using ELISA as detailed in section 2.6. 

Supernatants were collected from macrophage cultures following relevant stimulation time. 

ELISAs were carried out using Invitrogen Human Uncoated ELISA Kits for TNFα and IL-12 p70 

(both Thermo Fisher Scientific, UK) and Precoated Quantikine® Human IL-6 ELISA Kit (R&D 

Systems, UK), following manufacturers’ protocols, and ran on a FLUOstar® Omega Microplate 

Reader (BMG Labech, Germany). 

 

6.2.5 Statistical analysis 

Statistical significance was assessed with IBM SPSS Statistics v28.0.1.0 (IBM Analytics, USA) 

and GraphPad Prism v5.03 and v9.5 (GraphPad Software, USA). Normality of data was tested 

using a Shapiro-Wilk test for Gaussian distribution. One-way ANOVA with Tukey’s post hoc 

analysis was used to test significance between all groups when multiple treatment groups 

were present. Two-way ANOVA analysis with Bonferroni multiple comparison post-test was 

used to compare between macrophage polarisation subsets and treatment groups. Statistical 

significance is presented as follows: * P≤0.05, ** P≤0.01 and *** P≤0.001. 
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6.3 Results 

6.3.1 Sheared hydrogels possess shear-thinning properties 

Different formulations of ethanol vehicle loaded sheared gellan hydrogels were developed to 

investigate their suitability for injection into arthritic joints. Gels were made with either 1% or 

2% of the gelling-agent gellan and 10-50 mM sodium chloride, a crosslinker which facilitates 

covalent bond formation in the gels.  

Injectability of gels was briefly assessed by loading gels into a 1 ml syringe with a 25G needle, 

the smallest gauge typically used for IA injections, and 100 μl gel injected onto Parafilm® 

(Figure 6-1) (442). At 1% gellan gels were readily injectable by hand to form a straight line. 

Conversely, 2% gels were difficult to inject by hand and formed fragmented lines on the 

Parafilm®. 

Figure 6-1 1% gellan gels have better injectability than 2% gels 

Representative image of 100 μl sheared hydrogels (1% or 2% gellan and 10 mM or 25 mM sodium 
chloride [NaCl]) injected using a 25G syringe onto Parafilm®. 
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The effects of gellan, crosslinker concentration and ethanol vehicle on physical viscometric 

properties of hydrogels were further assessed by rheological analysis (Figure 6-2). This was 

done to select the best formulation of hydrogel for greater shear-thinning behaviour and ease 

of injectability. 

To assess shear-thinning properties, we tested the relationship between shear rate and shear 

stress. All gels showed a non-linear relationship between shear rate and shear stress (Figure 

6-2 A). While all of the 1% gellan gels showed similar shear stress with applied shear rate 

despite differences in sodium chloride concentration, the 2% gellan gels required far higher 

shear stress, in line with their poor injectability. Similarly, although all gels showed a non-

linear relationship between shear rate and shear viscosity, the 2% gels possessed greater 

shear viscosity than 1% gels (Figure 6-2 B). Shear rate ramp analysis (Figure 6-2 C) showed that 

the viscosity of all gels decreased as shear rate was increased (ramp up). This relationship was 

also seen with application of decreasing shear rates (ramp down) following ramp up, showing 

that this shear-thinning behaviour is reversible and therefore should be retained in synovial 

joints following IA injection.  

These data show that 1% gellan gels are more suitable for application in IA injection, as they 

possessed greater shear-thinning behaviour than 2% gellan gels. Sodium chloride 

concentration did not have any measurable effect on this behaviour, nor did ethanol vehicle 

appear to impede this behaviour. 
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Figure 6-2 Sheared gellan hydrogels have reversible shear-thinning behaviour 

Rheological properties of sheared hydrogels were assessed using a Kinexus rheometer. (A) Shear stress 
(pascals, Pa) and (B) shear viscosity (pascal seconds, Pa∙s) of gels at applied shear rates (s-1) during 
shear rate ramp up. (C) Shear viscosity of each gel during shear rate ramp up (black circles) and ramp 
down (grey circles). Data are presented as mean ± SEM of 3 technical repeats of each gel. 
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6.3.2 Cortisone-loaded hydrogels induce pro-resolution gene expression 

Cortisone-loaded sheared hydrogels were generated to examine targeting of inflammatory 

macrophage pre-receptor GC metabolism with a slow-release injectable hydrogel. 

Macrophages were polarised for 24h to drive differential 11β-HSD1 expression and activity (as 

confirmed previously in Chapter 4) and then incubated for 24h with hydrogels or soluble 

cortisone (Figure 6-3). As it was not known how much drug would be released from 

formulations, the maximum dose of cortisone was loaded into hydrogels, resulting in an 

assumed maximum treatment dose of 5 μM, and this was compared to treatment with 1 μM 

soluble cortisone as assessed previously. 

Assessment of gene expression by qPCR showed that both M1-like (IFNγ/TNFα) and M2 

macrophages upregulated the GC-inducible gene GILZ on soluble cortisol treatment as 

expected (M1-like control vs cortisone gel treated: 4.1-fold, P≤0.001; M2: control vs cortisone 

gel treated: 4.2-fold, P≤0.05; Figure 6-3 A). However, only M1-like macrophages showed GILZ 

induction on cortisone hydrogel treatment (control vs cortisone gel treated: 5.4-fold, 

P≤0.001).  

Treatment with soluble cortisone (M1-like control vs cortisone: 2.1-fold, P=0.5995) and 

cortisone hydrogels (M1-like control vs cortisone: 2.2-fold, P=0.3578; M1-like cortisone 

hydrogel vs blank hydrogel: 2.3-fold, P=0.5695) lead to a nonsignificant downregulation in 

TNFα expression in M1-like macrophages (Figure 6-3 B).  

Soluble cortisone and cortisone-hydrogels significantly induced expression of the scavenger 

receptor CD163 in M1-like macrophages (control vs cortisone treated: 5.7-fold, P≤0.001; 

control vs cortisone gel treated: 8.4-fold, P≤0.001) although there was no significant 
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difference in expression between soluble and hydrogel cortisone stimulation (P≥0.9999; 

Figure 6-3 C). In contrast, no changes in expression for either TNFα or CD163 were observed 

in M0 or M2 macrophages with soluble or hydrogel cortisone.  

