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Abstract 

Thyroid eye disease (TED) is an autoimmune disease originating from 

the thyroid gland and affecting orbital contents. The orbital fibroblasts are 

a key component in the pathogenesis of TED, which includes immune 

reaction/inflammation, adipogenesis, hyaluronic acid (HA) secretion, and 

fibrosis. Previous work in our lab has shown that TED adipogenic and 

fibrotic phenotypes could be modelled in a 3D environment in vitro. 

Spontaneous lipid droplet (LD) formation was observed exclusively in 3D 

soft matrix, more prominent in TED orbital fibroblasts, and enhanced 

under pressure load simulating elevated intraorbital pressure, suggesting 

the involvement of mechanical factors in TED pathogenesis. We used 

this 3D model to further investigate three aspects of the TED phenotype, 

which includes LD formation, HA secretion, and fibrosis (cell contractility).  

We found that myocardin-related transcription factor (MRTF), an 

important transcriptional cofactor for mechanotransduction, regulated the 

fibrotic phenotype rather than LD formation in orbital fibroblasts. 

Spontaneous LD accumulation in orbital fibroblasts was found to involve 

fatty acid uptake, but none of the classical chemical adipogenesis 

associated components. Rather, we found that it was linked to the 

expression of perilipin 2 (PLIN2), a protein surrounding LDs. The 

presence of stimulated macrophages significantly increased HA 

production and contractility in orbital fibroblasts, but did not promote LD 

accumulation. This work suggested that the overall TED phenotype may 

be regulated by inflammation: LD accumulation mediated by cytokine via 

upregulating the level of PLIN2, HA secretion induced by macrophages, 

and fibrosis (cell contractility) stimulated by macrophage through 

changes in actin dynamics and downstream MRTF/serum response 

factor (SRF) signalling. 
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Impact Statement 

TED affects about 400,000 people in the UK. TED patients experience 

eye discomfort, disfigured appearance, visual morbidity, and even 

blindness. The detailed pathogenesis of the disease is poorly understood 

and consequently current treatments are limited, with appearance and 

visual functions often only restored after invasive interventions. This work 

aimed to use an in vitro model of the disease to characterise the 

phenotype of orbital fibroblasts in TED in order to clarify disease 

mechanism and identify possible new treatment targets.  

We found that lipid droplet accumulation in orbital fibroblasts is 

associated with the expression of perilipin 2 (PLIN2), a protein that is 

involved in the make-up of the lipid droplets, and which has never been 

reported in TED. Our data suggest that PLIN2 could be a new marker for 

TED progression, as well as a potential treatment target as reducing 

PLIN2 level decreases lipid droplet formation in orbital fibroblasts and 

thus may prevent fat expansion in TED development. In addition, 

macrophages contribute to TED by stimulating HA production via TGF-β 

and PI3K pathways and promoting fibrosis by PI3K pathway. Fibrosis is 

also mediated by mechanotransduction transcriptional coactivator – 

MRTF. Therefore, interfering macrophage, TGF-β, PI3K, and MRTF may 

impede TED pathogenesis. This work reveals novel molecular 

determinants in TED, which brings inspiring new directions for future 

research to develop tracking markers and regimen. 
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Chapter 1  Introduction 

1.1 Thyroid Eye Disease 

1.1.1 Clinical Perspectives of Thyroid Eye 

Disease 

Thyroid eye disease (TED) is an autoimmune inflammatory 

ophthalmopathy related to thyroid dysfunction. The incidence is reported 

16 per 100,000 women and 3 per 100,000 men (Bartley, 1994). The 

prevalence is 0.1~0.3% without ethnicity preference (Lazarus, 2012). 

Ninety percent of TED occurs in patients with Graves’ disease, and the 

rest 3%, 1%, and 6% are from Hashimoto thyroiditis, primary 

hypothyroidism, and euthyroid, respectively. On the other hand, about 

30% of Graves’ disease patients develop TED (Holds, 2011-2012). The 

temporal relationship of the onset between TED and thyroid disease is 

close although not simultaneous. About 77% of patients have prior or 

concurrent thyroid disease on TED diagnosis, and 70% of the rest 

develop thyroid disease within 1 year (Wiersinga et al., 1988).  

TED is characterised by the clinical signs of eyelid retraction (in 90% of 

patients), proptosis (in 60% patients), and limited extraocular muscle 

movements (in 40% patients). TED patients present symptoms ranging 

from mild eye irritation, periocular redness and swelling, double vision, to 

severe visual impairment. The diagnosis of TED requires thyroid function 

and antibody tests, periocular and orbital evaluation, and orbital 

radiographic imaging (Table 1.1). The clinical course of TED lasts as 

long as 1~3 years and comprises an initial deteriorating phase, a plateau 

period, and a slow and limited improvement phase, and these are 

graphed as the well-known Rundle’s curve (Figure 1.1).  
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Table 1.1 Diagnostic criteria for Thyroid Eye Disease (TED).  

Adapted from (Holds, 2011-2012) 

Diagnostic criteria for TED 

 
The diagnosis of TED is made when 2 of the following 3 signs of the disease are present: 

1. Concurrent or recently treated immune-related thyroid dysfunction (≥1) 
• Graves hyperthyroidism 
• Hashimoto thyroiditis  
• Thyroid antibodies (+) but without dysthyroid state: TSH-receptor Ab (TRAb), thyroid-

binding inhibitory immunoglobulins (TBII), thyroid-stimulating immunoglobulins (TSI), 
antimicrosomal Ab. 

 
2. Typical orbital signs (≥1) 

• Eyelid retraction with typical temporal flare (unilateral/bilateral) 
• Proptosis (unilateral/bilateral) 
• Restrictive strabismus in a typical pattern 
• Compressive optic neuropathy 
• Fluctuating eyelid oedema/erythema  
• Chemosis/caruncular oedema 
 

3. Radiographic evidence of TED-unilateral/bilateral fusiform enlargement of muscle (≥1) 
• Inferior rectus muscle 
• Medial rectus muscle 
• Superior rectus/levator complex 
• Lateral rectus muscle 
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Figure 1.1 Rundle's curves presenting time course with clinical manifestations. 

Adapted from (Wiersinga and Kahaly, 2007) 

 

The treatment of TED is complicated and depends on both TED disease 

activity and severity which are the most important two evaluations when 

approaching TED patients. A management algorithm has been 

developed by European Group On Graves’ Orbitopathy (EUGOGO) as 

treatment guidelines (Figure 1.2). Management varies from routine 

follow-ups, topical lubricants, systemic glucocorticoids or 

immunosuppressants, radiation therapy, prism lenses, to multi-staged 

rehabilitative surgeries, according to disease status. If the disease has 

progressed to irreversible stage, surgeries are indicated to restore the 

appearance and function. Multi-staged surgeries especially the orbital 

decompression surgery, however, is destructive and risky. There is a 

new therapeutic regimen, teprotumumab, a human monoclonal antibody 

inhibitor of insulin-like growth factor-1 receptor (IGF-1R), recently 

reported to be effective to reduce clinical activity and proptosis (Smith et 
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al., 2017). Nevertheless, despite treatment, some severe cases still lose 

their vision due to compressive optic neuropathy. Therefore, 

understanding the biology of the disease would help develop feasible 

ways to prevent TED progression or to reverse TED. 

 

 

Figure 1.2 Algorithm for management of TED. 

Adapted from (Bartalena et al., 2008) 

 

1.1.2 Pathogenesis of Thyroid Eye Disease 

Eyeball protrusion in TED patients is caused by an increase in soft tissue 

volume within the non-distensible orbital cavity bounded by orbital bones. 

The enlargement of extraocular muscle comes from the deposition of 

glycosaminoglycans (GAG), which also contributes to the retrobulbar fat 

and soft tissue expansion. Adipose tissue enlargement is thought to be 

due to adipogenesis. TED development is mediated by the underlying 

autoimmune reaction rather than by abnormal thyroid hormone levels 

(Bahn, 2010). The course of TED consists of an initiative immune 

reaction with inflammatory process, followed by GAG production, 



23 

 

adipogenesis, and a later fibrotic stage. Orbital fibroblasts, the key cell 

type involved in TED, expressing characteristic receptors make the orbit 

a distant and distinctive target organ from the TED initiating organ, the 

thyroid gland. Many immunocompetent, inflammatory cells with cell 

surface antigens and cytokines are involved in development of TED. T 

cells, predominantly CD4+, are the main immune cells found in TED 

(Forster et al., 1998). CD8+ T cells are also revealed to recognise orbital 

fibroblasts to initiate the signalling in pathogenesis of TED (Grubeck-

Loebenstein et al., 1994). The potential stimuli and responsive molecules 

contributing to TED pathogenesis are summarised in Table 1.2 (Dik et al., 

2016). Following interaction with T cells, orbital fibroblasts are activated 

to increase secretion of interleukin-1 alpha (IL-1α), interleukin-6 (IL-6), 

and interleukin-8 (IL-8). T cells also stimulate proliferation, hyaluronic 

acid (HA) production, and adipogenesis in fibroblasts. Cytokines like 

interleukin-1 beta (IL-1β), interferon-gamma (IFN-γ), and platelet-derived 

growth factors (PDGFs) enhance HA production while having various 

effects on adipogenesis through other inflammatory mediators (Table 1.2, 

Figure 1.3) 
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Table 1.2 Various factors linked to TED pathology and their effects on orbital fibroblasts.      Adapted from (Dik et al., 2016) 
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Figure 1.3 Pathogenesis of TED  

Orbital fibroblasts are immune-activated by (1) cytokines and growth factors 

secreted by various immune cells, (2) CD40 which is expressed on their surface 

interact directly with CD40L (CD154) on T cells, (3) autoantibodies (GD-IgG) 

binding to TSHR and IGF-1R on orbital fibroblasts. Their activation further result 

in adipogenesis (adipocyte formation), HA secretion (ECM), myofibroblast 

transformation, and proliferation, and these contribute to the tissue remodelling 

and fibrosis in TED progress. Activated orbital fibroblasts also secrete cytokines 

and chemokines to induce further local inflammation. Adapted from (Dik et al., 

2016). 
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1.1.2.1 Fibroblasts 

Orbital fibroblasts differ from fibroblasts of other anatomic origin in 

morphology and features relating to functions. Morphologically, orbital 

fibroblasts tend to be spindle-shaped with cytoplasmic granules whereas 

dermal ones are more angular and less granular (Smith et al., 1989). 

Both normal and TED orbital fibroblasts but not dermal fibroblasts 

express CD40, a surface antigen which interacts with CD40 ligand 

(CD40L)-expressing T lymphocytes and mast cells to activate IL-6 and 

IL-8 upregulation (Sempowski et al., 1998). This makes orbital fibroblasts 

sensitive to T lymphocytes and triggers further inflammatory reactions. 

Orbital fibroblasts also uniquely express thyrotropin receptor (TSHR) and 

IGF-1R, both with higher expression in TED than control (Pritchard et al., 

2003). As circulating thyrotropin receptor antibodies (TSHR-Ab) target 

thyroid follicular cells which express TSHRs, orbital fibroblasts share 

these antigenic epitopes on their surface and are thus reactive to TSHR-

Ab and make the orbit a distinctive site for thyroid disease. With regard 

to GAG production, it is significantly induced in orbital fibroblasts, but not 

in dermal or subcutaneous fibroblasts, by IFN-γ or adipocyte 

differentiation medium (Smith et al., 1991; Zhang et al., 2012). These 

characteristics make orbital fibroblasts sensitive to the autoimmune 

stimulations and lead to the pathogenesis of TED comprising 

adipogenesis, HA production and fibrosis.  

Orbital fibroblasts are heterogeneous in phenotypes and functions. Thy-1, 

a cell-surface glycoprotein, also known as CD90, can categorise orbital 

fibroblasts into two different subgroups (Koumas et al., 2002; Li et al., 

2014). Thy-1+ cells are capable of differentiating into myofibroblasts after 

transforming-growth-factor β (TGF-β) treatment, whereas Thy-1- cells are 

prone to adipogenesis and cytoplasmic lipid droplets (LDs) formation 

after stimulation with peroxisome proliferator-activated receptor-γ 

(PPARγ) agonist (Koumas et al., 2003). Other properties of orbital 

fibroblasts include the response to prostaglandin E2 (PGE2) treatment 
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where 37% (range 22~50%) of cells presented shape change into more 

stellate and central elevated (Smith et al., 1995; Smith et al., 1994), and 

a preadipocyte subpopulation of 5~10% cells being able to be 

differentiated into adipocyte after stimulation with adipogenic 

differentiation medium (Sorisky et al., 1996). From the perspective of 

stem cells, fibroblasts are indistinguishable from mesenchymal stem 

cells (MSCs) in morphology, surface marker or immunophenotypes 

(Denu et al., 2016). Recent studies have revealed that both control and 

TED orbital fibroblasts express surface markers fulfilling MSC criteria, 

and show the potential to multilineage differentiations. This property may 

explain the diverse phenotypes of orbital fibroblasts in TED (Brandau et 

al., 2015; Kozdon et al., 2015).  

 

1.1.2.2 Autoimmunity and Inflammation 

TED is initiated with autoimmunity and inflammation. In early 

histochemical studies, infiltrating immunocompetent cells including 

mainly T lymphocytes (predominantly CD4+) and macrophages, with few 

B cells found in active TED orbits (Heufelder and Bahn, 1993; Weetman 

et al., 1989). B cells are involved more in the very early stage of TED as 

being antigen-presenting cells (APCs) and Ab-secreting cells and are 

followed by recruitment of T cells. B cells and T cells closely interact with 

each other for TED development. TED autoimmunity is originated from 

the intolerance of T cells to TSHR with unknown cause, and followed by 

B cells functioning as APCs. APCs recognise specific antigens (TSHR in 

autoimmune thyroid diseases), internalise them and present fragments of 

antigen peptides via human major histocompatibility complex (MHC) 

class II molecules to CD4+ helper T cells. Helper T cells have surface T 

cell antigen receptors (TCR) to connect with antigen/MHC (HLA complex) 

and are then activated. These activated helper T cells further reciprocally 

activate B cells and differentiate them into TSHR-Ab-producing plasma 

cells. While B cells express CD40 on their surface, they can bind to 
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CD40L of T cells to activate T cells as well (Bahn, 2010; Rydzewska et 

al., 2018) (Figure 1.4). The activated helper T cells are further divided 

with subtypes. Th1 cells secrete IL-2, IFN-γ, tumour necrosis factor-α 

(TNF-α), and IL-12, mainly for cellular immunity, whereas Th2 cells 

secrete IL-4, IL-5, IL-6, and IL-10 for humoral immunity. These cytokines 

enhance the orbital inflammation (Huang et al., 2019). 