These data show that cortisone hydrogels are able to release their GC content such that pro-

inflammatory polarised macrophages can metabolise and respond to GCs. This promoted the 

upregulation of anti-inflammatory genes, implying a shift in polarisation to pro-resolution 

functions. 
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Figure 6-3 Cortisone-loaded hydrogels upregulate pro-resolution gene profiles selectively in 
M1 macrophages 

RNA expression (AU) of (A) GILZ, (B) TNFα and (C) CD163 in macrophages polarised for 24h to 
unpolarised (M0), pro-inflammatory M1-like (IFNγ and TNFα) and M2 (IL-4) and then treated for 24h 
with vehicle (Ctrl), 1000 nM cortisone (E), 5000 nM cortisone loaded in sheared hydrogel formulation 
(E gel) or ethanol vehicle loaded sheared hydrogel (Blank gel) as measured by qPCR (n=4, blank gel 
groups n=3, M2 groups n=3). Data are presented as mean ± SEM and statistical significance was 
determined using two-way ANOVA with Bonferroni multiple comparisons post-test. * P≤0.05 and *** 
P≤0.001. 
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Expression of the pro-inflammatory cytokine genes IL-6 and IL-12A were assessed in M1-like 

macrophages following incubation with hydrogel cortisone, compared to those treated with 

soluble cortisone (Figure 6-4). However, expression of neither cytokine was decreased by 

cortisone treatments, likely due to the timing of stimulations. 

 

 

 

 

 

Figure 6-4 Optimisation is required for further inflammatory cytokine gene expression 
readouts in cortisone hydrogel bioassay 

RNA expression (AU) of (A) IL-6 and (B) IL-12A in macrophages polarised for 24h to pro-inflammatory 
M1-like (IFNγ and TNFα) and then treated for 24h with ethanol vehicle (Ctrl), 1000 nM cortisone (E), 
5000 nM cortisone loaded in sheared hydrogel formulation (E gel) or ethanol vehicle loaded sheared 
hydrogel (Blank gel) as measured by qPCR (n=4, blank gel group n=3). Data are presented as mean ± 
SEM and statistical significance was determined using one-way ANOVA with Tukey’s multiple 
comparisons test. 
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6.3.3 Blank hydrogel formulations have pro-inflammatory properties 

The effects of cortisone hydrogel formulations on secretion of pro-inflammatory cytokines 

were assessed by ELISA in M0 and M1-like macrophages (Figure 6-5).  

There was a trend towards decreased secretion of TNFα in M1-like macrophages treated with 

cortisone hydrogels though this was not significant (control vs cortisone hydrogel: 2.0-fold, 

P≥0.9999), however the ethanol vehicle-loaded blank gels drove strong and significant release 

of this cytokine compared to all other groups (control vs blank gel:  2.4-fold, P≤0.01; Figure 6-

5 A).  

A similar effect was seen with IL-6 (Figure 6-5 B). Blank gel treatment of M0 macrophages 

drove significant secretion of IL-6 (control vs blank gel: 6.0-fold, P≤0.01), while in M1-like 

macrophages a similar trend was seen although this was not significant (control vs blank gel: 

6.5-fold, P=0.1960).  

Both M0 and M1-like macrophages saw increased secretion of IL-12 p70 (Figure 6-5 C) 

following treatment with blank hydrogels (M0: control vs blank gel P≤0.001; M1-like: control 

vs blank gel: 4.5-fold, P≤0.001). A trend towards decreased IL-12 p70 output was seen with 

cortisone hydrogel treatment in M1-like macrophages however this was not significant 

(control vs cortisone hydrogel P≥0.9999). 

Collectively these data show that while cortisone-loaded sheared hydrogels can upregulate 

expression of pro-resolution markers in M1 macrophages, the pro-inflammatory effects of 

blank gels on cytokine release emphasise the need for further optimisation to promote anti-

inflammatory functions of GCs, such as improved sterilisation procedures during hydrogel 

generation. 
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Figure 6-5 Current sheared hydrogel formulations induce pro-inflammatory cytokine output 

Cytokine concentration (pg/ml) of (A) TNFα , (B) IL-6 and (C) IL-12A in macrophages polarised for 24h 
to unpolarised (M0) or pro-inflammatory M1-like (IFNγ and TNFα) and then treated for 24h with 
vehicle (Ctrl), 1000 nM cortisone (E), 5000 nM cortisone loaded in sheared hydrogel formulation (E gel) 
or ethanol vehicle loaded sheared hydrogel (Blank gel) as measured by qPCR (n=4, blank gel groups 
n=3). Data are presented as mean ± SEM and statistical significance was determined using two-way 
ANOVA with Bonferroni multiple comparisons post-test. * P≤0.05, P≤0.01 and *** P≤0.001. ND, not 
detected. 
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6.4 Discussion 

Given the role of macrophages in inflammatory disease pathophysiology, they represent 

important targets for cellular anti-inflammatory interventions. Earlier work focused on 

depletion of synovial macrophages in RA, using compounds such as clodronate, however in-

depth transcriptomic analyses have revealed distinct populations of protective synovial 

macrophages vital for disease resolution (120, 146, 443). Thus, more recent macrophage 

targeted novel therapeutics have explored shifting synovial macrophage polarisation from 

pro-inflammatory and tissue destructive to anti-inflammatory and tissue reparative.        

Previous novel therapeutics targeting GCs to macrophages have included liposomes, drug 

carriers formed of phospholipid bilayers. These have been used to deliver primarily active GCs 

such as prednisolone intravenously, where they were more selectively taken up by 

macrophages via phagocytosis and reduced symptoms in arthritic models (444, 445). However 

while these were found to promote M2-like pro-resolution markers such as CD163 and CD206 

in vitro, these compounds only drove decrease in M1-like macrophages, and sometimes also 

M2-like, in vivo using murine models of arthritis (446). This implies that this intervention 

would not be successful in promoting resolution of arthritis in more chronic human disease, 

where pro-resolution macrophages have been shown to be important for disease remission.  

Compartmentalised delivery of therapeutics, such as IA, decreases systemic exposure to drugs 

such as GCs. It is also possible to target GCs in a temporal manner, such as “flare-responsive” 

hydrogels containing the active synthetic GC triamcinolone acetonide that were broken down 

to release steroid by MMPs in the RA synovial fluid or thermo-responsive gels structurally 
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sensitive to the increased heat of the inflamed joint (447, 448). However, this still risks 

exposing local bone and cartilage to GCs and associated catabolic effects, as this mechanism 

does not target GCs to selective populations. Inactive GCs such as cortisone offer targeting of 

GCs to cell populations expressing the activating enzyme 11β-HSD1. We have previously 

shown that synovial macrophages upregulate the gene HSD11B1 with increasing inflammation 

in RA (Chapter 3) and that, in vitro, this enables metabolism of inactive GCs to drive a 

functional shift in macrophages from pro-inflammatory M1-like to more pro-resolution anti-

inflammatory M2-like characterised by decrease in pro-inflammatory cytokines and increase 

in expression of pro-resolution and anti-inflammatory markers (Chapter 4). Therefore, 

targeting inactive GCs to this population in the inflamed RA joint could promote the anti-

inflammatory pro-resolution effects of GCs, while limiting the deleterious catabolic effects on 

stromal cells. 

Gellan is a hydrophilic polysaccharide derived from glucose metabolism by the bacterium 

Sphingomonas elodea (449). This compound is an approved food additive due to its proven 

biocompatibility, heat- and pH-stability and its ability to gel in solution at a lower 

concentration than other polysaccharides such as carrageenan. These key properties also 

make it suitable for pharmaceutical use. Gellan can also be used to form hydrogels: polymer 

chain networks with potent hydrophilic properties. These provide improved biocompatibility 

and biodegradability due to water content and tuneable encapsulation properties for slow 

drug release (450). Slow release of GCs into the arthritic joint space could alleviate the 

undesired catabolic side effects of GCs while minimising loss of drug from the site due to rapid 

turnover of synovial fluid (413, 414). 
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The injection of GC-hydrogels into the articular space, while allowing site-specific delivery of 

drug, poses further problems including the painful discomfort of IA injection and the potential 

impact of long-lasting drug formulations on joint movement. These issues can be overcome 

by applying shear forces to hydrogels during gelation. These resulting sheared “fluid gels” 

possess a higher viscosity at rest, but a lower viscosity on application of shear. Consequently, 

the forces applied during injection should cause the gel to liquify, improving injectability and 

patient comfort and reducing time taken to inject (440, 451). Additionally, the shear-thinning 

properties of fluid hydrogels should prevent the gel impeding movement, as shear forces 

within the joint induced by movement should promote decreased viscosity, and therefore 

malleability, of the gel.  These properties have been shown in in vivo models of osteoarthritis, 

however have not yet been assessed in targeting inactive GCs to synovial RA macrophages 

(452, 453). 

As part of a collaboration with Professor Liam Grover’s group at the University of Birmingham 

Health Technologies Institute we generated sheared gellan hydrogels that demonstrated 

shear-thinning properties (Figure 6-3). 2% gellan gels proved too thick to easily inject with a 

25G syringe, but 1% gellan hydrogels could be injected smoothly, and so these were 

investigated further. The ability of gellan to form gels at low concentrations is dependent on 

cations present in solution, such as Na+ from sodium chloride (454). Therefore, the 

concentration of this crosslinker added to solution should allow finetuning of gel properties 

such as viscosity. We did not see any differences in properties such as shear viscosity or 

injectability with the 1% gellan gels on changing sodium chloride concentration, however the 

crosslinker concentration could further modify properties affecting gel suitability not yet 

investigated, such as drug release.  
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The gellan hydrogels demonstrate shear-thinning behaviour, however at lower shear rates 

(around ≤0.1s-1) they all appear to exhibit Newtonian behaviour characterised by relatively 

unchanging shear viscosity with increasing shear rate. This strongly implies the gels have 

viscoelastic properties as expected in sheared hydrogels, presenting with an elastic phase 

characterised by resistance to deformation and a viscous phase characterised by increased 

flow (455). While increasing the gellan content from 1% to 2% increased the viscosity of 

hydrogels and made them difficult to inject by hand, changing the crosslinker content did not 

appear to affect this. Further rheological characterisation is needed to confirm this and how 

these properties affect injectability, as the shear rate applied to the hydrogel during injection 

would need to be within this shear-thinning range for sufficient improvement to injectability. 

The viscoelastic properties can be further interrogated using rheological analysis of the elastic 

and viscous modulus by frequency sweeps to understand the behaviour of the hydrogels 

(455). The proportion of gellan, concentration of crosslinker and conditions of shearing and 

gelation (time, temperature and shear force applied) should all be further investigated to 

determine their effects on viscoelastic properties for injection and also their impact on GC 

drug loading and release to ensure steady release of drug.  

Although there was insufficient time to investigate GC release in this study, this could be 

carried out by ELISA analysis of loaded hydrogels incubated for set timepoints. Additionally, 

although we tested cortisone as we previously investigated the role of pre-receptor 

metabolism of this endogenous steroid in macrophage functions, other GC formulations may 

be more suitable for hydrogel formulations and drug delivery into synovial fluid. A water-

soluble GC such as prednisone sodium succinate would have higher affinity for the hydrogel 

formulation and so would likely provide slower release into the synovial fluid, while GCs with 
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hydrophobic highly branched esters such as hexacetonide residues would instead have higher 

affinity for synovial fluid and be retained there (247). Although ethanol loaded hydrogels were 

confirmed to have shear-thinning behaviour (Figure 6-2), we did not test other vehicles such 

as water. The use of water-soluble GCs could improve viscoelastic properties of sheared 

hydrogels as the water vehicle may better facilitate shear-thinning behaviour of the gellan 

hydrogel than ethanol. 

In this study we were only able to investigate the effects of cortisone hydrogels on 

macrophages at a 24h stimulation timepoint, however longer-term stimulations would be 

important in showing the effects of long-term cortisone release on macrophage functions. 

Although we predict that with the reciprocal regulation of 11β-HSD1 by inflammation and GC 

stimulation (discussed in Chapter 4) inflammatory macrophages will initially respond to 

cortisone and downregulate inflammatory functions, including ability to respond to inactive 

GCs, further characterisation is needed. Previous research has shown that longer-term GC 

stimulation promotes different macrophage functions, such as preferentially enhancing 

further macrophage recruitment on LPS stimulation (230). Furthermore, the effect of 

cortisone hydrogel treatment on other cell populations present in the inflamed synovia should 

also be assessed. As reviewed in introduction section 1.3.3, GC stimulation affects cells in 

diverse ways depending on cell type and stimulation context. Of particular importance is the 

effect of inactive GC hydrogels on stromal cell populations. Although RA synovial fibroblasts 

were shown to express HSD11B1 (Chapter 3), this expression was not inflammation-

responsive, as was seen in macrophages. While GC-induced anti-inflammatory regulation of 

pathogenic synovial fibroblasts may be beneficial, we are aiming to develop hydrogels that 
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preferentially target macrophages to avoid the catabolic effects of GCs on the stromal cells of 

muscle and bone, and fibroblast 11β-HSD1 may enhance this. 