 

 

Figure 1.4 Diagram of initiation of TED autoimmunity  

B cells functioning as antigen-presenting cells (APCs) internalise TSHR and 

present TSHR fragment on their surface as an antigen. This signal is passed to 

helper T cells and T cells activate B cells to produce TSHR Ab. Adapted from 

(Bahn, 2010) 

 

When the B cell-secreted TSHR-Abs bind to TSHR on thyroid follicular 

epithelial cells, the thyroid produces uncontrolled amount of thyroid 

hormones as well as gets tissue hyperplasia. Similarly, these TSHR-Abs 

bind to TSHR on orbital fibroblasts, and in association with T cells, 

macrophages, and cytokines, TED orbital tissue remodelling is triggered 

(Bahn, 2010). As aforementioned, T lymphocytes, by expressing CD40L, 

interact with orbital fibroblasts directly by making CD40-CD40L bridges 
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(Sempowski et al., 1998). This engagement stimulates nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) translocation in 

orbital fibroblasts, IL-6, IL-8 (Sempowski et al., 1998), and PGE2 (Cao et 

al., 1998) synthesis in orbital fibroblasts and further aggravates 

inflammation. The secreted cytokines are capable of recruiting more 

lymphocytes to inflamed orbit. The CD40-CD40L ligation also promotes 

fibroblasts proliferation (Feldon et al., 2005) and HA synthesis (Cao et al., 

1998) and thus contributes to TED tissue remodelling (Figure 1.5).  

Based on these immunopathogenesis, immunotherapies targeting TSHR, 

IGF-1R, cytokines (TNF-α, IL-6, IL-1), B cells and T cells have been 

developed (Salvi, 2014). Rituximab, a monoclonal antibody against B cell 

surface antigen CD20, has been used to deplete B cells in order to treat 

some autoimmune diseases (Anolik et al., 2003; Leandro et al., 2002). It 

was reported that treatment with rituximab decreased the TED activity 

and progression effectively (Salvi et al., 2007; Salvi et al., 2015; Ueki et 

al., 2011), but another randomised controlled study showed rituximab not 

more effective than placebos (Stan et al., 2015). The differences 

between sampling, measurement, and reporting bias might have 

contributed to the discrepancy (Stan and Salvi, 2017). Recently, 

teprotumumab, an IGF-1R antagonist, has shown promising results in 

treating TED. It was given once every 3 weeks, and was more effective 

than placebo in improving CAS and proptosis over the course of 24 

weeks. It is currently undergone phase 3 trial (Smith et al., 2017). 

The involvement of macrophages in TED is evidenced by 

histopathological studies (Chen et al., 2008) and upregulation of 

macrophage-derived cytokine gene expression in TED tissues (Kumar 

and Bahn, 2003), but further information from in vitro studies are lacking 

and detailed mechanisms are still unknown. The more details about 

macrophages will be discussed in Section 1.4. 
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Figure 1.5 The correlation of immunocompetent cells with orbital fibroblasts in 

activation of TED. 

The binding of TSHR Ab to TSHR on orbital fibroblasts, and interaction 

between orbital fibroblast and T cells through CD40-CD40L, promote 

adipogenesis and fat expansion. Activated helper T cells secreting TNF and 

IFNγ, and macrophages secreting IL-1, both stimulate orbital fibroblasts to 

produce HA. IGF-1R activation on orbital fibroblasts also triggers HA secretion 

which contributes to the enlargement of fat tissue and extraocular muscle. 

Orbital fibroblasts exposed to TGF-β are transformed into myofibroblasts to 

promote fibrosis. The adipocytes secreted IL-6 matures B-cell into plasma cells 

and increases TSHR Ab production. Adapted from (Bahn, 2010) 
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1.1.2.3 Fat Expansion 

The characteristic clinical feature of TED is adipose tissue expansion. 

Orbital fibroblasts were shown to be capable of adipocyte differentiation, 

and adipogenesis has been considered the mechanism for TED fat 

enlargement since then (Sorisky et al., 1996). However, the exact nature 

of adipogenesis in TED is still unclear. PPARγ is the main transcription 

factor in adipogenesis, and its gene expression is increased in orbital 

tissues obtained from active TED stage compared to non-active TED and 

healthy controls by gene array (microarray) and quantitative polymerase 

chain reaction (PCR) assay (Kumar et al., 2005; Mimura et al., 2003). 

Since active TED tissues may contain immune cells like macrophages 

which express high levels of PPARγ, the increase in PPARγ seen in TED 

tissue may not be exclusively from adipogenesis of orbital fibroblasts, but 

it has not been proven by histology yet. In addition, the evidence for 

adipogenic late markers, such as lipoprotein lipase (LPL) and 

adiponectin, is not consistent in studies from patient samples. In a 

microarray study, both LPL and adiponectin showed increased gene 

expression in TED patients compared to control individuals (Kumar et al., 

2005). However, in a more recent study, adiponectin protein 

concentration from TED orbital fat was not significantly different from 

samples from healthy individuals by enzyme-linked immunosorbent 

assay (ELISA) (Soiberman et al., 2013). In vitro, orbital fibroblasts 

derived from TED orbital adipose tissue are prone to differentiation into 

adipocytes and increased gene expression of PPARγ, leptin, and 

adiponectin upon chemical differentiation (Kumar et al., 2004; Sorisky et 

al., 1996). The adipogenesis differentiation is more likely to occur in Thy-

1- subpopulation cells (Lehmann et al., 2010; Smith et al., 2002). 

Adipogenesis following chemical differentiation was shown to induce 

TSHR expression in both orbital fibroblasts (TED and control) (Valyasevi 

et al., 1999) and fibroblasts from abdominal fat (Starkey et al., 2003). 

The link between TSHR expression and adipogenesis was further 
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revealed by increasing gene expression of adipogenic markers after 

gain-of-function mutation in TSHR (Zhang et al., 2006). These indicate 

that the adipogenic phenotype in TED in vitro differentiation model may 

be mediated by TSHR on orbital fibroblasts. In addition, IGF-1 was 

reported to induce lipid formation and adipogenic markers upregulation in 

TED orbital fibroblasts, and adipogenesis could be decreased by IGF-1R 

antibody and PI3K inhibitor, showing that IGF1-R may be also involved in 

adipogenesis via the PI3K-Akt signalling pathway (Figure 1.6) (Zhao et 

al., 2013).  

 

1.1.2.4 Hyaluronic Acid Production 

The histopathological examination of TED orbit reveals oedematous 

tissue, with GAG, mainly HA, accumulation surrounding muscle cells and 

connective tissues. This is attributed to another pathognomonic feature 

of TED, tendon-spared muscle enlargement (Riley, 1972). In vitro, orbital 

fibroblasts derived from both TED patients and normal individuals 

produce GAG upon stimulation with IL-1, TGF-β, IFN-γ, and PDGF 

(Korducki et al., 1992; Smith et al., 1991; van Steensel et al., 2012). In 

addition to cytokines, IGF-1, human recombinant TSH, bovine TSH, and 

human stimulatory monoclonal anti-TSHR antibody M22 have been 

reported to induce HA production, indicating both TSHR and IGF-1R play 

critical role in TED tissue remodelling (Iyer and Bahn, 2012; Kumar et al., 

2012; Smith and Hoa, 2004). More recent studies revealed that TSHR 

and IGF-1R act synergistically on HA secretion (Krieger et al., 2015; 

Krieger et al., 2016). For the downstream signalling, PI3K-Akt-mTOR 

pathway was reported to be the one linking IGF-1 signalling to HA, but it 

is not involved in TSH signalling to HA (Figure 1.6). The production of 

HA is regulated by hyaluronan synthases (HASs) and UDP-glucose 

dehydrogenase, and HAS2 gene expression is best correlated with HA 

production in orbital fibroblasts (Zhang et al., 2012). 
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Figure 1.6 TSHR and IGFR signalling for HA production in orbital fibroblasts. 

Both TSHR and IGFR signalling contributes to the production of HA, and 

PI3K/Akt/mTOR is the downstream of IGF-1 signalling. Adapted from (Zhang et 

al., 2012) 

 

1.1.2.5 Fibrosis 

On histopathological examinations, orbital connective tissue of late stage 

TED is inactive but fibrotic with dense scar revealed by Masson’s 

trichrome positive staining (Hufnagel et al., 1984). Fibrosis is always 

regarded as a chronic and irreversible stage, and only surgery can 

correct the morbidity. Fibrosis is characterised by excessive extracellular 

matrix (ECM) deposition, and TGF-β is considered the main regulator in 

fibrosis. The immunohistochemical (IHC) staining of orbital connective 

tissue showed co-localisation of TGF-β expression with fibrotic regions, 

and the intensity of TGF-β expression correlates well with TED clinical 

activity and severity (Pawlowski et al., 2014). In vitro, Thy-1+ orbital 

fibroblasts exposed to TGF-β can differentiate into myofibroblasts 
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expressing high level of alpha-smooth muscle actin (αSMA), a known 

fibrosis marker (Koumas et al., 2003). Furthermore, upon TGF-β 

activation, fibroblasts secrete connective tissue growth factor (CTGF), 

another profibrotic protein, which stimulates fibroblasts proliferation and 

matrix contraction (Leask and Abraham, 2004). The evidence for 

involvement of CTGF in TED has recently been reported showing that 

TED orbital fibroblasts express higher levels of CTGF mRNA and protein 

than control ones do. The amount of CTGF protein correlates with TED 

activity and severity scores (Huang et al., 2016). In addition, TGF-β1 

upregulates CTGF, fibronectin and αSMA expression in TED orbital 

fibroblasts, and the silencing of CTGF reduces fibronectin and αSMA 

expression, suggesting CTGF is an important mediator in TGF-β1-

stimulated myofibroblasts transformation in TED fibrosis (Tsai et al., 

2018). 

 

1.2 Mechanotransduction 

Mechanotransduction is the concept that tissues and cells are able to 

sense mechanical stimuli, convert them into biochemical signals, and 

then respond biologically. In general, cells may experience mechanical 

stimuli from surrounding ECM and neighboring cells via cell-substrate 

contact (integrin) and cell-cell contact (cadherin), respectively, and this 

force transduces via cytoskeleton network to nucleus to modulate gene 

expression (Vining and Mooney, 2017). This is especially true for stem 

cells, whose survival, proliferation, organization, migration, and 

differentiation can be regulated by mechanical factors (Li et al., 2011). 

There are three basic kinds of mechanical forces including compression, 

tension and shear force contributing to stimulation on tissues (Butcher et 

al., 2009). In vitro, MSCs at low magnitude of tensile strain differentiate 

toward osteogenic phenotype, at higher tension differentiate toward 

cardiovascular phenotype, and at compressive strain differentiate toward 

chondrogenic phenotype (Schmelter et al., 2006; Simmons et al., 2003; 
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Takahashi et al., 1998). On the other hand, the ECM stiffness has been 

reported to determine the differentiation of MSCs. MSCs tend to 

differentiate into the lineage whose physiological stiffness matches the 

substrate stiffness the MSCs are grown. For instance, MSCs grown on 

rigid matrix differentiate toward bone, and on medium or soft matrix turn 

into muscle or neuron lineage (Engler et al., 2006; Huebsch et al., 2010). 

Moreover, modulating ECM stiffness together with chemical factors 

triggers more pronounced expression of differentiation markers than 

conditions with solely chemical factors. This suggests that elastic and 

chemical growth factors work synergistically on cellular differentiation 

(Tan et al., 2014).  

Orbital tissues in TED encounter mechanical stimulation. TED occurs in 

the inextensible orbital cavity, and thus the volume increase of orbital 

contents due to HA production and fat expansion results in increased 

intraorbital pressure. The rise of intraorbital pressure may cause severe 

visual impairment because of optic nerve ischemia secondary to poor 

blood flow from high tissue pressure (Bahn, 2010; Daley et al., 2008; 

Fletcher and Mullins, 2010). Therefore, mechanical factors affect TED 

clinically, but whether TED development is mediated by 

mechanotransduction is yet to be studied. Previous work in our lab 

revealed spontaneous LD formation of orbital fibroblasts in a 3D in vitro 

model, and the pressure load enhanced the LDs (Li et al., 2014). Since 

orbital fibroblasts have properties of stem cells and the matrix elasticity 

may mediate cell differentiation (Brandau et al., 2015; Feng et al., 2010; 

Kozdon et al., 2015), we hypothesised that soft matrix in 3D promotes 

spontaneous LD formation by mechanotransduction.  

 

1.2.1 3D Culture Model 

Classical cell studies have been performed on glass or plastics where 

rigidity is at 109 Pascal levels, but most cells in vivo are at the stiffness of 
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1 to 106 Pascal (Mendez and Janmey, 2012) (Figure 1.7). Since cellular 

differentiation and behaviour are strongly determined by mechanical 

force (Butcher et al., 2009; Engler et al., 2006), it is ideal to have in vivo 

model for experimental research. Building an in vivo model for TED has 

been explored for decades, however, it has always been difficult to 

obtain all TED human manifestations including thyroid dysfunction, 

thyroid disease, and orbitopathy at the same time in one mouse model 

(Banga et al., 2015; Wiesweg et al., 2013). The immunisation method 

used in recent models delivered a human TSHR A-subunit plasmid to 

mice intramuscularly followed by electroporation. They yielded variable 

thyroid function, but better consistency in orbital features such as HA 

deposition at extraocular muscle, fat expansion, orbital fibrosis (Gortz et 

al., 2016; Moshkelgosha et al., 2013). However, the reproducibility is still 

unsatisfying, and it was reported owing to the difference in gut microbiota 

composition (Berchner-Pfannschmidt et al., 2016; Masetti et al., 2018). It 

is still more easily accessible to study TED in vitro. To simulate in vivo 

conditions, it is important to perform in vitro experiments in an 

appropriate elastic environment similar to the normal physiological status. 

Orbital fibroblasts reside within orbital tissue which is mainly composed 

of orbital fat. The stiffness of fat is around 1 kPa (Figure 1.7). The 

stiffness of orbital fat was measured as 250~500 Pa and 500~900 Pa in 

calf and monkey, respectively (Schoemaker et al., 2006). Our group has 

developed a three-dimensional (3D) in vitro model in which cells are 

cultured in collagen gels as a mimic for the in vivo soft orbital 

environment. We use type I collagen to make gels at a final collagen 

concentration of 1.5 mg/mL which predictably gives 100~500 Pa 

according to previous reports (Jin et al., 2016; Joshi et al., 2018) and 

unpublished results from the lab. This elasticity is more similar to the 

physiological stiffness compared to 2D culture in dish. Furthermore, in 

our TED 3D model, weights can be applied mimicking the increased 

orbital pressure after retrobulbar volume expansion. The 3D model also 

enables the observation of gel contraction as a parameter of fibrosis 
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evaluation. Our most striking finding is that TED orbital fibroblasts in 3D 

model spontaneously differentiate into LD expressing cells, whereas in 

2D culture this phenomenon only occurs after triggering differentiation 

with differentiation medium (Li et al., 2014). The nature of this 

spontaneous differentiation remains to be clarified, but the preferred 

adipocyte differentiation in soft matrix suggests that mechanoresponsive 

pathways may be involved.  