In this chapter, we generated cortisone-loaded hydrogels which drove induction of GC-

responsive gene GILZ (Figure 6-3 A) and scavenger receptor CD163 (Figure 6-3 C) selectively in 

M1-like polarised macrophages. This confirms that inactive GC-loaded sheared hydrogels are 

a potential novel route for more selectively targeting GCs to inflammatory macrophages 

during RA flares, where their expression of 11β-HSD1 is upregulated (as shown in synovial 

tissue in Chapter 3 and in vitro in Chapter 4). The upregulation of CD163 is particularly 

interesting as this implies these inflammatory macrophages are shifting to a more pro-

resolution M2-like phenotype in addition to downregulation of inflammatory factors (419). As 

CD163 is one of the genes enriched in clusters of synovial tissue macrophages previously 

identified in healthy and remission-associated synovium, it would be important to investigate 

the modulation of further markers of this protective cluster such as CD206 and MerTK (146). 

Despite these promising data, we were unable to see successful downregulation of 

inflammatory cytokine expression or output (Figure 6-3; 6-4; 6-5). The timepoints assessed 

may not be suitable for measuring acute inflammatory cytokines. However, more critical is 

the induction of inflammatory cytokine secretion by our blank hydrogel formulation (Figure 6-

5). Gellan is an FDA-approved food additive and is currently being investigated in numerous 

drug delivery and tissue engineering mechanisms, where it has been reported not to cause 

cytotoxicity in multiple cell types (456, 457). The mechanical properties of hydrogels such as 

gellan have previously been reported to affect macrophage function, as stiffness of hydrogels 

was shown to promote either inflammatory or anti-inflammatory functions of macrophages 
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(458, 459). However, while only the ethanol vehicle loaded blank gels were assessed for 

rheological properties, we would expect the cortisone loaded gels to have the same 

viscoelastic properties, as the cortisone is fully soluble in ethanol. The cortisone-loaded 

hydrogels did not show these inflammatory effects. This may be because the 11β-HSD1high 

M1-like macrophages able to metabolise cortisone into anti-inflammatory cortisol and cancel 

out pro-inflammatory effects of the gel formulation. However, this was not expected within 

the 11β-HSD1low unpolarised M0 macrophages, which, as shown in Chapter 4, were unable to 

meaningfully metabolise to cortisone in order to limit response to an inflammatory challenge. 

It is unlikely that they would be able to respond sufficiently to cortisone in hydrogels and so 

we would expect similar inflammatory effects in M0 macrophages from both cortisone and 

vehicle hydrogels. Therefore, the pro-inflammatory effects of the ethanol gels could be due 

to a contaminant introduced during gel generation, despite autoclaving of the hydrogel prior 

to shearing. As this was an initial pilot study to assess feasibility of targeting inflammatory 

macrophage GC metabolism with sheared hydrogels, there is considerable scope to optimise 

the method of hydrogel generation.  

Further functional assays are required to assess suitability of gellan hydrogels as a vehicle for 

targeting inactive GCs to macrophages. This includes additional analysis of the effects of these 

hydrogels on macrophages, including viability assays to ensure hydrogels do not cause cell 

death and also imaging to investigate whether macrophages directly interact with gellan. 

Previous research into betamethasone loaded gellan hydrogels found they did not promote 

death of THP-1 macrophages, however they did not look further into the interactions between 

macrophages and gellan (460). Macrophages can recognise numerous polysaccharide species 

via different receptors, including scavenger receptors, mannose receptors and TLRs, with the 
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particular saccharide units defining receptor specificity and resulting functional outcome. For 

example, TLR4 ligation of chitosan induces inflammatory activation of macrophages, while β-

glucan polysaccharides bind to the receptor dectin-1 to instead promote macrophage 

phagocytic activity (461, 462). In our in vitro stimulation assays, macrophages were not in 

contact with the gellan hydrogels, however future work involving cultures of monocyte-

derived macrophages seeded on top of layers of gellan hydrogel would allow for investigation 

of macrophage interactions with gellan. 

The interactions between macrophages and gellan hydrogels are particularly important when 

considering the application of these hydrogels in the inflamed arthritic joint. As gellan is a 

polysaccharide, gellan hydrogels are sensitive to degradation by the enzyme lysozyme, which 

is produced by macrophages (463). Moreover, the levels of lysozyme in the RA synovia can be 

far higher than in healthy synovia, which may result in degradation of gellan hydrogels and 

rapid release of encapsulated GCs. Additionally, the pH of RA synovial fluid is lower than that 

of healthy synovial fluid, and lower pH values have been found to increase gellan hydrogel 

rigidity and slow release of drugs (466-468). Therefore, further in vitro work assessing the 

impact of macrophage and synovial fluid interaction with gellan hydrogels should be carried 

out to assess kinetics of GC drug release, such as the effects of hydrogel incubation in synovial 

fluid as previously carried out by Joshi et al in their investigation of MMP-sensitive GC loaded 

hydrogels (447).  

The next stage of this research is in vivo testing to examine the efficacy of inactive GC loaded 

sheared hydrogels in arthritic disease. There is ongoing work being carried out in our group to 

test IA injection of similar gellan sheared hydrogels in the knee joints of TNF-tg arthritis model 
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mice. This work will also determine the longevity of steroid release in vivo and how decreasing 

rate of GC release improves anti-inflammatory function of inactive GCs on macrophages and 

other cells of the inflamed synovia. 

In conclusion, in this chapter we carried out initial proof of principle research into the 

feasibility of sheared gellan hydrogels as inactive GC drug carriers to target synovial 

macrophage inflammatory GC metabolism. We were able to generate shear-thinning 

injectable hydrogels which could selectively induce GC signalling and pro-resolution 

polarisation in inflammatory macrophages with these cortisone gels. Further refinement of 

gel generation and formulation is required prior to in vivo testing in arthritis model mice; this 

should focus on optimising GC release kinetics, macrophage anti-inflammatory functional 

assays and stimulation effects on further cell types. 
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Chapter 7 GENERAL DISCUSSION 

 

Rheumatoid arthritis is a complex and heterogenous inflammatory disease affecting around 

1% of the Western population, where it drives mortality and comorbidities such as CVD and 

cancer (1, 2, 41). Because of their central role in mediating synovitis and joint destruction, 

macrophages represent important drug targets for RA (120, 121, 130). An inflammation-

induced dysregulation of steroid hormones, including increased GCs and decreased 

androgens, has been linked to the onset and severity of RA (358, 359, 363, 365). As 

macrophages are known to be acutely regulated by these steroids, and in some cases 

metabolise them, we hypothesised that inflammatory steroid metabolism within 

macrophages may contribute to RA inflammatory pathology and represent a novel 

therapeutic target (273, 278, 374, 375). Therefore, in this thesis we investigated the interplay 

between macrophage inflammatory function and steroid metabolism: exploring how 

macrophage polarisation influences intracrine steroid metabolism and assessing its impact on 

inflammatory function. 

Our research found that key GC and androgen activating enzymes were differentially 

regulated in distinct inflammatory macrophage subsets in RA. In vitro investigation revealed 

that this metabolism in macrophages is acutely regulated by inflammatory stimulation. 

Intracrine GC metabolism promoted anti-inflammatory regulation of macrophages, while 

analysis of androgen metabolism suggested that macrophages likely play a role in paracrine 

activation and action of androgens. As these changes appear to relate to distinct macrophage 

subsets involved in RA disease resolution and promotion, further work should more intricately 
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interrogate metabolic function of these subsets in synovial tissue to identify their significance 

to disease.  
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7.1 Macrophage inflammatory steroid metabolism 

Previous studies have highlighted a dysregulation of steroid hormones in RA at both the 

systemic level, in terms of adrenal production, and the local synovial tissue level, using isolated 

synoviocytes. Collectively these data show a shift towards decreased androgen production at 

the apparent expense of increased GCs (339, 356, 358, 359, 361, 365). GC-activation by 11β-

HSD1 has been shown to mediate macrophage anti-inflammatory responses, and myeloid 

11β-HSD1 action is important for the endogenous and physiological GC-mediated resolution 

of murine arthritis models (272, 290, 314). As such we hypothesised that synovial 

macrophages are central to steroid dysregulation in the inflamed RA synovium, with 

expression of HSD11B1 and further steroidogenic enzymes changing with inflammation and 

disease severity. Therefore, we first examined the expression of steroidogenic enzymes in a 

bulk RNA-seq dataset of FACS-sorted human RA synoviocytes and then assessed the 

contribution of these enzymes to inflammatory profiles using in vitro macrophage cultures.  

HSD11B1 expression is known to be induced on inflammatory polarisation of macrophages, 

and higher 11β-HSD1 activity has been found to predict progression to persistent disease and 

to correlate with measures of systemic inflammation in RA patients (309, 310). The 

importance of myeloid 11β-HSD1 has been demonstrated in numerous murine polyarthritis 

models, including the K/BxN serum transfer and TNF-tg models. Here, LysM-cre mediated 

knockout of Hsd11b1 exacerbated inflammatory disease, delayed resolution, and reduced 

therapeutic response to GCs (272, 290, 314). Previous analysis of synovial samples from RA 

patients has provided conflicting data on the expression of 11β-HSD1 in macrophages, with 

some studies showing minimal expression, or higher expression of the GC inactivator 11β-
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HSD2 (289, 309). Our data suggests that 11β-HSD1 expression in synovial macrophages is 

closely linked to inflammatory disease state, which aligns with previous in vitro studies that 

showed the impact of polarisation on expression (104, 273, 291, 292). Furthermore, this 

expression was identified in a synovial tissue subset linked with progression of severe RA: 

those expressing SPP1, the gene for the protein osteopontin known to have multiple pro-

inflammatory effects on immune cells (145, 146). Therefore, synovial macrophage GC pre-

receptor metabolism in distinct inflammatory subsets could have as important of a role in 

human RA disease pathology and therapeutic response to GC as shown in murine studies.  

As RNA-seq data implied that macrophages could be contributing to intracrine and paracrine 

GC and androgen metabolism, we used monocyte-derived macrophage cultures to investigate 

the relationship between inflammatory polarisation and function and steroid metabolism. Our 

lab group has previously shown the importance of 11β-HSD1 in paracrine signalling of GCs 

between macrophages and FLS, however we hypothesised that this enzyme would also 

facilitate intracrine metabolism of GCs in inflammatory macrophages (290). As previously 

reported, inflammatory polarised macrophages upregulated 11β-HSD1, and this enabled 

them to respond to inactive GCs and regulate inflammatory profiles (104, 278, 295). We 

identified a shift from pro-inflammatory functions, such as release of TNFα, towards a more 

pro-resolution phenotype with expression of the scavenger receptor CD163. This phenotypic 

shift is relevant in the context of RA as a reduction of TNFα levels is considered a successful 

outcome of IA GCs (254). Additionally, CD163 is a known marker of synovial tissue macrophage 

subsets associated with maintenance of healthy synovium, and with remission from RA and 

protection from disease in animal models of arthritis (120, 141, 142, 146). These data strongly 

suggests that inflammatory macrophage 11β-HSD1 could be a therapeutic target to maximise 
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the anti-inflammatory actions of GCs by promoting a shift in macrophage polarisation towards 

more pro-resolution subsets. This targeting could reduce the catabolic actions of GCs on 

muscle and bone cells, while also avoiding the excess activation of GCs by inflammatory- and 

GC-activated fibroblasts  (284, 285).  

Our analysis of the AMP RA RNA-seq dataset identified that androgen activating enzymes were 

differentially regulated in inflammatory macrophages, including the two major extragonadal 

androgen activators AKR1C3 and SRD5A1 (336). We used our monocyte-derived macrophage 

cultures to investigate whether intracrine androgen metabolism could regulate inflammatory 

macrophage function in a similar manner as GCs. Pro-inflammatory polarisation drove a 

decrease in AKR1C3 expression and an increase in SRD5A1 expression compared to 

unpolarised macrophages, similar to the changes seen with inflammation in the AMP dataset. 