 

Figure 1.7 Elastic modulus of various tissues 

Adapted from (Sachot et al., 2014) 

 

1.2.2 MRTF 

The Myocardin-Related Transcription Factors (MRTFs, or 

megakaryoblastic leukemia MKL)/Serum Response Factor (SRF) 

pathway is one of the well-known mechanosignalling pathways. SRF is a 

transcription factor which binds to the serum response element (SRE) in 

promoter region of target genes, and SRF target genes are characterised 

by the presence of CArG box. MRTFs, including myocardin, MRTF-

A/MKL1/MAL22, and MRTF-B/MKL2/MAL16, are transcription 

coactivators that function together with SRF to regulate target gene 
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expression. MRTF/SRF target genes such as ACTA2 (αSMA) and CTGF 

can induce fibrosis or myofibroblast differentiation (Gressner and 

Gressner, 2008; Rockey et al., 2013; Tsou et al., 2014). MRTF shuttles 

between nucleus and cytoplasm, and this process is regulated by G-actin 

levels. The link between MRTF and mechanical force can be traced to 

mechanosensors, integrin and cadherin sensing mechanical stimuli from 

ECM and neighbour cells, respectively. The engagement of integrin and 

cadherin activates Rho family of GTPases which is composed of Rho, 

Rac, and Cdc42, to remodel actin cytoskeleton (Mui et al., 2016). RhoA 

is activated by phosphorylation, and further phosphorylates ROCK (Rho-

associated kinase). There are also LIM kinases and cofilin joining into 

the downstream to form this force-Rho-ROCK-LIM kinases-cofilin 

pathway which regulates actin cytoskeleton. Actin cytoskeleton presents 

as either monomer G-actin or linear polymer F-actin form. The force-

Rho-ROCK-LIM kinases-cofilin inhibits actin depolymerisation meaning 

promoting F-actin polymerisation (Parmacek, 2007). When actin 

polymerises into F-actin, the level of G-actin decreases, and MRTF 

becomes free to translocate into the nucleus, where SRF downstream 

genes are activated (Guettler et al., 2008; Miralles et al., 2003; 

Velasquez et al., 2013; Zhao et al., 2007) to mediate fibrosis or 

myofibroblast differentiation. In contrast, at high levels of G-actin, MRTF 

remains largely in cytoplasm, favouring white and brown adipogenesis 

(McDonald et al., 2015; Nobusue et al., 2014) (Figure 1.8). The 

mechanism for cytoplasmic MRTF promoting adipogenesis has not been 

well understood, but there was a report showing that MRTF-A interacts 

with PPARγ in nucleus and thus possibly regulates adipogenesis 

(Rosenwald et al., 2017). 
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Figure 1.8 MRTF upstream and downstream regulations.  

(A) Actin polymerisation is the main determinant for MRTF localisation. Rho-

ROCK activation inhibits cofilin which depolymerises F-actin into G-actin, so 

increases F-actin. This frees MRTF to transfer into nucleus and triggers MRTF-

SRF pathway and downstream contractile genes. (B) Adipogenic stimulus 

reduces Rho-ROCK signalling (red arrow pointing down means decrease) and 

increases depolymerisation of F-actin, so to increase G-actin which binds 

MRTF and retains the complex in cytoplasm (as (A) shows). This inhibits the 

MKL1 (MRTF-A) nuclear translocation and MRTF/SRF pathway. PPARγ gene 

is then upregulated, and cells are differentiated into adipocytes.  

(A) Adapted from (Parmacek, 2007) (B) Adapted from (Nobusue et al., 2014) 

 

In parallel with MRTF, there is another group of transcription co-

activators, ternary complex factors (TCFs), including Elk-1 (ETS-like 

transcription factor), SAP-1 (SRF accessory protein 1, aliased as Elk-4) 

and Net (aliased as Elk-3), to regulate SRF target genes. TCFs are E-

twenty-six (Ets) domain proteins which possess an Ets domain which 

makes sequence-specific interactions with DNA and a SRF interaction 
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domain. TCFs are known to be activated by Ras, phosphorylated by 

MAPK and ERK, and also to work with SRF on immediate-early 

transcriptional response (Hipskind et al., 1994; Posern and Treisman, 

2006; Whitmarsh et al., 1995) (Figure 1.9). It is reported that TCFs and 

MRTFs compete to bind to SRF to regulate cell proliferation and 

contractility. When TCF-SRF is inactivated, many MRTF-SRF genes are 

enhanced and cells are more contractile in a mouse embryonic 

fibroblasts (MEFs) model (Gualdrini et al., 2016).  

 

 
 

Figure 1.9 MRTFs and TCFs are both SRF regulators and complete to bind to 

SRF. 

(A) Extracellular stimuli activate SRF by two separate signalling pathways: 

Rho/actin polymerisation/MRTFs, and Ras/Erk/TCFs. Yellow circle, 

transcriptional activation domain; blue rectangle, SRF interaction domain; grey 

triangle, ETS, DNA binding domain. (B) Model of MRTFs and TCFs 

antagonising each other and regulating different lineage of SRF target genes.  

(A) Adapted from (Posern and Treisman, 2006) (B) Adapted from (Gualdrini et 

al., 2016) 
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1.2.3 YAP 

Yes-associated protein (YAP) and transcriptional co-activator with PDZ-

binding motif (TAZ) are another important mechanotransduction 

signalling transcriptional co-activators. Similar to MRTF, YAP/TAZ also 

shuttles between nucleus and cytoplasm in response to ECM stiffness, 

and mediates cell differentiation (Dupont et al., 2011; Halder et al., 2012). 

In the nucleus, YAP/TAZ interacts with TEA domains (TEADs) to 

regulate gene expression associated with proliferation, fibrosis, or 

osteogenesis. In a soft environment, YAP/TAZ remains in cytoplasm, 

and cells reside at growth arrest and preferably undergo adipogenesis 

(Dupont et al., 2011; Halder et al., 2012). The most striking finding of 

YAP/TAZ is that knockdown of YAP/TAZ and overexpression of YAP can 

overcome the mechanical cues to make adipogenesis occur on stiff ECM 

and rescue osteogenesis on soft substrates, respectively (Dupont et al., 

2011), suggesting that YAP/TAZ is more determining than ECM for 

differentiation lineage. However, regulation of YAP/TAZ signalling is 

complex: 1) YAP/TAZ activity can be partially regulated by Rho-ROCK-F-

actin tension. This is evidenced by using Rho and F-actin inhibitors, 

nuclear YAP/TAZ and downstream gene expression are effectively 

inhibited. But the overexpression of G-actin did not change YAP/TAZ 

activity or localisation (Dupont et al., 2011). 2) YAP/TAZ activity can be 

modulated by its phosphorylation status. Phosphorylated YAP is inactive 

and cytoplasmic, whereas unphosphorylated YAP is active and 

translocates to nucleus. Furthermore, Hippo/large tumor suppressor 

(LATS) signalling is often mentioned together with YAP/TAZ, because 

cytoplasmic YAP can be phosphorylated on serine 127 which is the 

target of LATS kinase of active Hippo pathway (Basu et al., 2003; Oka et 

al., 2008) (Figure 1.10). However, manipulation on LATS failed to 

overcome environmental mechanical cues suggesting that 

mechanotransduction of YAP/TAZ is independent from Hippo/LATS 

pathway (Dupont et al., 2011).  
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Figure 1.10 YAP/TAZ regulated by actin cytoskeleton and Hippo pathway. 

The Rho-ROCK-F-actin signalling in stiff matrix or lysophosphatidic acid (LPA) 

stimulation activates YAP/TAZ nuclear accumulation and downstream gene 

expression. Activation of Hippo/LATS pathway phosphorylates and inactivates 

YAP/TAZ and leads to sequestration of YAP/TAZ in cytoplasm. Adapted from 

(Knipe et al., 2015) 

 

3) YAP/TAZ is involved in Wnt signalling. When Wnt is off, YAP/TAZ is 

incorporated in the cytoplasmic destruction complex together with β-

catenin. When Wnt is on, Wnt ligand disassembles the complex and 

frees YAP/TAZ and β-catenin to translocate to nucleus for downstream 

gene expressions (Piccolo et al., 2014) (Figure 1.11).   
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Figure 1.11 YAP/TAZ regulation by Wnt signalling. 

In the Wnt-off state, YAP/TAZ is incorporated in the β-catenin destruction 

complex, and together with β-catenin is degraded in the cytoplasm. In the Wnt-

on state, the Wnt ligand releases YAP/TAZ from the destruction complex and 

triggers YAP/TAZ nuclear accumulation to activate YAP/TAZ-dependent 

transcriptional responses. (APC, adenomatous polyposis coli; GSK3, glycogen 

synthase kinase-3; β-TRCP, β-transducin repeat containing protein; LRP, 

lipoprotein receptor-related protein; TEADs, TEA domains; TCF/LEF, T-cell 

factor/lymphoid enhancer factor) Adapted from (Piccolo et al., 2014) 

 

1.3 Adipogenesis and Lipid droplet 

Metabolism 

1.3.1 Adipogenesis 

There are two kinds of adipose tissue, white and brown, being 

responsible for energy storage and heat generation, respectively (Saely 
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et al., 2012). The mature white adipocytes have single large lipid droplet 

(LD) accounting for more than 90% of the cell area, whereas brown 

adipocytes have multiple small vacuoles. The majority of fat in human 

body is composed of white adipose tissue. Brown adipose tissue is 

distributed at interscapular area in infants and disappears with age, and 

only small paravertebral and axillary depots are residual in adults 

(Sanchez-Gurmaches et al., 2016). Orbital adipose tissue has the 

characteristics of white adipose tissue, thus white adipogenesis is widely 

considered as the mechanism for retrobulbar fat expansion in TED. 

However, fat expansion can originate from two mechanisms, hyperplasia 

(cell number increase) and hypertrophy (cell size increase) (Hirsch et al., 

1989; Kumar et al., 2004), and it has never been clarified in TED 

histopathology.  

Adipogenesis is defined as the process whereby preadipocytes 

differentiate into adipocytes. Preadipocytes are distributed in adipose 

tissue, and derived from pericytes (Cawthorn et al., 2012). As Figure 

1.12 shows, ECM stiffness and related mechanotransduction factors 

contribute to adipogenesis at the initial stage where MSCs are committed 

into preadipocytes (Cristancho and Lazar, 2011). MSCs originate from 

pericytes as well, consistent with the pericyte origin of preadipocytes 

(Crisan et al., 2008). The committed preadipocytes undergo two stages 

of adipogenesis when being further exposed to adipogenic inducers. The 

protocols for in vitro adipogenic differentiation vary widely but there are 

three components generally used in adipogenic differentiation medium, 

including insulin, dexamethasone, and 3-isobutyl-1-methylxanthine 

(IBMX) (Saben et al., 2014; Scott et al., 2011). Other additional 

components may also be used, such as rosiglitazone (PPARγ agonist) 

and indomethacin. It was later reported that only dexamethasone with 

rosiglitazone are adequate and necessary to induce adipogenic 

differentiation (Contador et al., 2015). The usage of these chemicals is 

not mimic of natural physiological conditions, but is to activate 

transcription factors based on the mechanism of adipogenesis. Complete 
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adipogenesis requires stages of transcription factors activation. In 

addition to glucocorticoid receptor (GR) activation, activation of 

CCAAT/enhancer-binding protein β and δ (C/EBPβ and C/EBPδ), the 

first two transcription factors in adipogenesis, contribute to the first stage 

of adipogenesis which occurs hours following treatment with adipogenic 

inducers. The second stage of adipogenesis starts from the activation of 

intermediate and main transcription factors of adipogenesis -- PPARγ 

and C/EBPα, occurs days following the initial induction (Lefterova et al., 

2014). As preadipocytes are getting more mature, LDs are formed and 

merged into a large droplet, and genes for adipocyte-specific proteins, 

such as leptin, adiponectin, LPL, and aP2 are expressed. This step 

matures adipocytes and finalises adipogenesis (Fonseca-Alaniz et al., 

2007).  

 

Figure 1.12 Cues involved in the differentiation of MSCs to mature white 

adipocytes. 

MSCs are transitioned to committed white preadipocyte by soft ECM, inhibition 

of Rho-ROCK and YAP/TAZ. The further addition of adipogenic stimuli 

activates C/EBPδ and C/EBPβ, as first stage of adipogenesis. The activation of 

PPARγ leads to terminal differentiation, as second stage of adipogenesis, and 

mature white adipocytes are formed. Adapted from (Cristancho and Lazar, 

2011) 
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Dexamethasone is an inducer of C/EBPβ and C/EBPδ, it also binds to 

GR, thus activates the first stage of activation of transcription factors 

(Scott et al., 2011). Rosiglitazone, a potent PPARγ ligand, directly 

increases PPARγ transcriptional activity and speeds adipogenesis 

(Benvenuti et al., 2007). Insulin enhances the expression of sterol 

regulatory element binding protein-1 (SREBP1) which further induces 

PPARγ (Fajas et al., 1999; Kim et al., 1998a; Kim et al., 1998b). The 

activation of PPARγ involves ligand binding, heterodimerisation of 

PPARγ with retinoic X receptor (RXR), and some coactivator proteins. 

Without ligand binding, PPAR/RXR is bound to co-repressors, preventing 

PPAR/RXR binding to PPAR response element (PPRE) on promoters 

(Leonardini et al., 2009) (Figure 1.13).  

Previous TED studies have successfully induced adipogenesis markers 

such as C/EBPβ, C/EBPα, PPARγ, leptin, adiponectin, LPL, and aP2 by 

stimulating orbital fibroblasts with adipocyte differentiation medium. 

Nevertheless, it is unknown if there is any other lipid metabolism 

pathway contributing to fat expansion in TED. 
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Figure 1.13 Mechanism of PPARγ activation. 

PPARγ activation requires ligand binding to PPARγ and RXR, 

heterodimerisation of PPARγ and RXR, and the binding of co-activators to this 

dimer, and the whole complex binds to target gene to induce transcription. 

Adapted from (Wei et al., 2012) 

 

 

1.3.2 Lipid Droplet Formation and Degradation 

All mammalian cells have LDs within their cytoplasm (van Meer, 2001). 