Despite these transcriptional changes, pro-inflammatory polarisation led to a general increase 

in androgen metabolism by macrophages, including greater generation of androgens via 

AKR1C3. Although previous studies of in vitro treatment of macrophages with androgens has 

noted general anti-inflammatory effects, such as decreased pro-inflammatory cytokines and 

ROS, there do not appear to be reports of the effects of inflammatory activation of 

macrophages on androgen metabolism (380, 383). Interestingly, inflammatory treatment of 

macrophages was found to decrease both the cholesterol transporting protein StAR, the first 

stage of de novo steroid synthesis, and the estrogen activator aromatase (377, 469). This may 

help to facilitate the increased androgen metabolism we identified with inflammatory M1-like 

polarisation, however further research would be needed to confirm this.  
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An important feature of steroidogenesis that was not addressed in this work is the capacity of 

many steroidogenic enzymes for conversion of multiple steroids. Most pertinent to our 

exploration of GC and androgen activation is the ability of SRD5A enzymes to generate 5α-

reduced forms of GCs that have a far lower affinity for the GR. The high expression of SRD5A 

isozymes in the liver facilitates the clearance of GCs, with 5α-reduced GCs converted by 3α-

HSDs into the tetrahydro- forms excreted from the body (170). Inhibition of 5α-reductases 

have been shown to enhance local tissue levels of GCs in patients with benign prostatic 

hyperplasia, and in vitro 5α-reductase inhibition was seen to promote GC-mediated regulation 

of lipogenesis in hepatocytes (470, 471). The inflammatory induction of SRD5A1 identified in 

this thesis may function to clear GCs following their activation by the similarly inflammation-

induced 11β-HSD1. Whether this mechanism is present in macrophages does not yet appear 

to have been studied, therefore the functional relevance of the SRD5A enzymes in 

macrophages and their different GC or androgen substrates remain to be determined. 

Furthermore, analysis of the AMP RNA-seq dataset showed that multiple components of the 

androgen and estrogen pathways were found to be modulated in macrophages with 

inflammation, such as the steroid transporter protein SLCO4A1, estrogen inactivator 

HSD17B14 and androgen inactivator AKR1C2. Given the important cross-regulation of 

androgen and estrogen metabolism with inflammation, and within the RA synovia, these 

pathways should be investigated in more detail (361). This is of particular importance as 

androgens can be converted to estrogens via aromatase, an enzyme known to be upregulated 

by inflammatory stimulation in many cell types, with conflicting reports in macrophages (364, 

375, 377, 378).  
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We were unable to demonstrate that metabolism of androgens could downregulate 

macrophage inflammatory responses to LPS challenge and therefore could not prove our 

hypothesis that intracrine androgen metabolism regulates macrophage inflammatory 

function. Our data suggests that macrophages could instead function as paracrine androgen 

activators, with inflammatory stimuli promoting the metabolism of inactive precursors into 

active androgens that can act on neighbouring AR-expressing cells. From our analysis of the 

AMP RNA-seq data this population is likely to be fibroblasts as they expressed higher levels of 

AR compared to synovial leukocyte populations, though this expression was not affected by 

disease severity or inflammation. There is limited data in the literature on the effects of 

androgen treatment on fibroblasts, particularly RA FLS, however testosterone was reported 

to downregulate the TNFα-induced secretion of IL-1β and IL-6 in a study of FLS isolated from 

CIA model rats and similar results were seen with a DHT-treated FLS cell line (362, 435). 

Paracrine androgen metabolism may also influence further cell types in the inflamed RA 

synovia. This includes T and B cells, which are known to express AR, with androgens having 

broadly anti-inflammatory actions including decreasing autoantibody production in systemic 

lupus erythematosus (SLE) (472, 473). However T and B cells also possess the enzymes 

necessary for intracrine androgen metabolism, such as SRD5A1, therefore care would need to 

be taken during investigation of paracrine signalling between macrophages and lymphocytes 

(346).  

Our analysis of the RNA-seq data in Chapter 3 implies that androgen metabolism is distinctly 

regulated in different synovial macrophages, with SRD5A1 expression concentrated 

particularly in pathogenic S100A12+ macrophages, while AKR1C3 expression was found in the 

protective TREM2+ subset. This finding, recapitulated in our qPCR analysis of M0 and M1-like 
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polarised macrophages, suggests that pro-resolving synovial macrophages could act as 

activators of early-stage androgens by AKR1C3, while pro-inflammatory macrophages 

generate more late-stage potent androgens or inactivation of GCs via SRD5A1. Therefore, it 

may be that upregulating actions of AKR1C3 while decreasing those of SRD5A1 promotes a 

polarisation shift in inflammatory macrophages towards more pro-resolution functions. 

However, whether this would be through a cell-autonomous regulation of phenotype via 

intracrine steroid signalling or transcriptional regulation, or through crosstalk with 

neighbouring cells such as fibroblasts remains to be determined.  
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7.2 Translational application of our findings 

Based on the established anti-inflammatory role of 11β-HSD1 within inflammatory 

macrophages, we hypothesised that this inflammation-induced GC metabolism could be used 

to target novel GC formulations to promote pro-resolution macrophage function. During this 

project we considered multiple approaches to achieving successful packaging of inactive GCs 

for macrophage uptake. This included liposomal packaging of GCs, which should allow 

selective macrophage targeting by phagocytic uptake (444). Similarly, we assessed 

conjugation of GCs to an inflammatory chemokine, which aimed to target that GC to 

inflammatory macrophages expressing that chemokine receptor (474). We chose to focus on 

sheared gellan hydrogels as their proven biocompatibility, tuneability and injectability makes 

them an attractive option for IA injection (440). Although we confirmed shear-thinning 

behaviour and selective modulation of gene expression in inflammatory M1-like macrophages 

via 11β-HSD1, the induction of pro-inflammatory cytokine secretion induced by vehicle-

loaded gels shows further optimisation is required prior to in vivo testing. While this can likely 

be rectified in the short-term by improvements to hydrogel synthesis in our lab, there are 

further issues for application for IA injection that need to be considered in future work.  

Current IA GC formulations used in UK clinical practice are fluid suspensions of active GCs 

resistant to 11β-HSD metabolism such as methylprednisolone acetate. These have a maximum 

therapeutic duration of around 2-4 weeks and their use is strictly limited to 4 times per year 

with an interval of 21 days between injections (37, 438). Gellan hydrogels have been shown 

to retain stability for up to 18 days following subcutaneous injection and 90 days in in vitro 

culture, however their stability in the inflamed RA synovial environment remains to be 
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determined (441). We predict that this stability and an extended half-life of GC release will 

reduce the need for repeated painful IA injections in patients. However, future work should 

be done to assess slow-release properties of GCs from sheared hydrogels and effects on 

macrophages, and effects on synoviocytes susceptible to the catabolic effects of IA GCs such 

as osteoblasts.  

Following generation of inactive GC-loaded sheared hydrogels with suitable release 

properties, in vivo testing in mouse models of arthritis can be used to demonstrate whether 

these formulations decrease catabolic effects such as bone degradation compared to standard 

IA GCs. This will also inform the biocompatibility of gellan hydrogels in the synovial 

environment and kinetics of therapeutic efficacy. If these gels are shown to be unsuitable, 

then alternative methods of GC targeting could be investigated. These include antibody-

conjugated GCs for more specific macrophage targeting, similar to the anti-CD163-antibody-

dexamethasone conjugates currently being assessed to target CD163+ M2-like macrophages 

in non-alcoholic steatohepatitis (475). This technique could be used in RA using antibodies 

specific to markers of pathogenic synovial macrophage subsets, such as SPP1 or S100A12A, to 

target GCs selectively to them.  

Although not the focus of our study, we identified differences in steroid metabolism between 

male and female RA patients that suggests there is sexual dimorphism in inflammatory steroid 

metabolism in diseases such as RA. Changes in AKR1C3 and SRD5A1 expression with DAS28-

CRP were significant for female RA patients in the AMP study, but this was not significant in 

male patients. Although the far larger sample size for female patients than male (23 vs 7) likely 

contributed to this, it may also be that these metabolic changes are starker in female patients, 
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perhaps as they tend to have lower serum androgen levels (410). Previous research into the 

roles of sex steroids in RA did not find differences in synovial fluid steroid levels with sex nor 

expression of AR, whereas in this thesis we report a higher ratio of 

testosterone/androstenedione as catalysed by AKR1C3 in synovial fluid of male RA patients 

compared to female (334, 363, 388). This could be due to improvements in sensitivity of 

steroid quantification or larger sample size in our study, although our study did not have 

similar male and female sample sizes nor control for steroidal therapeutics as carried out in 

previous studies. The increase in AKR1C3-mediated generation of androgens seen in our 

monocyte-derived macrophage cultures on inflammatory polarisation may be a result of them 

predominantly originating from male blood donors. It may be that inflammation-induced 

downregulation of AKR1C3 activity primarily occurs within females, with this perhaps 

representing part of the sexual dimorphism seen in RA. The activity of AKR1C3 may depend 

on substrate availability, with a backdrop of lower serum androgen levels leading to reduced 

AKR1C3 at sites such as the synovium. This may also explain why males with lower serum 

androgen levels, as well as females, are more prone to developing RA (351, 353). As other 

autoimmune inflammatory diseases present with a high F:M patients ratio, such as Sjӧgren’s 

syndrome and SLE, this mechanism may be present across conditions of chronic inflammation 

(317). 

Despite evidence of anti-inflammatory actions in RA, therapeutic effects of androgens in 

clinical trials have been limited. Mouse models have shown a decrease in synovial hyperplasia 

and cartilage destruction following IA testosterone or DHT, at levels comparable to 

dexamethasone (393). However, this has not translated to human RA. One trial of 

intramuscular testosterone in postmenopausal female RA patients did decrease ESR, pain and 
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general disease score, however the majority of clinical trials have shown little to no benefit 

(476). Testosterone adjunct therapy in male RA patients was found to significantly increase 

serum testosterone and DHT, but did not drive any benefits in term of improving disease 

activity or bone mineral density (353). Additionally, an increase in serum estradiol was found, 

which implies the systemic excess androgens provided therapeutically were aromatised into 

estrogens, which may be driving pro-inflammatory effects. This, in turn, implies that the anti-

inflammatory effects of androgens may be better targeted therapeutically to distinct cell 

populations where they would have the most benefit. Targeting androgens to macrophages 

may allow for paracrine activation of androgens to increase local synovial levels of androgens 

for anti-inflammatory effects on other cells such as fibroblasts or lymphocytes. Additionally, 

supplementation of androgens such as testosterone which are ligands for SRD5A1 may switch 

the activity of this enzyme towards androgen activation and away from GC inactivation, 

provided androgens are a preferential ligand. Screening of newly diagnosed RA patients for 

baseline androgen levels may indicate those who could be likely to benefit from this 

supplementation.  
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7.3 Future directions 

An important limitation of this thesis was a focus on in vitro macrophage cultures. This 

research used blood cones from the Birmingham NHS Blood and Transplant centre. These 

consist of the leukocyte reduction filter from platelet donations and therefore are enriched 

for PBMCs compared to whole blood (477). We chose this option as it was a reliable source of 

high yield monocytes, which have been shown to generate high quality functional myeloid 

cells (478). However, the limitations of this approach are the lack of knowledge of donor 

characteristics, including sex and age, known to affect steroid metabolism and inflammatory 

response. In addition, there is no control over when samples were taken, meaning that 

baseline serum steroid levels were subject to diurnal variations, which also likely impacted our 

synovial fluid study (411, 479). While use of medications such as 5α-reductase inhibitors 

preclude blood donation, donors could be on other drugs affecting circulating steroid levels 

such as hormonal contraception or hormone replacement therapy (480). 

Nevertheless, this in vitro model allowed us to assess steroid metabolism directly within 

macrophages, using M1-like polarisation with IFNγ and TNFα to recapitulate some key 

inflammatory functions of pathogenic RA synovial macrophage subsets. This work identified 

the importance of inflammatory macrophage intracrine GC signalling and implied a role for 

these cells in paracrine activation of androgens, which should now be investigated in greater 

detail in the context of the RA synovium to define its contribution to disease pathophysiology. 

This could be carried out using culture of synovial tissue macrophages isolated from the 

synovium of RA patients. As the synovial joints contain distinct macrophage subsets with 

differing contributions to disease, comparison of the steroidogenic profiles of these different 
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macrophage subsets would be valuable to understanding their contribution to disease 

pathology (145, 146). This is particularly important as monocyte-derived macrophage 

populations, similar to our in vitro culture model, have been shown to be the major driver of 

arthritic disease in animal models, while tissue resident populations may retain some pro-

resolution capacity, and steroid metabolism may play roles in their differential functions (120). 

FACS-mediated separation of different cell populations of the synovium would allow us to 

culture and individually investigate steroidogenesis and inflammatory regulation of these 

distinct macrophage subsets in vitro. This technique would also facilitate analysis of paracrine 

signalling between macrophages and other synoviocytes, such as fibroblasts. Furthermore, 

analysis of the impact of macrophage steroid metabolism on stromal cells such as osteoblasts 

and myocytes would also be vital to assess the contribution of macrophages to the catabolic 

and anabolic effects of GCs and androgens respectively. This would be an essential step to 

investigating the feasibility and safety of therapeutic targeting of macrophage inflammatory 

steroid metabolism. 