LDs are an intracellular reservoir of neutral lipids to maintain energy 

homeostasis, and are regarded as dynamic cellular organelles (Guo et 

al., 2009). LDs are formed by the endoplasmic reticulum (ER), and 

interact with other organelles, such as ER, mitochondria, endosomes 

and plasma membrane to balance lipid storage and usage (Fujimoto et 

al., 2008; Goodman, 2008; Murphy et al., 2009). These LDs are 

composed of a central core of neutral lipids, mainly triglycerides (TGs, 
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a.k.a. triacylglycerols, TAGs) and sterol esters, and an outer envelope of 

monolayer of phospholipids. There are also proteins coating on LDs, 

including perilipin family proteins, membrane trafficking proteins--Rab, 

lipid-synthesis enzymes, and lipases (Blanchette-Mackie et al., 1995; 

Martin and Parton, 2006). TG is composed of one glycerol and three fatty 

acids (FAs), and is synthesized from glycerol-3-phosphate (G3P) and 

FAs. The G3P undergoes acylation and forms phosphatidic acid (PA) 

which turns into diglycerides (DG, a.k.a. diglycerides, DAGs) after 

dephosphorylation by an enzyme called Lipin. DG may turn into TG or 

phosphatidylcholine (PC), a phospholipid for plasma membrane and LD 

outer envelope (Itabe et al., 2017). The FAs of TGs may be formed by 2 

mechanisms, 1) extracellular FAs entering cells and 2) carbohydrates, 

such as glucose, entering cells and then synthesizing FAs. The sterols of 

LDs are taken up into cells through endocytosis (Guo et al., 2009) 

(Figure 1.14). All of these result in increase of intracellular FAs and 

sterols and trigger the formation of LDs in ER (Blanchette-Mackie et al., 

1995; Martin and Parton, 2006).  
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Figure 1.14 Diagram of lipid droplet formation 

Lipid droplet (LD) is composed of (1) triglycerides (TG) from fatty acid (FA) and 

diglycerides (DG), and FAs may be de novo made from glucose or directly 

uptaken extracellularly while DG is from glycerol-3-phosphate (glycerol3-P, 

G3P) (2) cholesterol ester (CE) from endocytosis, (3) phosphatidylcholine (PC) 

from glycerol3-P. (glycerol3-P, glycerol-3-phosphate; GPAT, glycerol-3-

phosphate acyltransferase; LysoPA, lysophosphatidic acid; AGPAT, 1-

acylglycerol-3-phosphate O-acyltransferase; PA, phosphatidic acid; Pi, 

phosphate ion; DG=DAG, diglycerides=diacylglycerol; CPT, 

cholinephosphotransferase; DGAT, diacylglycerol acyltransferase; PC, 

phosphatidylcholine; FFA, free fatty acid; TG=TAG, triglycerides=triacylglycerol; 

LD, lipid droplet; FA, fatty acid; FC, free cholesterol; ACAT, acyl-CoA 

cholesterol acyltransferase; CE, cholesterol ester; ER, endoplasmic reticulum; 

LDL, low-density lipoprotein) Adapted from (Itabe et al., 2017) 
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FAs are formed of carbon and hydrogen molecules. FAs without double 

bonds are saturated FAs, and those with one double bond are 

monounsaturated whereas with more than one double bonds are 

polyunsaturated. Types of FAs differ in the numbers of carbon atoms and 

double bonds, and the location of the double bonds in the hydrocarbon 

chain. These can be simply named in the form of C:D (n-x or ω-x), where 

C refers to the number of carbon atoms, D is the number of double 

bonds, and n-x or ω-x refers to the location of double bond on xth carbon 

counted from the methyl carbon end. The length of FAs hydrocarbon 

chain can be elongated with fatty acid elongase, and double bonds can 

be formed to desaturate FAs with desaturase (Ahmad, 2017; Naudí et al., 

2012) (Figure 1.15). The main functions of FAs are energy storage, 

cellular membrane constitution, and signalling pathway regulation where 

FAs are precursors for prostaglandins, thromboxanes, and leukotrienes 

to mediate inflammation and coagulation (Calder, 2015). FA composition 

of fat depot is linked to diet and endogenous elongation and desaturation 

processes. FA composition profiles as well as lipogenic gene expression 

were shown different between visceral adipose tissue and abdominal 

subcutaneous adipose tissue in obese patients (Petrus et al., 2017). 

Therefore, FA composition may give insight into the pathophysiological 

change in fat tissue. 
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Figure 1.15 Pathway of long-chain fatty acid synthesis  

Saturated FA C16:0 is produced by fatty acid synthase, and can be added 

with 2 more carbons under the action of fatty acid elongase 6 (ELOVL6) to 

become FA C18:0, and further addition of 2 more carbons makes FA C20:0. 

Under the function of stearoyl-CoA desaturase 1 (SCD-1), C16:0 can be 

desaturated into C16:1. Further desaturation or elongation makes C16:1 into 

C16:2 or C18:1, respectively. These are ω7 or n-7 family meaning the first 

double bond is at the 7th carbon counted from the methyl carbon end. Similar 

elongation and desaturation rules apply to other families. Adapted from 

(Naudí et al., 2012) 

 
 

On the other hand, LDs undergo degradation while cells are in demand 

for energy, or upon hormonal or inflammatory stimulations. LD 

degradation mechanism can be categorised into (1) lipolysis: using 

cytoplasmic lipases to hydrolyse LDs at neutral pH, and (2) lipophagy: 

the autophagic degradation of LDs, also known as acidic lipolysis where 

LDs are transported to lysosome and hydrolysed by lysosomal acid 

lipase (LAL) at low pH (Zechner et al., 2017) (Figure 1.16). It is not 

clearly known what regulates LDs hydrolysis by lipolysis or degrade by 

lipophagy. The dysregulation of LD formation and degradation can lead 

to metabolic diseases, such as diabetes and obesity (Lazar, 2005). 

Although adipogenesis has been widely studied in TED, it is not known 

whether TED cells have more LD accumulation. The LDs we observed in 

our 3D in vitro model are small-sized LDs within cytoplasm, without 
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fibroblasts morphological change (Li et al., 2014), unlike the large LDs 

and round-up of fibroblasts seen in classical adipogenesis. Therefore, it 

would be informative to investigate the role of LDs in TED, especially 

using the 3D in vitro model. We hypothesised that in addition to classical 

adipogenesis, TED orbital fibroblasts may form LDs through FA uptake, 

carbohydrate utilisation and endocytosis or display altered LD 

degradation.   

 

Figure 1.16 Lipid degradation pathway  

By neutral lipolysis, TAG (TG) is degraded into DAG (DG) and FA by adipose 

tissue triacylglycerol lipase (ATGL), DAG is degraded into monoacylglycerol 

(MAG) and FA by hormone sensitive lipase (HSL), and MAG is degraded into 

glycerol and FA by monoacylglycerol lipase (MGL, MAGL). Cholesterol ester 

(CE) can be degraded into cholesterol by HSL as well. By acid lipolysis, 

lysosomal acid lipase (LAL) can degrade TAG, DAG and CE. Adapted from 

(Zechner et al., 2017)  

 
 

1.3.2.1 Extracellular Fatty Acid entry into Cells 

In the circulation, most fatty acids (FAs) are bound to transport protein, 

such as albumin. These bound FAs dissociate from albumin before 

entering into cells. No additional protein is needed for movements by 

simple diffusion. Alternatively, there are some proteins on plasma 
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membranes involved in free FA influx, including fatty acid translocase 

(FAT, also known as CD36), fatty acid transport protein (FATP, also 

known as fatty acyl-CoA synthetases), and plasma membrane fatty acid 

binding protein (FABPpm) (Glatz et al., 2010; Thompson et al., 2010). 

These different FATPs and FABP selectively facilitate entry of FAs of 

different chain lengths and degree of saturation (Figure 1.17).  

FATP family has 6 subtypes named FATP1~6 encoded by gene “solute 

carrier family 27 members A1~6” (SLC27A1~6). Each subtype has 

different tissue distribution preference, for instance, FATP1 distributes 

within brown and white adipose tissue, heart, skeletal muscle, skin, brain, 

kidney and endothelial cells, whereas FATP5 expression is restricted to 

the liver (Anderson and Stahl, 2013). As FATPs are enzymes, the way 

they transport FAs is by direct converting of FAs into acyl-CoA ester, 

which is further processed in lipid storage (LD formation) or energy 

production (β-oxidation) (Lobo et al., 2007). White adipose tissue 

predominantly expresses FATP1 and FATP4 (Anderson and Stahl, 2013). 

FATP1 knockdown in 3T3L1 differentiated adipocytes showed decreased 

FA uptake and TG synthesis by tracing isotope-labelled FAs (Lobo et al., 

2007). And overexpression of FATP1 in stable cell line C8 revealed 

increased TG synthesis from increased uptake and incorporation of 

isotope-labelled FAs (Hatch et al., 2002).  In vivo, transgenic mice with 

cardiac-specific overexpression of FATP1 demonstrated increased FA 

uptake and FA accumulation in cardiomyocytes resulting in lipotoxic 

cardiomyopathy (Chiu et al., 2005). These suggest the functional role of 

FATP1 in FA transport. On the other hand, FATP4 overexpression in 

HEK293 cells increased FA uptake, and FATP4 gene silencing by 

antisense oligonucleotide decreased FA uptake in primary enterocytes 

(Stahl et al., 1999). However, the FATP4 knockdown by siRNA in 

differentiated 3T3L1 adipocytes did not decrease FA uptake (Lobo et al., 

2007). In addition to this controversy in FA uptake function, FATP4 was 

reported to be localised to the ER rather than plasma membrane (Milger 

et al., 2006). Therefore, the mechanism FATP4 regulating FA uptake is 
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thought to be depletion of intracellular FAs, since it has acyl-CoA 

synthetase function for esterification FA with CoA, which then triggers FA 

uptake through plasma membrane (Digel et al., 2009). 

CD36 is expressed in adipocytes, endothelial cells, cardiac and skeletal 

myocytes. In vivo, FA uptake was reduced in adipocytes (Febbraio et al., 

1999), and smaller adipocyte size and lower number of adipocytes were 

found in CD36 knockout mice (Vroegrijk et al., 2013). CD36 gene 

mutation in human decreased palmitate (one kind of FA) uptake in 

muscle, adipose tissue, and cardiac tissue, but not hepatic tissue, 

detected by 11C palmitate positron emission tomography (PET) scan 

(Hames et al., 2014). In vitro, FA uptake is positively correlated with 

CD36 surface expression in human preadipocytes in stromal vascular 

fraction (SVF) (Gao et al., 2017). CD36 was also found to be associated 

with cancer. CD36 expression as well as FA uptake and intracellular LD 

area were increased in human ovarian cancer cells after co-culture with 

omental adipocytes, and the effect can be abolished by CD36 inhibitor 

and shRNA. Adipocytes provide FAs for tumour growth via CD36. The 

CD36 knockdown decreased co-culture-induced invasion and migration, 

indicating that CD36 may regulate tumour progression (Ladanyi et al., 

2018). CD36 may work independently or interact with FABPpm to 

facilitate FA entry. But unlike the enzymatic role of FATPs, CD36 

appears to be membrane protein, and provides the extracellular 

attachment site for FAs. As FAs pass through the bilayer of plasma 

membrane, CD36 functions as a docking site for cytoplasm fatty acid 

binding protein (FABPc) or acyl-CoA synthetases at the intracellular side 

for further FA metabolism (Glatz and Luiken, 2018).  

The total FA uptake has contributions from several membrane proteins. 

An analysis in human preadipocytes in SVF showed that cells express 

CD36 also have consistently higher level of FATP1 and FATP4 

expression compared to cells negative for CD36 by flow cytometry. The 

CD36 inhibitor decreased total FA uptake, but it was not known whether 
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the functions of FATPs were affected (Gao et al., 2017). Another study 

revealed that cardiomyocytes of CD36 knockout mice had compensatory 

upregulation of FATP1, and this resulted in unchanged FA uptake 

(Habets et al., 2007). Since multiple transporters are involved, FA uptake 

is unpredictable when manipulating these transporters and 

compensatory effects should be considered in data interpretation. 

 

Figure 1.17 Molecular mechanisms for transmembrane cellular uptake of fatty 

acids.  

Fatty acids (FAs) dissociate from albumin, and may cross plasma membrane 

directly by passive diffusion, or utilise FA transport related proteins such as 

FATPs, CD36, FABPpm, and FABPc to facilitate the entry. Adapted from 

(Azzazy et al., 2006; Chen and Li, 2016) 
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1.3.2.2 Carbohydrates Utilisation (De Novo 

Lipogenesis) 

LDs may also originate from converting glucose into TGs through Krebs 

cycle and followed by synthesis of FAs. This mechanism is known as de 

novo lipogenesis (DNL), occurring in hepatocytes, adipocytes, and 

pathologically, cancer cells, and is related to fatty liver disease, obesity, 

type 2 diabetes, metabolic syndrome, and cancer (Ameer et al., 2014; 

Menendez and Lupu, 2007). DNL modulates glucose homeostasis. The 

DNL process involves glucose entry into cells through glucose 

transporters (GLUTs) on plasma membrane. There are 14 types of 

GLUTs found, and GLUT4 is primarily on adipocytes and is insulin-

regulated (Cushman and Wardzala, 1980). DNL is not active during 

fasting, but post-prandial elevation of blood glucose and insulin levels 

stimulate DNL. It is triggered through increased substrate availability and 

insulin-activated insulin receptor which further activates GLUT4 to uptake 

glucose (Song et al., 2018). After entry into cells, glucose undergoes 

glycolysis, Krebs cycle in mitochondria, and the FA synthesis pathway 

(Figure 1.18). There are two key enzymes involved in DNL pathway 

which include acetyl-CoA carboxylase (ACC) and fatty acid synthase 

(FAS or FASN). The upregulation of FASN, the enzyme responsible for 

terminal catalytic step in DNL, is also observed in most malignancies and 

some viral infections (Ameer et al., 2014). FASN is transcriptionally 

regulated by SREBP-1c and carbohydrate-responsive element-binding 

protein (ChREBP) which are activated in response to insulin and glucose, 

respectively (Iizuka et al., 2004; Shimomura et al., 1999). DNL is more 

energy-costly than direct utilisation of FA in lipid deposition (Solinas et al., 

2015). For the same caloric consumption of carbohydrate and fat, DNL 

(carbohydrate) produces fewer lipids per calorie than fats do. Some cell 

types rely on FA uptake more while other cell types use DNL mechanism 

more (Li and Cheng, 2014). The role of DNL in adipose tissue in TED 

has never been mentioned in literature. Which LD formation mechanism 
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(FA uptake or DNL) orbital fibroblasts utilise or whether TED and control 

orbital fibroblasts have different preference for LD formation is unknown. 

In addition, it was also reported that DNL and adipogenesis are linked. 

Adipogenesis was reduced in low glucose adipocyte differentiation 

medium evidenced by ORO staining, PPARγ and aP2 gene expression 

in both 3T3L1 and C3H10T1/2 cell lines. ChREBP may be the link 

between DNL and adipogenesis because ChREBP not only activates 

FASN but also upregulates PPARγ to induce adipogenesis. 

Constitutively active ChREBP enhances adipogenesis whereas dominant 

negative ChREBP impaired adipogenesis (Witte et al., 2015). Since TED 

orbital fibroblasts are prone to adipogenesis, it is possible DNL is 

involved in TED development.  
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Figure 1.18 De novo lipogenesis (DNL) regulating metabolic homeostasis in a 

cell 

Glucose enters the cell through glucose transporters (GLUT) on plasma 

membrane. It is converted to pyruvate via glycolysis, and enters mitochondria 

for Krebs cycle. Citrate leaves mitochondria and activates acetyl-CoA 

carboxylase (ACC) which converts acetyl-CoA to malonyl-CoA. Fatty acid 

synthase (FAS, FASN) further converts malonyl-CoA into palmitate (FAs) to 

form LDs. Adapted from (Solinas et al., 2015) 

 

 

1.3.2.3 Sterols Taken Up Through Endocytosis 

Plasma membranes are composed of sphingolipids and sterols to form 

lipid bilayer, and endocytosis presenting as invagination of plasma 

membrane therefore intakes sterols. Sterols are another core component 

of LDs in addition to TG, and they are generally produced in ER, sent to 

Golgi and then either formed into LDs or transported to the plasma 

membrane (Pichler and Riezman, 2004). Endocytosis internalises 
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plasma membrane with engulfed molecules to fuse with early 

endosomes. Some components of early endosomes are sent to the 

plasma membrane, ER or Golgi engaged to lipid recycling, whereas 

some form late endosomes and are sent to lysosomes for degradation. 

There are several types of endocytosis including macropinocytosis which 

engulfs large particles and extracellular fluid, clathrin-mediated 

endocytosis which internalises transferrin, LDL, and epidermal growth 

factor (EGF), and caveolae-mediated endocytosis which internalises 

integrin and lipids (Figure 1.19) (Bastiani and Parton, 2010; Lakadamyali 

et al., 2006; Mayor and Pagano, 2007).  

 

Figure 1.19 Endocytosis patterns 

Particles may enter cells by endocytosis with mechanisms: (1) 

macropinocytosis (2) clathrin-dependent endocytosis or (3) caveolin-dependent 

endocytosis. Adapted from (Mayor and Pagano, 2007) 

 

Caveolae are flask-shaped invaginations at plasma membrane 

presenting in adipocytes, fibroblasts, muscle cells and endothelial cells 

(Echarri and Del Pozo, 2015; Fielding and Fielding, 2000). The essential 
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structural proteins constituting caveolae are caveolins which are 

distributed at plasma membrane, Golgi apparatus and may move to LDs 

in response to cholesterol stimulations or elevated caveolin level at ER 

(Le Lay et al., 2006; Ostermeyer et al., 2001). There are three caveolin 

isoforms, Cav1-3, and caveolin-1 (Cav1) and caveolin-2 (Cav2) are more 

widely expressed (Thompson et al., 2010). Caveolae can act as FA 

transporters to uptake FAs and convert them into TG and store in LDs 

(Figure 1.20). The expression level of Cav1 was positively correlated 

with amount of FA transport through plasma membrane in HEK293 cells 

(Meshulam et al., 2006). Inhibition of caveolae by caveolin inhibitor filipin 

III and antisense oligonucleotide of Cav1 reduced FA uptake in HepG2 

hepatoma cell line (Pohl et al., 2002). In vivo, Cav1 knockout mice 

showed decreased TG in liver and decreased LDs in hepatocytes 

(Fernandez et al., 2006). Cav1 knockout mice were resistant to obesity 

but presented elevated TG and FA levels in serum (Razani et al., 2002). 

In addition to endocytosis and lipid metabolism, caveolae are also 

involved in mechanosensing and signal transduction (Parton and del 

Pozo, 2013). The association between caveolae and cytoskeleton was 

firstly proposed after the observation of proximity of caveolae and stress 

fibres in electron microscope (Rohlich and Allison, 1976). Later actin 

filaments were found to keep caveolae at the cell surface, and 

depolymerisation of actin induces Cav1 movement from cell surface 

inward to cytoplasm where Cav1 cluster and accumulate (Mundy et al., 

2002). Another study also showed that in differentiated adipocytes, 

caveolae cluster and form rosette pattern in cytoplasm (Parton et al., 

2002). Since actin depolymerisation is associated with adipogenesis, it is 

reasonable that actin depolymerisation, caveolae redistribution and 

adipogenesis are linked, but how caveolae is involved is unknown. 

Therefore, it would be of interest to know if fat expansion in TED is 

attributed to combined mechanisms from actin cytoskeleton, caveolae, 

and adipogenesis.  
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Figure 1.20 Diagram of FA transport through caveolae on plasma membrane. 

Fatty acids (FAs) may influx via caveolae, which is formed by caveolin-1 at 

plasma membrane. FAs are then internalised to caveosome for processing. 

LDs are formed at ER, where caveolin-1 and PAT (perilipin, adipophilin, and 

TIP47) assist enveloping TG inside LDs. Adapted from (Anderson and Borlak, 

2008) 

 

 

1.3.2.4 Lipolysis and Perilipin 

LDs are formed in excess of energy for future usage, and the breakdown 

of LDs provides fuel in the demand of energy. Therefore, lipid 

metabolism is balanced between formation and degradation of LDs. As 

LDs are composed of the neutral lipids core from TG and cholesterol 

ester (CE), the degradation comprises the breakdown of TG into FAs 

and glycerol, and CE into FA and cholesterol in neutral cytosolic 

hydrolysis and lipophagy (acidic hydrolysis). TG is hydrolysed into FA 
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and DG, monoacylglycerol (MAG), and glycerol by adipose tissue 

triacylglycerol lipase (ATGL), hormone sensitive lipase (HSL), and 

monoacylglycerol lipase (MGL or MAGL), respectively. CE is degraded 

into cholesterol by neutral cholesterol ester hydrolases (nCEHs), and 

HSL belongs to one of the nCEHs. By acid lipolysis (lipophagy), 

lysosomal acid lipase (LAL) can degrade TG, TG’s intermediate products, 

and CE (Zechner et al., 2017) (Figure 1.16). On the other hand, proteins 

coated on the surface of LDs regulate lipolysis pathway by stabilising the 

LDs and prevent degradation. The essential surface proteins on LDs are 

the perilipin family, also known as PAT family, including perilipin 

(perilipin1, PLIN1), adipose differentiation related protein (ADRP, also 

known as adipophilin or perilipin2, PLIN2), tail-interacting protein of 47 

kDa (TIP-47, also known as perilipin3, PLIN3), and S3-12 (Brasaemle, 

2007; Greenberg et al., 1991). As the LDs enlarge and mature, the 

surface proteins of LDs change as well. For example, at the earliest 

stage with smallest LDs, S3-12 and TIP47 are found (Wolins et al., 2005; 

Wolins et al., 2003). When LDs grow into middle size, PLIN2 replaces 

TIP47; and as LDs enlarge at the later maturation stage, PLIN1 becomes 

the only of PAT family on LDs (Wolins et al., 2005). PLIN1 is mainly 

distributed in adipose tissue and is closely associated with HSL to 

regulate lipolysis. Under basal conditions, PLIN1 is unphosphorylated 

and resides on LDs protecting LDs from lipolysis. HSL is cytosolic and 

has little access to LDs. Upon catecholamines stimulation on β-

adrenergic receptors, activated protein kinase A (PKA) phosphorylates 

PLIN1 and HSL and triggers a lipolysis signal (Brasaemle, 2007) (Figure 

1.21). Phosphorylated PLIN1 is eventually degraded and released from 

LDs. PKA-phosphorylated HSL doubles lipolysis activity (Belfrage et al., 

1981; Kawamura et al., 1981), whereas PKA-triggered translocation of 

HSL from cytosol to the surface of LDs hugely rises the lipolysis activity 

by 50~100 times (Clifford et al., 2000). However, the phosphorylation 

and translocation of HSL was independent of PLIN1 phosphorylation, but 

it failed to enhance lipolysis in the absence of PLIN1 phosphorylation 
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(Miyoshi et al., 2006). Therefore, the lipolysis is likely regulated by 

interaction of PLIN1 and HSL. 

 

 

Figure 1.21 PLIN1 and lipolysis signals under basal and stimulated conditions. 

Under basal conditions, PLIN1 is unphosphorylated, binds to alpha beta 

hydrolase domain protein 5 (ABHD5) and blocks ABHD5 from attaching to 

lipases. HSL and MAGL are not bound to LDs. When catecholamine stimulation 

activates PKA, PLIN1 is phosphorylated and ABHD5 is liberated to bind to 

ATGL. The ABHD5/ATGL complex hydrolyses TAG (TG). HSL is 

phosphorylated and moves to LDs to bind to phosphorylated PLIN1 and 

hydrolyses DAG (DG). Adapted from (Brasaemle, 2007; Sztalryd and 

Brasaemle, 2017) 

 

PLIN2 (ADRP) is ubiquitously expressed in adipose tissue, skeletal 

muscle, heart muscle, liver, lung, mammary gland, and adrenal gland 

(Straub et al., 2013), and is pathologically associated with fatty liver 

(Motomura et al., 2006; Straub et al., 2008). Moreover, PLIN2 was also 
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found in macrophages in atherosclerotic plaques (Wang et al., 1999). 

Macrophage with LD accumulation form specific foam cells which are 

hallmark of atherosclerosis (Stary, 2000). PLIN2 is thus linked to LD 

accumulation in macrophages and atherosclerosis. In vivo, PLIN2 was 

increased on the surface of LDs in the liver of high fat diet fed mice 

(Motomura et al., 2006). PLIN2 knockout mice were protected from fatty 

liver when fed with normal diet or alcohol fed diet (Carr et al., 2014; 

Chang et al., 2006), and were resistant to obesity induced by high fat diet 

(McManaman et al., 2013). PLIN2 knockout mice also presented smaller 

atherosclerotic plaques with less LDs per unit area under microscope 

(Paul et al., 2008). In vitro, PLIN2 knockdown in THP-1 macrophages 

significantly decreased TG and CE levels, whereas PLIN2 

overexpression in THP-1 macrophages and Swiss 3T3 significantly 

increased TG, CE, and LDs (Imamura et al., 2002; Larigauderie et al., 

2004). Lipid (cholesterol) loading increased PLIN2 RNA and protein 

expression in in vitro macrophages (Paul et al., 2008), and so did FA 

loading in differentiated myotube system (Feng et al., 2017). The 

increased PLIN2 was accompanied with increased LDs amounts (Feng 

et al., 2017; Paul et al., 2008), indicating that PLIN2 presents a role 

closely correlated with the observed LDs.  

PLIN2 itself is very unstable in the cytoplasm unless bound to LDs as it is 

otherwise degraded by ubiquitin/proteasome pathway (Masuda et al., 

2006; Xu et al., 2005). The involvement of PLIN2 in LD degradation is 

regarded as the mechanism linking PLIN2 to LDs. However, unlike 

PLIN1, PLIN2 does not have PKA consensus sites on its structure 

(Brasaemle, 2007). Therefore, while PLIN1 is activated by catecholamine 

stimulation through phosphorylation, PLIN2 is not phosphorylated upon 

catecholamine stimulation (Macpherson et al., 2013). PLIN2 does not 

recruit HSL to LDs through protein interaction either (Macpherson et al., 

2013; Miyoshi et al., 2006). There have been several models proposed 

showing different mechanisms of how PLIN2 might be regulating LD 

degradation. In HEK293 where endogenous PLIN2 is minimal, PLIN2 
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transfected cells dissociate ATGL from LDs, and retain more TG inside 

cells (Listenberger et al., 2007). This supports a role for PLIN2 in 

preventing neutral lipolysis by lipases (Figure 1.16). Moreover, another 

model proposed a role for both lipolysis and lipophagy in PLIN2 

regulation on LDs in 3T3 cells (Kaushik and Cuervo, 2015; Kaushik and 

Cuervo, 2016) (Figure 1.16, Figure 1.22). PLIN2 was shown to be 

degraded by chaperone mediated autophagy (CMA) following AMP-

activated protein kinase (AMPK)-mediated phosphorylation. AMPK 

inhibition increased PLIN2 level, suggesting that phosphorylation of 

PLIN2 promotes its degradation, but the association to CMA is not yet 

understood (Kaushik and Cuervo, 2016). CMA is a special type of 

autophagy that selectively degrades cytosolic proteins across lysosome 

membrane. The two major proteins in CMA are heat shock cognate 

protein of 70 kDa (hsc70 or HSPA8) and lysosome associated 

membrane protein type 2A (LAMP-2A). Hsc70 recognises and binds 

cytosolic proteins (PLIN2 here) bearing a specific motif, and the complex 

translocates to lysosome and binds to LAMP-2A which is a 

transmembrane protein on lysosome. The complex unfolds at lysosome, 

and the substrate translocates into lysosome for degradation (Alfaro et 

al., 2018). Impaired CMA decreased ATGL localisation on LDs, and this 

supports neutral lipolysis (Kaushik and Cuervo, 2015). This leads to 

more PLIN2 preserved on LDs, and PLIN2 prevents the association 

between ATGL and LDs as previously mentioned, and thus the lipolysis 

by lipases mechanism is thought to be involved. On the other hand, 

treatment with an autophagy inhibitor increased LDs number. Impaired 

CMA decreased the colocalisation of autophagy markers with LDs, 

indicating that the increased amount of PLIN2 on LDs prevents LDs 

being engulfed by autophagosome. These support the involvement of 

lipophagy mechanism in PLIN2 regulation on LDs (Kaushik and Cuervo, 

2015) (Figure 1.22). 
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Figure 1.22 Model of PLIN2 regulation by chaperone mediated autophagy 

(CMA) and AMPK phosphorylation, and further LDs degradation.  

Left figure: Heat shock cognate protein of 70 kDa (Hsc70) recognises PLIN2 

and binds to PLIN2 on LDs. PLIN2 phosphorylation by AMPK is accompanied. 

The HSc70/PLIN2 complex leaves LDs and binds to lysosome associated 

membrane protein type 2A (L2A) on lysosome, and PLIN2 is degraded within 

lysosome. These constitute the chaperone mediated autophagy (CMA) 

process. Right figure: The absence of PLIN2 on LDs recruits ATGL to LDs for 

neutral lipolysis. Lacking PLIN2 on LDs also enables autophagy effectors to 

engulf LDs to form autophagosome which is sent to lysosome for further 

degradation as the lipophagy mechanism in LD degradation. Adapted from 

(Kaushik and Cuervo, 2016)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
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1.4 Macrophage 

Macrophages are a type of leukocytes, and most of macrophages derive 

from circulating monocytes. They engulf foreign substances, pathogens, 

cancer cells, and cellular debris in response to tissue damage or 

infection, via the process of phagocytosis (Aderem and Underhill, 1999). 