Using ex vivo synoviocytes would also allow us to overcome the difficulties in identifying 

changes in synovial fluid GC and androgen activation with measures of disease severity or 

inflammation in OA and RA patients due to rapid synovial fluid turnover and highly porosity of 

the synovial membrane to lipophilic steroids (414). A more accurate analysis of 

steroidogenesis at the tissue-specific and paracrine level could be carried out by analysing the 

steroid conversion of ex vivo mixed synoviocytes from patients, as has been carried out by 

previously published studies (363, 365). Future studies should therefore incorporate synovial 

tissue samples from RA patients, strengthened by age- and sex-matching, larger sample sizes 

and stricter exclusion criteria to exclude patients currently taking steroidal therapies.  
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Use of patient synovial tissue samples would allow analysis of the contribution and regulation 

of other cells of the inflamed RA synovium including fibroblasts and lymphocytes. However, 

more in depth analysis is likely only possible using animal models and tissues. Our group has 

previously investigated GC paracrine signalling using conditioned media transfer between 

macrophages and FLS isolated from global Hsd11b1-/- mice (290). Similar work could be carried 

out to assess paracrine signalling of androgens between these populations using transfer of 

conditioned media from androgen-treated macrophages on to FLS from Srd5a1-/- or Akr1c3-/- 

FLS, and vice versa.  

The contribution of steroid metabolism by AKR1C3 and SRD5A1 to disease pathology could be 

investigated using animal models of arthritis. Importantly however, many mouse models of 

arthritis, including the TNF-tg model using the Tg197 transcript utilised by our group, are 

known not to reflect the sexual dimorphism present in human RA. In this model, arthritic 

disease begins prior to sexual maturity and so would likely not show full effects of sex steroids 

(27, 286, 481). It has been shown that the TNF-tg Tg3647 strain may better represent human 

sexual dimorphism, with female mice developing arthritic disease earlier than males (481). 

These features of RA could be important to recapitulate in animal models given their likely link 

to differential sex steroid metabolism, therefore this may be a better model for us to assess 

the role of androgen metabolism in disease-associated synovial macrophages. As discussed 

above, 5α-reductase inhibition may help to promote anti-inflammatory actions of GCs in 

macrophages by limiting their clearance, however this may impede any anti-inflammatory 

actions from intracrine or paracrine androgen metabolism. This could be tested using the TNF-

tg mouse model of polyarthritis by assessing the efficacy of 5α-reductase inhibition therapy 

as an adjunct to therapeutic GCs.  
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7.4 Summary 

We have identified a complex regulation of GC and androgen metabolism in macrophages, 

acutely governed by their inflammatory activation state. Intracrine GC metabolism was found 

to have functional relevance in regulating macrophage inflammatory functions, while 

macrophages may also act as paracrine activators of androgens as part of their interactions 

with immune and stromal cells. Furthermore, we have shown that inflammatory macrophage 

11β-HSD1 may be a novel therapeutic target to enhance anti-inflammatory and pro-resolution 

functions of macrophages while limiting catabolic GC effects. The full significance of this 

steroid metabolism in synovial macrophages remains to be discovered, in particular how this 

varies between tissue subsets and contributes to pathophysiology of human disease. 

However, this research suggests that targeting components of inflammatory steroid 

metabolism in macrophages may be a promising route for future clinical interventions in 

chronic inflammatory diseases such as RA. 
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Chapter 8 SUPPLEMENTARY 

 

CYP1A1 CYP2D7 CYP11A1 RDH5 GUSB PAPSS1 

CYP1A2 CYP2D8P CYP17A1 HSD17B10 SULT1A1 PAPSS2 

CYP1B1 CYP2E1 CYP11B1 HSD17B11 SULT1E1 SUMF1 

CYP1D1P CYP2F1 CYP11B2 HSD17B12 SULT2A1 SUMF2 

CYP2A13 CYP2F2P CYP19A1 HSD17B13 SULT2B1 RXRA 

CYP2AB1P CYP2G1P CYP21A2 HSD17B14 SULT1C4 RXRB 

CYP2AC1P CYP2G2P CYP27A1 RDH11 STS RXRG 

CYP2A6 CYP2J2 AKR1C4 AKR1C1 AR NR3C1 

CYP2A7 CYP2R1 HSD3B1 AKR1C2 ESR1 NR3C2 

CYP2A7P1 CYP2S1 HSD3B2 SRD5A1 ESR2 
 

CYP2B6 CYP2T1P HSD11B1 SRD5A2 GPER1 
 

CYP2B7P CYP2T3P HSD11B2 SRD5A3 PGR 
 

CYP2C8 CYP2U1 HSD17B1 AKR1D1 SLCO1A2 
 

CYP2C9 CYP2W1 HSD17B2 UGT2B4 SLCO1B1 
 

CYP2C18 CYP3A4 HSD17B3 UGT2B7 SLCO1B3 
 

CYP2C19 CYP3A5 HSD17B4 UGT2B10 SLCO2B1 
 

CYP2C56P CYP3A7 AKR1C3 UGT2B11 SLCO3A1 
 

CYP2C58P CYP3A43 HSD17B6 UGT2B15 SLCO4A1 
 

CYP2C61P CYP3A51P HSD17B7 UGT2B17 SOAT1 
 

CYP2D6 CYP3A52P HSD17B8 UGT2B28 SOAT2 
 

Supplementary Table 1 Steroid metabolism genes analysed in AMP RNA-seq dataset 
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Progestogens 
Glucocorticoids & 

mineralocorticoids 
Androgens 

Alternative 

pathway 

androgens 

DHEA Deoxycorticosterone Androsterone 5α-DHP 

Pregnenolone Corticosterone 3α-Diol Allopregnanolone 

Progesterone 11-Deoxycortisol Androstanedione 17OH-Allo 

17OH-Preg Cortisol A4 17OH-DHP 

17OH-Prog Cortisone Testosterone  

 Aldosterone DHT  

  11Keto A4  

  11Keto T  

  11OH-A4  

  11OH-T  

Supplementary Table 2 Steroids quantified in synovial fluid by LC-MS/MS 

Abbreviations: 3α-diol, 3α-androstanediol; 5α-DHP, 5α-dihydroprogesterone; 11OH-A4, 11β-

hydroxyandrostenedione; 11OH-T, 11β-hydroxytestosterone; 11keto A4, 11-

ketoandrostenedione; 11keto T, 11ketotestosterone; 17OH-allo, 17α-

hydroxyallopregnanolone; 17OH-DHP, 17α-hydroxydihydroprogesterone; 17OH-preg, 17α-

hydroxypregnenolone; 17OH-prog, 17α-hydroxyprogesterone; A4, androstenedione; DHEA, 

dehydroepiandrosterone; DHT, dihydrotestosterone. 
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