They are also involved in immune reactions by secreting cytokines and 

recruiting other immune cells to modulate inflammation. After 

phagocytosis, macrophages digest the engulfed pathogens and present 

the antigen to helper T cell through pathogen-derived MHC class-II 

bound peptides to initiate adaptive immunity (Davis et al., 1998). The 

interaction with T cells in turn activates macrophages through cytokines 

produced by T cells. Macrophages are usually classified into M1 and M2 

subtypes according to their surface markers and secreted cytokines 

(Figure 1.23). Bacterial infection, lipopolysaccharide (LPS), and Th1 

cytokine IFNγ promote M1-polarised macrophages which secrete IL-6, 

IL-1β, and monocyte chemoattractant protein 1 (MCP-1) for 

proinflammatory and pathogen killing responses. Th2 cytokine IL-4 and 

IL-13 stimulate M2-polarised macrophages which secrete IL-10 and 

TGFβ for anti-inflammatory reactions (Atri et al., 2018). This M1/M2 

classification is the observation based on cultured macrophages, but 

macrophages phenotypes in vivo are more diverse and may switch 

between different types (Oishi and Manabe, 2018).  
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Figure 1.23 Macrophage polarisation stimulants and produced cytokines 

Intracellular pathogen, LPS, and IFNγ stimulate M0 macrophages to be 

polarised into M1 macrophages for proinflammatory function. IL-4 and IL-13 

stimulate M0 macrophages to be polarised into M2 macrophages for anti-

inflammatory and wound healing reactions. Adapted from (Atri et al., 2018) 

 

In tissue injury, macrophages function as mediators for a series of 

processes including inflammation, tissue repair, regeneration, and 

fibrosis. Following injury or pathogen invasion, the immune system is 

activated through recruitment of neutrophils and monocytes which may 

differentiate into macrophages. These macrophages are predominantly 

M1 macrophages for removing pathogens and debris. As pathogens and 

dead tissue are eliminated, the anti-inflammatory M2 macrophages 

replace M1 macrophages to become the predominant type. Thus the 

inflammation resolves, followed by wound healing and regeneration. 

Although M1 secreted cytokines IL-1, IL-6, TNFα and IFNγ are 
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proinflammatory function, blocking these cytokines impaired regeneration 

in muscle injury model (Oishi and Manabe, 2018), suggesting that M1 

and its cytokines are also involved in initiation of tissue repair. The 

transition of M1 predominant to M2 predominant is important because 

persistent M1 function may cause tissue damage. The polarisation of 

macrophages is reversible in vitro (Porcheray et al., 2005), and this 

transition is regulated by the microenvironment cytokine shift from IFNγ 

and TNFα to IL-10, and regulatory T cells (Tregs, also known as 

suppressor T cells). M2 mediated repair is also well controlled for tissue 

homeostasis, and the dysregulation of persistent repair may lead to 

pathological fibrosis (Oishi and Manabe, 2018). 

Fibrosis is characterised by fibroblasts proliferation and differentiation, 

together with excessive deposition of ECM. M2-like macrophages 

promote healing and fibrosis by recruiting fibroblasts and inflammatory 

cells, and secreting various kinds of growth factors and cytokines such 

as TGF-β1 and PDGF (Rappolee et al., 1988). TGF-β1 can activate 

fibroblasts into myofibroblasts which are the main cell type for fibrosis 

(Tomasek et al., 2002). Furthermore, macrophages secrete matrix 

metalloproteases (MMPs) that degrade basement membrane and attract 

more fibroblasts and inflammatory cells to the site to enhance fibrosis 

(Giannandrea and Parks, 2014). On the other hand, macrophages 

phagocytose the dying inflammatory cells, promote myofibroblast 

apoptosis and modulate ECM turnover by digesting ECM components, to 

terminate fibrosis (Wynn, 2008). Therefore, macrophages are a key 

regulator of fibrosis where they balance the pro- and anti- scarring 

activities.  

 

1.4.1 Macrophage in Obesity Model 

In addition to wound healing, macrophages are present in adipose tissue, 

and regulate adipose tissue remodeling. In lean adipose tissue, 
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macrophages constitute only 10% of the total cell counts (Weisberg et al., 

2003), and M2 macrophages predominate and maintain the adipose 

tissue homeostasis. At the onset of obesity, proinflammatory M1 

macrophages are recruited to adipose tissue and predominate the 

macrophage population (Lumeng et al., 2008). This results in large 

amounts of macrophages accumulation, making up to 50% of the cells in 

obese adipose tissue, and correspondingly makes obese adipose tissue 

as a site of inflammation (Weisberg et al., 2003). In the process of 

obesity development, adipocytes get hypertrophy (increased adipocytes 

size), secrete proinflammatory cytokines, and promote adipocyte death. 

The adipocyte death recruits more M1 macrophages to form crown-like 

structures (CLS) which contribute to adipose tissue fibrosis in association 

with myofibroblast and ECM deposition (Buechler et al., 2015; Cinti et al., 

2005) (Figure 1.24).   

On the other hand, preadipocytes in adipose tissue are regulated by 

macrophages to prevent obesity. Adipogenic differentiation in human 

primary cultured preadipocytes was significantly reduced by monocyte-

derived macrophages with or without LPS activation (Lacasa et al., 2007). 

Polarised M1 macrophages decreased adipogenesis whereas polarised 

M2 macrophages did not change LDs or expression of PPARγ and 

C/EBPα in murine preadipocytes (Cheng et al., 2019). In nutrient and 

energy excess, M2 macrophages maintain preadipocyte survival by 

releasing PDGF (Molgat et al., 2009), and promote proliferation of these 

preadipocytes without inducing inflammation. Moreover, a mouse model 

demonstrated that M2 macrophages supported brown adipogenesis and 

adipose tissue remodeling by activating β3-adrenergic receptor. 

Noninflammatory M2 macrophages cleared dead white adipocytes and 

recruited preadipocytes by expressing osteopontin, a chemotactic factor. 

The following proliferation and brown adipogenesis of preadipocytes 

replaced the phagocytosed dead adipocytes to complete the remodelling 

(Lee et al., 2016; Lee et al., 2013). This confirms that M2 macrophages 
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contribute to adipocyte hyperplasia (increased adipocytes counts) which 

preserves adipose tissue function without inflammation or fibrosis. 

Moreover, macrophages are involved in adipocyte lipolysis in response 

to energy demand. Lipolysis and increased free FA concentration 

activate macrophage accumulation for phagocytosis/uptake of lipids. 

During weight loss and in lean tissue, this is a temporary effect; however, 

in obese tissue, the chronic lipolysis and macrophage accumulation are 

associated with the pathological inflammation and impaired metabolism 

(Kosteli et al., 2010; Nguyen et al., 2011). 

 

 

Figure 1.24 Adipose tissue macrophage (ATM) regulate adipose tissue 

remodelling 

M2 ATM predominate in lean adipose tissue where they balance between 

adipogenesis and lipolysis. M1 ATM are recruited in obese adipose tissue and 

contribute to adipose tissue fibrosis.  Adapted from (Martinez-Santibanez and 

Lumeng, 2014) 
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1.4.2 Macrophage in Thyroid Eye Disease 

Macrophages are thought to participate in the immunological stage of 

TED. This was firstly suggested by a study showing upregulation of 

macrophage-derived cytokine gene expression in TED tissues (Kumar 

and Bahn, 2003). This was later confirmed by IHC and histopathological 

studies. Along with other immune cells, monocytes and activated 

macrophages were found in active TED fibrovascular septae and orbital 

tissues in IHC studies. As the disease enters inactive stage, the amount 

of activated macrophages decreases, but it remains higher in 

fibrovascular septae than in adipose tissue when compared to respective 

areas in control tissue (Eckstein et al., 2004). IHC staining of orbital fat 

for CD68, a specific antigen of macrophages, demonstrated higher 

positive staining in TED tissues than in controlled tissues, and CD68 

expression correlates with TED severity (Chen et al., 2008; Pawlowski et 

al., 2014). The macrophage infiltration is found mainly around blood 

vessel walls, among adipocytes, and in fibrotic areas of adipose tissue. 

These suggest that macrophages may not only play a crucial role in early 

TED during the inflammatory process within adipose tissue, but are also 

linked to fibrosis in fibrovascular area in late TED.  

Macrophages in TED are derived from monocytes (Eckstein et al., 2004) 

and are thought to be M1-like macrophages. As M1 macrophages are 

proinflammatory, this is consistent with the inflammatory role of 

macrophages in TED. Moreover, fat expansion and fibrosis are features 

in TED, and these are similar to the environment in obesity with adipose 

tissue fibrosis, in which M1 macrophages are involved. In obesity model, 

macrophages are recruited due to adipocyte hypertrophy and to 

cytokines secreted by adipocytes, and together they form CLS. This part 

may be different from the TED pathogenesis where activation of T cells 

initiates the inflammatory reactions and recruits macrophages before fat 

expansion. It is unknown if macrophages in TED regulate adipogenesis 

as the inhibitory effect M1 show in obesity model. But it will be interesting 
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to investigate if macrophages in TED promote adipose tissue fibrosis as 

M1 macrophages do in obesity, and if the profibrotic mechanism is 

regulated by differentiation of preadipocytes into myofibroblasts or by 

modulating ECM in adipose tissue.  

 

 

1.5 Aims and Objectives 

TED is characterised by immune/inflammation, adipogenesis, HA 

production, and fibrosis in the orbital cavity. As adipogenesis and HA 

production both result in soft tissue volume expansion, the intraorbital 

pressure is elevated, and contents in orbital cavity bear compression 

force. We have observed enhanced LD formation in orbital fibroblasts 

under pressure in our 3D in vitro TED model (Li et al., 2014). These 

suggest that mechanical factors are important in TED pathogenesis and 

may possibly mediate TED features. We hypothesised that orbital 

fibroblasts are regulating contractility and LD formation, and these 

features are perturbed through changes in mechanoregulation. 

Dysregulation of LD formation/adipogenesis, FA uptake, and LD 

degradation may lead to fat expansion, and macrophage promotes LD 

formation, HA production and fibrosis.  

Firstly, to know if changes in extracellular mechanical forces regulate 

TED features, we aimed to study the involvement of MRTF/SRF pathway 

in fibrosis and adipogenesis in orbital fibroblasts. We compared the 

MRTF expression level and MRTF localisation between different 

mechanical environment, 2D and 3D, to understand if MRTF responds to 

ECM stiffness. We then manipulated MRTF and its antagonistic pathway 

TCF to see if contractility and LD formation were changed 

correspondingly.  
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Secondly, to understand the mechanisms of LD formation, we aimed to 

identify the molecular mechanisms of LD formation in 3D-cultured orbital 

fibroblasts. We explored adipogenesis and LDs metabolism including FA 

uptake, DNL, LDs surface protein—perilipin, using gene expression 

assay, functional assay, as well as inhibitors and gene silencing 

manipulations. We also examined the effect of inflammatory activation on 

perilipin expression. 

Lastly, to clarify if macrophages alter the phenotypes of orbital fibroblasts, 

we aimed to culture orbital fibroblasts with and without macrophages in 

3D in vitro model. LD formation, HA production, contractility, and cellular 

morphology of orbital fibroblasts, between the presence and absence of 

macrophages conditions were compared. Furthermore, potential 

pathways involved in macrophage-activated signalling were explored. 
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Chapter 2  Materials and Methods 

2.1 Cell Culture 

2.1.1 Primary Orbital Fibroblasts 

Orbital fibroblasts were obtained from orbital adipose tissue through 

primary culture. Patient enrolment was approved by Ethics committee, 

and informed consent was obtained. Orbital fat was harvested from 

patients with active TED undergoing orbital decompression surgery or 

from control individuals undergoing orbital surgery unrelated to TED 

(Table 2.1). Adipose tissues were chopped into 1~2 mm2 fragments and 

maintained in Dulbecco’s modified Eagle’s medium (DMEM, 4.5 g/L 

glucose, gibco, Life technologies, UK) supplemented with fetal bovine 

serum (FBS, 10% vol/vol, Sigma-Aldrich, UK and Labtech, UK), penicillin 

(100 U/mL, Gibco, Life technologies), streptomycin (100 μg/mL, Gibco, 

Life technologies), and L-glutamine (2mM, Gibco, Life technologies) and 

incubated at 37°C and 5% CO2. After cells grew out of the tissue 

fragments and reached confluence, they were trypsinised (0.05% 

Trypsin-EDTA, Gibco, Life technologies) and maintained in the above 

medium in T75 tissue culture flasks (Corning, NY, USA). The resulting 

orbital fibroblasts from patients with TED were named as HO cell strains 

and from controls were CO cell strains. Cells were used between 

passage 3 and 9 for all experiments. 
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Table 2.1 Demographic data of donors of primary orbital fibroblasts cell lines from control individuals (CO) and TED patients (HO) 

n/a: not applicable; DM: diabetes mellitus 

Cell line Age Gender Surgical procedure TED duration 
(months) 

CAS score Systemic corticosteroid 
use (yes/no) 

Steroid 
washout period 

DM & PPARγ 
agonist use 

         
CO3 68 F Fat prolapse excision n/a n/a no n/a no & no 
CO4 49 M Evisceration n/a n/a no n/a no & no 
CO5 80 M Canthoplasty n/a n/a no n/a no & no 
CO6 56 F Fat prolapse excision n/a n/a no n/a no & no 
CO7 33 M Lacrimal Gland exploration n/a n/a no n/a no & no 
CO12 72 M Fat prolapse excision n/a n/a no n/a no & no 
CO13 56 M Fat prolapse excision n/a n/a no n/a no & no 
         
         
HO1 71 F Orbital decompression 15 6 yes no washout no & no 
HO2 60 M Orbital decompression 8 5 yes no washout no & no 
HO4 49 F Orbital decompression 7 6 yes no washout no & no 
HO6R 58 F Orbital decompression 9 5 yes no washout no & no 
HO8 62 F Orbital decompression 28 6 yes no washout no & no 
HO9R 54 M Orbital decompression 9 4 yes no washout no & no 
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2.1.2 Macrophages  

Macrophages were derived by phorbol-12-myristate-13-acetate (PMA, 

Promega Corporation, UK) activation of U937 monocytes. Human 

monocyte cell line U937 was kept in RPMI 1640 medium (Sigma-Aldrich, 

UK) supplemented with 10% FBS, penicillin (100 U/mL), streptomycin 

(100 μg/mL), and L-glutamine (2 mM). For differentiation, 2x106 cells 

were stimulated with PMA (150 nM) in medium for 72 hours. The 

medium was then replaced with fresh RPMI without PMA and the cells 

left for another 48~72 hours to complete differentiation into 

macrophages.  

 

2.2 Three-Dimensional (3D) Cultures 

A 3D collagen gel culture environment was established by embedding 

cells in 1.5 mg/mL rat tail collagen type 1 matrix (First Link Ltd., 

Birmingham, UK). Gels were made from a mixture of 600 μL of rat tail 

collagen, 96 μL of concentrated medium mix [from 700 μL 10x DMEM 

(Sigma-Aldrich, UK), 70 μL L-glutamine, and 180 μL NaHCO3 (Gibco, 

Life technologies, UK)], titrated with about 56 μL of 1M NaOH to reach 

neutral pH, and 60 μL cell suspension (0.6x105 cells for most 

experiments) before casting into dishes or wells before collagen 

polymerised. For free-floating gels as in contraction assay, gels were 

cast in the microwells of glass bottom MatTek dishes (MatTek 

Corporation, MA, USA) each with 150 μL gel solution and then detached 

(Li et al., 2014). For other experiments, gels were cast in 24 well plates 

(Nunc, Thermo, UK) with 210 μL gel solution and left attached. Co-

culturing fibroblasts with macrophages was done in the same method 

after mixing, centrifuging and re-suspending the two cell types together.  
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2.3 Oil-Red-O staining 

2.3.1 ORO for cells in 2D 

After rinsing with PBS, cells were fixed in 10% formaldehyde (Sigma-

Aldrich, UK) for 20 min followed by distilled water wash. After 5 min of 

incubation in 60% isopropanol (Fisher Scientific, UK), cells were 

incubated for 2 min in freshly filtered Oil-Red-O (ORO) [working solution 

made of 3:2 vol/vol dilution of ORO stock (3 mg/mL in 99% isopropanol) 

and distilled water] and then rinsed in water. Counterstaining was 

performed with hematoxylin (Gill No. 3, Sigma-Aldrich, UK) for 30 sec, 

followed by several long washes in tap water. Cells were imaged under 

microscope (Leica DMIL 20x objective) and lipid amounts were 

quantified by two ways. One method was evaluating the proportions of 

cells positively stained for ORO by cell counting, in which cells 

possessing more than 10 LDs were defined as ORO positive. The other 

method was quantified using Image J (http://rsb.info.nih.gov/ij/) to obtain 

“lipid droplet (LD) area per cell”. Images were adjusted in hue, saturation 

and brightness in “colour threshold” in “adjust” submenu under “image” 

menu until ORO stained lipid vesicles were all selected. Use the analysis 

“analyse particles” function, choosing particle size from 20 pixel2 to 

exclude stained debris, and areas in pixel2 were obtained by “measure” 

in “ROI manager”. The total LD area divided by manually obtained total 

cell counts in the field is “LD area per cell.”  

2.3.2 ORO for cells in 3D 

3D gels were rinsed with PBS and fixed in 10% formaldehyde for 20 min. 

Gels were then detached from the bottom of wells and washed in distilled 

water. After 5 min of incubation in 60% isopropanol, gels were stained for 

2 min with freshly filtered ORO working solution. The gels were then 
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rinsed in water and counterstained with hematoxylin for 30 sec, followed 

by several long washes in tap water. Gels were topped with a 50% 

glycerol in tris-buffered saline (TBS) solution before observing and 

imaging. The ORO staining was quantified by counting ORO positive 

cells directly under the microscope (Leica DMIL 20x objective). A cell 

was deemed “ORO positive” when harbouring 10 or more LDs in its 

cytoplasm. A minimum of 100 cells were evaluated from 4~5 fields in 

each gel. 

 

2.4 Western Blot 

Cells in 2D monolayer culture were trypsinised, pelleted and 

resuspended in RIPA lysis buffer [made from 150 mM NaCl, 0.1% Triton 

X-100, 0.1% sodium dodecyl sulphate, 50 mM Tris-HCl pH8.0, 0.5% 

sodium deoxycholate, protease inhibitors (Roche, UK)]. Cells in 3D 

collagen gels were obtained by digesting the gels with 0.05% 

collagenase-D (Roche, UK) until completely liquefied. The digest was 

centrifuged and the cell pellet resuspended in RIPA buffer. Protein 

concentration was quantified by BCA assay (Thermo Fisher Scientific, 

UK), and the samples were denatured in sample buffer (Thermo Fisher 

Scientific, UK) at 95°C for 5 minutes. 7 μg of protein were loaded on 4-

12% precast polyacrylamide gels (Novex™ Wedgewell™ or Bolt™, 

Invitrogen, Thermo Fisher Scientific, UK) for SDS-PAGE. Proteins were 

transferred to PVDF membranes (Thermo Fisher Scientific, UK), and 

then membranes were blocked for 1 hour at room temperature in 5% 

skimmed milk (for αSMA, GAPDH, MRTF-A, YAP) or 5% BSA (for 

MRTF-B, PLIN2, PPARγ) made in 0.1% Tween-20 in TBS (TBS-T) 

before overnight incubation with primary antibody (Table 2.2) in the 

respective blocking solution at 4°C. Membranes were washed with TBS-

T before 1 hour incubation of secondary antibody (Peroxidase-AffiniPure 

donkey anti-mouse IgG (H+L), goat anti-rabbit IgG (H+L), or donkey anti-
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goat IgG (H+L) Jackson Immunoresearch, PA, USA) diluted at 1:5000 in 

5% milk in 0.1% TBS-T at room temperature. After another wash with 

TBS-T, membranes were developed using ECL (Pierce, Thermo Fisher 

Scientific, UK), X-ray film (Fujifilm, Japan) exposure in dark room and X-

ray film processor (SRX-101A, Konica Minolta, NJ, USA). For loading 

control, membranes were probed with rabbit anti-GAPDH Ab (ab9485, 

abcam, UK) at 1:3000 in 5% milk. When the difference of molecular 

weights of the main target and GAPDH was big enough to have them 

clearly separated in the gel, membranes were cut for probing with the 

main target and GAPDH primary antibody separately but simultaneously. 

When the molecular weights of the target protein and GAPDH were close, 

the target protein was probed first, and after developing the membrane, 

the membrane was washed, stripped with stripping buffer (Thermo 

Fisher Scientific, UK), blocked with 5% milk, and then reprobed with anti-

GAPDH primary antibody with steps aforementioned. Films were 

scanned and analysed using ImageJ software. Band intensities were 

normalised to GAPDH and then normalised to a reference sample which 

was loaded in each gel for comparing all cell strains and all independent 

experimental repeats. 

Table 2.2 List of primary antibodies used in WB 

Target protein Dilution Supplier Cat. No 
αSMA 1:3000 Sigma-Aldrich A2547 
GAPDH 1:3000 abcam ab9485 
MRTF-A 1:1000 Santa cruz sc-21558 
MRTF-B 1:1000 Bethyl laboratories A302-768A 
PLIN2 1:2000 Proteintech 15294-1-AP 
PPARγ 1:1000 Santa cruz sc-7273 
YAP 1:2000 Santa cruz sc-101199 

 

2.5 Immunofluorescence 

Table 2.3 List of primary antibodies used in IF 

Target protein Dilution Supplier Cat. No 
αSMA 1:100 Sigma-Aldrich A2547 
MRTF-A 1:100 Santa cruz sc-390324 
PLIN2 1:100 Proteintech 15294-1-AP 
YAP 1:100 Santa cruz sc-101199 
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2.5.1 IF for cells in 2D 

Coverslips (diameter 13 mm) were prepared by acid washing with 1 M 

HCl for 3-5 minutes, PBS rinse, 70% ethanol for 1-2 minutes, and 

another PBS rinse before seeding cells. For most targets except MRTF-

A, after incubation, cells were fixed with 3.7% formaldehyde in PBS for 7 

min, followed by 0.5% Triton-X 100 (Sigma-Aldrich, UK) permeabilisation 

for 20 min and 0.1 M Glycine (Sigma-Aldrich, UK) wash for 10 min. After 

rinse in 1% BSA in TBS pH 8.0 for 5 min, coverslips were transferred to 

a humidified dark chamber where they were blocked and stained for F-

actin with Rhodamine-labeled Phalloidin (Molecular Probes, OR, USA) 

1:20 dilution in TBS-1% BSA-1% FBS for 20 min at room temperature. 

The phalloidin/block was removed, and replaced with primary antibody 

diluted as indicated in (Table 2.3) in TBS-1% BSA for 1 hour at room 

temperature. After 3 times of washing in 1% BSA in pH 8.0 TBS, cells 

were incubated in secondary antibody (Alexa Fluor 488-Conjugated 

AffiniPure Donkey Anti-Mouse IgG; Jackson Immunoresearch 

laboratories, PA, USA) at a dilution of 1:100 for 1 hour at room 

temperature followed by washings. Coverslips were later mounted on 

slides with Fluoroshield mounting medium with DAPI (abcam, UK). 

Images were taken by Nikon Eclipse Ti microscope with NIS elements 

software with 10x Plan Fluor 0.30 NA objective or 20x S Plan Fluor 

ELWD 0.45 NA objective.  

For MRTF-A in 2D, the protocol was slightly modified. Cells were blocked 

with 5% FBS and 5% BSA in PBS for 1 hr at room temperature before 

primary antibody overnight incubation at 4°C in a humidified chamber. 

After 3 times of washing in 0.1% Triton-X 100 in PBS, cells were 

incubated in secondary antibody at 1:100 and Rhodamine-phalloidin 1:20 

diluted in 5 % FBS and 5% BSA in PBS for 2 hrs at room temperature in 

a humidified dark chamber, followed by washings in 0.1% Triton-X 100 in 

PBS before mounting.  
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2.5.2 IF for cells in 3D 

Orbital fibroblasts cultured in gels were fixed with 3.7% formaldehyde for 

30 min, followed by 0.5% Triton-X 100 permeabilisation for 30 min. After 

0.1 M Glycine wash for 30 min and TBS-1% BSA-1% for 15 min, gels 

were transferred to eppendorfs for blocking and staining for F-actin with 

Rhodamine-phalloidin 1:20 in TBS-1% BSA-1% FCS for 30 min at room 

temperature. The gels were then incubated with primary antibody (Table 

2.3) in TBS-1% BSA overnight at 4°C. After 3 times of 10 min washes, 

gels were incubated with secondary antibody for 2 hours at room 

temperature followed by another 3 times of 10 min washes. Gels were 

transferred back to MatTek dishes and mounted with Fluoroshield 

mounting medium with DAPI. Images were taken using Nikon Eclipse Ti 

microscope with 10x Plan Fluor 0.3 NA or 40x S Plan Fluor ELWD 0.60 

NA objectives. For MRTF-A staining, protocols were modified as with in 

2D, using 5% FBS and 5% BSA in PBS as blocking buffer and antibody 

dilution buffer, and 0.1% Triton-X 100 in PBS as washing buffer.  

For 3D IF quantification, full stacks (50 μm in Z stack with 1 μm step) of 

5-6 fields were acquired using the 10X objective and processed using 

the NIKON NIS Element Software. Maximal intensity projections were 

generated and background signal was corrected by subtracting the mean 

intensity from a selected ROI. Cells were manually traced at F-actin 

signal (TRITC) to get outlines as selected areas for calculations. The 

integrated density was obtained by dividing sum of fluorescence intensity 

for TRITC and FITC by the selected area. For representative single cell 

images, cells were imaged with 40x objective, processed by 

deconvolution, and shown as maximal intensity projections. 

2.5.3 Co-localisation of PLIN2 with ORO  

For co-localisation studies of LDs and PLIN2, cells were grown as a 

monolayer on top of the same soft gel matrix where LDs were produced 



 

83 

 

as well. Gels without cells were cast in the same way described earlier 

but using FBS instead of cell pellet suspended in FBS. 0.15x105 cells in 

750 μL culture medium were seeded into a well of 24 well plate, the cell 

counts were the same as which inside one gel.  

The combined ORO and PLIN2 IF staining was modified from protocol 

suggested by manufacturer of PLIN2 primary antibody and article 

published by Koopman et al. (Koopman et al., 2001). After 24 hrs of 

culture, the medium was removed, and the cells were rinsed with PBS 

and fixed with cold 100% ethanol for 10 min at room temperature, 

followed by 3 times of PBS wash and 0.2% Triton-X 100  

permeabilisation for 5 min and another 3 times of PBS wash. Blocking 

was performed with 5% FBS and 5% BSA in PBS for 1 hr at room 

temperature before incubation with primary antibody diluted in 1% BSA 

in PBS for 1.5 hr at room temperature. After primary antibody incubation, 

cells on gels were washed 3 times with PBS before incubation with 

secondary antibody (Alexa Fluor 488-Conjugated AffiniPure Donkey Anti-

Rabbit IgG; Jackson Immunoresearch laboratories, PA, USA) diluted in 

1% BSA in PBS for 1 hr at room temperature. After 3 times of washing in 

PBS, cells were incubated with filtered ORO working solution (section 

2.3.1) at room temperature for 30 min followed by washings in distilled 

water for 3 times. Gels were transferred onto slides and mounted with 

Fluoroshield mounting medium with DAPI. Cells and LDs with 

surrounding PLIN2 were observed, in which ORO-stained LDs were 

visualised at TRITC channel, and imaged using Axioskop 2 microscope 

(ZEISS, Germany) at high power 63x Plan-Apochromat 1.4 oil objective. 
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2.6 Cytokines, Inhibitors and Gene 

Silencing 

2.6.1 Cytokines and Chemicals 

Cytokines and growth factors were diluted in culture medium at indicated 

concentrations (Table 2.4) before adding to culture dish. For 2D culture, 

cytokine medium replaced original medium after cells were seeded for 1 

day, while cytokine or growth factor medium was added to 3D culture 

right after gels were cast.  

Macrophage conditioned medium was prepared from monocytes 

stimulated with PMA as previously described. After completion of 

differentiation, RPMI-1640 medium was replaced with 10 mL of fresh 

10% FBS DMEM for an extra day to allow cytokines and growth factors 

secreted from macrophages into medium. Medium was then transferred 

to centrifuge tube (Corning, NY, USA) for spinning down at 1500 rpm for 

5 min to remove cell debris. The supernatant was used as macrophage 

conditioned medium after cells were seeded in 2D for 1 day. 

 

Table 2.4 List of cytokines and growth factors 

Cytokines Concentration. Supplier Cat. No 
IFN-γ 20 ng/mL Peprotech 300-02 
IGF-1 20 μM R & D Systems 291-G1-200 
IL-1β 10 ng/mL Peprotech 200-01B 
IL-6 20 ng/mL Peprotech 200-06 
TNF-α 10 ng/mL Peprotech 300-01A 

 

2.6.2 Inhibitors 

Most inhibitors were used for 3D culture, and medium with inhibitors 

diluted at indicated concentrations (Table 2.5) was added onto gels right 

after gel casting without adding into gel mix. Only IGF-1R blocking 
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antibody was added to both culture medium and gel mix. CCG-203971 in 

2D was added after cells were seeded for 1 day. 

Table 2.5 List of inhibiting reagents (inhibitors and inhibiting Ab) 

Inhibiting 
target 

Inhibitor Concentration. Supplier Cat. No 

Macropino-
cytosis 

Amiloride HCl 0.2 mM Sigma-Aldrich A7410 

FASN (±)-C75 50 μM Cayman 10005270 

MRTF/SRF CCG-203971 10, 25 μM in 3D  
12 μM in 2D 

Cayman 15075 

Clathrin-
mediated 
endocytosis 

Dynasore 80 μM Sigma-Aldrich D7693 

Caveolin-1 Filipin  5 μg/mL Sigma-Aldrich F9765 

FASN GSK2194069 1 μM Sigma-Aldrich SML1259 

PPARγ GW9662 10 μM Sigma-Aldrich M6191 

IGF-1R IGF-1R blocking 
antibody (1H7) 

5 μg/mL in medium 
10 μg/mL in gel mix 

BioLegend 351804 

PI3K LY294002 10 μM Cell signaling 9901 

Caveolin-1 Methyl-β-cyclodextrin 
(MBCD) 

5 mM Sigma-Aldrich 332615 

TGFβ SB431542 10 μM Caymen 13031 

CD36 Sulfosuccinimidyl 
Oleate (SSO) 

200 μM Caymen 11211 

YAP Verteporfin 2.5 μM Sigma-Aldrich SML0534 

 

2.6.3 Gene Silencing 

Gene silencing experiments were performed using siRNAs to knockdown 

target genes, and non-target control of equal concentration (Table 2.6). 

Fibroblasts were plated in 60 mm (1.2x105 cells/dish) dishes, and treated 

with siRNA [5 nM for most of the single target knockdown, 2.5 nM of 

each siRNA when more than one gene was targeted (in dual knockdown 

for MRTFA+B and triple knockdown for ELK1+3+4), 10 nM for PLIN2], 

together with 3 μL/mL Hiperfect transfection reagent (Qiagen, Germany) 

for 3~4 days (3 days for most genes, 4 days for PLIN2) as 

manufacturer’s instructions. After completion of transfection, cells were 

pooled together and used to cast 3D collagen gels for further 

experiments and prepare whole cell lysates for WB or RNA extraction for 

qPCR to confirm the efficiency of gene silencing. 
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Table 2.6 List of siRNA sequences 

siRNAs Supplier Cat. No Sequence 
ACTA2  

Oligo 1 D-003450-01 

Oligo 2 D-003450-02 

Oligo 3 D-003450-03 

Oligo 4 D-003450-04 

Dharmacon M-003450-00-0005 

siGENOME 

SMARTpool 

 

 

GGAAGGACCUCUAUGCUAA 

GCCGAGAUCUCACUGACUA 

GGAGAAACUGUGUUAUGUA 

UGAGAAGAGUUACGAGUUG 

AllStars Negative 

Control siRNA 

Qiagen 1027281  

Cav1 

Oligo 1 D-003467-01 

Oligo 2 D-003467-02 

Oligo 3 D-003467-03 

Oligo 4 D-003467-05 

Dharmacon M-003467-01-0005 

siGENOME 

SMARTpool 

 

 

CUAAACACCUCAACGAUGA 

GCAGUUGUACCAUGCAUUA 

AUUAAGAGCUUCCUGAUUG 

GCAAAUACGUAGACUCGGA 

CD36 

Oligo 1 D-010206-03 

Oligo 2 D-010206-04 

Oligo 3 D-010206-05 

Oligo 4 D-010206-06 

Dharmacon M-010206-01-0005 

siGENOME 

SMARTpool 

 

CGACACAUAUAAAGGUAAA 

GGAGACCUGUGUACAUUUC 

CAUAGGACAUACUUGGAUA 

GUAUUUGAAUCCGACGUUA 

ELK1 

Oligo 1 D-003885-02 

Oligo 2 D-003885-04 

Oligo 3 D-003885-17 

Oligo 4 D-003885-18 

Dharmacon M-003885-01-0005 

siGENOME 

SMARTpool 

 

GCCAGAAGUUCGUCUACAA 

GCAAGAACAAGACCAACAU 

ACGGGAUGGUGGUGAAUUC 

UUUAAUGGGUUGGGAGUCU 

ELK3 

Oligo 1 D-010320-01 

Oligo 2 D-010320-02 

Oligo 3 D-010320-03 

Oligo 4 D-010320-04 

Dharmacon M-010320-00-0005 

siGENOME 

SMARTpool 

 

GAUCUCCUCUUUAAUGUUG 

GAACGAUGGUGAAUUCAAG 

ACAAGAACAUCAUCAAGAA 

GCACGAGCCGCAACGAAUA 

ELK4 

Oligo 1 D-010315-01 

Oligo 2 D-010315-03 

Oligo 3 D-010315-04 

Oligo 4 D-010315-05 

Dharmacon M-010315-01-0005 

siGENOME 

SMARTpool 

 

GCAGGAACCUCCCAGAACA 

GAUGGGCAGUUUAAGCUUU 

CACCAUCUGUCAUCAAAUU 

CCUCAGAUACUAUUAUGUA 

MKL1(MRTF-A) 

Oligo 1 D-015434-01 

Oligo 2 D-015434-03 

Oligo 3 D-015434-04 

Oligo 4 D-015434-17 

Dharmacon M-015434-01-0005 

siGENOME 

SMARTpool 

 

GGUGAACUAUCCCAAAGUA 

GGACAGAGGACUAUCUCAA 

AAACUGAGCUGAUUGAGCG 

CCAUGGACACCUCGGAAUU 

MKL2(MRTF-B) 

Oligo 1 D-019279-01 

Oligo 2 D-019279-02 

Dharmacon M-019279-00-0005 

siGENOME 

SMARTpool 

 

GAAAAGAGCUCGACUAGCA 

GAACGAGCCAGAACUGAAA 
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Oligo 3 D-019279-03 

Oligo 4 D-019279-04 

GGAUGGAACUUUACCCUCA 

UCAGAAGGGUGAGAAGAAU 

PLIN2 

Oligo 1 D-019204-01 

Oligo 2 D-019204-02 

Oligo 3 D-019204-03 

Oligo 4 D-019204-04 

Dharmacon M-019204-00-0005 

siGENOME 

SMARTpool 

 

GAGGAGAGACUGCCUAUUC 

GAUAUGAUGAUACUGAUGA 

UGAAGGAUUUGAUCUGGUU 

GAAGCUAGAGCCGCAAAUU 

SLC27A1(FATP1) 

Oligo 1 D-010759-01 

Oligo 2 D-010759-02 

Oligo 3 D-010759-03 

Oligo 4 D-010759-04 

Dharmacon M-010759-00-0005 

siGENOME 

SMARTpool 

 

UUCCAGGAGUGGAGGGUAA 

AGACAGACGUGGCCGUCUA 

CGAUAUACCAGGAGCUGCA 

CCUUAAAUGAGGCAGUCUA 

SLC27A4(FATP4) 

Oligo 1 D-007500-01 

Oligo 2 D-007500-02 

Oligo 3 D-007500-03 

Oligo 4 D-007500-18 

Dharmacon M-007500-02-0005 

siGENOME 

SMARTpool 

 

GACAAGGGCUUCACAGAUA 

CAUCAGGCGCGAUAUCUUU 

AAGUACAACUGCACGAUUG 

GGCUGAGACUGACGGGUUU 

 

2.7 Gene Expression Assay 

2.7.1 RNA Extraction 

For 2D monolayer culture, cells were trypsinised, centrifuged, and then 

resuspended in QIAzol lysis reagent (Qiagen, Germany) for 

homogenisation. For 3D collagen gel culture, gels were detached and 

transferred to QIAzol lysis reagent until completely dissolved. After 

phase separation, the aqueous phase was harvested and processed for 

RNA isolation using RNeasy Mini Kit (Qiagen, Germany) following 

manufacturer’s instructions. 

2.7.2 Reverse Transcription, and Quantitative-

PCR 

Total RNA was quantified using spectrophotometry (NanoDrop, Thermo 

Scientific, UK). Reverse transcription was performed using QuantiTect 

Reverse Transcription Kit (Qiagen, Germany) according to 
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manufacturer’s protocol. Gene expressions were evaluated by 

quantitative PCR using commercialised TaqMan gene expression assay 

PCR primers with FAM dye labelled probes (Thermo Fisher Scientific, 

UK) (Table 2.7) and TaqMan gene expression master mix (Applied 

Biosystems, Thermo Fisher Scientific, UK) in accordance to supplier’s 

protocol. The q-PCR experiments were performed on 7900HT Fast Real-

Time PCR system and QuantStudio6 Flex Real-Time PCR system 

(Applied Biosystems, UK). Relative quantification method was used for 

analysis (∆CT method for characterisation of gene expression between 

different culture conditions and cell lines, and ∆∆CT method for gene 

knockdown efficiency check in single cell line) (Livak and Schmittgen, 

2001), and GAPDH gene was used as an endogenous reference gene.  

 

Table 2.7 List of qPCR Taqman probes 

Gene Gene Symbol Taqman Gene Expression Assay probes  
Identification Number 

Adiponectin ADIPOR1 Hs00360422_m1 
C/EBPβ CEBPB Hs00942496_s1 
Caveolin1 CAV1 Hs00971716_m1 
CD36 CD36 Hs00354519_m1 
ELK1 ELK1 Hs00901847_m1 
ELK3 ELK3 Hs00987814_m1 
ELK4 ELK4 Hs00360813_m1 
FABP4 FABP4 Hs01086177_m1 
FATP1 SLC27A1 Hs01587911_m1 
FATP4 SLC27A4 Hs00192700_m1 
GAPDH GAPDH NM_002046.3 
GLUT1 SLC2A1 Hs00892681_m1 
GLUT4 SLC2A4 Hs00168966_m1 
LPL LPL Hs00173425_m1 
MRTF-A MKL1 Hs01090249_g1 
MRTF-B MKL2 Hs00401867_m1 
PLIN1 PLIN1 Hs00160173_m1 
PLIN2 PLIN2 Hs00605340_m1 
PPARα PPARA Hs00947536_m1 
PPARγ PPARG Hs01115513_m1 

 

 

2.8 Contraction Assay 

Gels were made in MatTek dishes for contraction assay as described in 

2.2. Orbital fibroblasts at a concentration of 0.74x105 cells/mL were used 
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in the presence of serum except for co-culture experiments, where orbital 

fibroblasts (1.5x105 cells/mL) and macrophages (2.25x105cells/mL) were 

cultured in serum-free medium. The gels were photographed with a 

Nikon Coolpix camera daily for 7 days. Gel area and microwell area in 

each photo were measured using ImageJ software. The daily contraction 

rate was expressed as the percentage of gel area decrease compared to 

the original gel area. The calculation formula is “100% x (1−ratio of gel 

area to microwell area)” with 1 representing the equal size of gel area 

and microwell area at the time point when gels were made (Li et al., 

2014). 

 

2.9 LDH Cytotoxicity 

For cytotoxicity test, 3D collagen gels were made with orbital fibroblasts 

(0.74x105 cells/mL) and macrophages (1.5x105 cells/mL) in the presence 

of TGF-β inhibitor SB431542 and PI3K inhibitor LY294002, and with 

orbital fibroblasts only (1.85x105 cells/mL) for MRTF inhibitor CCG-

203971 test. After 3-4 days (CCG, 4 days; SB & LY, 3 days) of 

incubation in phenol red-free medium (CCG, 10% FBS; SB & LY, serum-

free), culture medium was transferred to 96-well plate and processed 

using Pierce LDH cytotoxicity assay kit (Thermo Fisher Scientific, UK) 

and cytotoxicity calculated following manufacturer’s instructions. Cells 

lysed with lysis buffer were used as maximum LDH activity controls 

(100% cytotoxicity). 

 

2.10 Chemical Adipogenic Differentiation 

Differentiation medium was made from DMEM with 10% FBS, 1% 

penicillin/streptomycin, and 1% L-glutamine, supplemented with 

dexamethasone (1 μM, Sigma-Aldrich, UK), rosiglitazone (1 μM, Sigma-
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Aldrich, UK), and insulin (10 μg/mL, Sigma-Aldrich, UK) [protocol 

modified from (Guasti et al., 2012)]. For chemical adipogenic 

differentiation in MRTF inhibitor or gene silencing experiments, 

adipogenic differentiation medium was added 3 days after MRTF 

inhibitor or siRNA treatment. For other chemical adipogenic 

differentiation in 2D, cells were grown and kept at 100% confluency for 2 

days in regular DMEM with 10% FBS before replacing the medium with 

differentiation medium. Differentiation was allowed to proceed for 2 

weeks, and medium was changed twice a week. For chemical 

differentiation in 3D, cells were embedded in collagen gels at 

concentration of 1.5x105 cells/mL and cultured in DMEM with 10% FBS 

for 2 days before replacement with differentiation medium. Differentiation 

was allowed to proceed for 10~14 days, and medium was exchanged 

twice a week. Control cultures were treated in the same way using 

DMEM with 10% FBS medium. 

 

2.11 Sample Preparation for Gas 

Chromatography 

Cells from three conditions were sampled for gas chromatography (GC) 

for lipidomics study. For analysis of 3D spontaneous lipid formation, 

15x105 cells were needed for one sample preparation, and in order to 

avoid cell crowding in gels, 36 gels were made. After 2 weeks of 3D 

culture in which the medium was refreshed once a week, the gels were 

digested in 0.05% collagenase-D and the cell pellets were resuspended 

in 150 μL cell lysis buffer (cOmplete Lysis-M, Roche, UK) and frozen at -

80°C. For 2D chemical adipogenic differentiation, 2x105 cells were 

seeded in one well of 6 well plate. Same as previous mentioned 2D 

chemical adipogenic differentiation, after 100% confluency for 2 days, 

cells were treated with adipogenic differentiation medium. After 2 weeks 

of differentiation, cell lysates were collected by scraping cells off in 150 
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μL cOmplete Lysis-M buffer and frozen at -80°C. For 3D chemical 

adipogenic differentiation, 3.5x105 cells were used for making 10 gels. 

Adipogenic differentiation medium was added after gels were cast. After 

2 weeks of 3D culture in chemical adipogenic differentiation medium, 

gels were digested in 0.05% collagenase and cell pellets were 

resuspended in 150 μL cOmplete Lysis-M and frozen at -80°C. Samples 

were further analysed by GC at the Oxford Centre for Diabetes 

Endocrinology and Metabolism (OCDEM). Lipids were extracted from 

samples using a mixture of 2:1 chloroform:methanol. Known amounts of 

glyceryl tripentadecanoate (15:0) were added to samples before lipid 

extraction as internal standard. FAs were methylated at 80°C for 2 hr 

with methanolic sulfuric acid to form fatty acid methyl esters (FAME) and 

analysed by GC using an Agilent 6890N GC and Agilent 7890B GC 

(Agilent Technologies, Stockport, UK). Individual FA concentrations were 

identified by reference to the known internal standard. Results were 

expressed as individual FA weight pg/105 cells which was summed up as 

total TG weight pg/105 cells. Percentage FA composition (mol%) for each 

lipid fraction was calculated.  

 

2.12 Exogenous Fatty Acid Mixture 

Preparation 

Three main FAs were reconstituted from sodium oleate (O7501, Sigma-

Aldrich, UK), sodium palmitate (P9767, Sigma-Aldrich, UK), and linoleic 

acid sodium salt (L8134, Sigma-Aldrich, UK) dissolved in warm 10% FA-

free BSA (A7030, Sigma-Aldrich, UK) in DMEM/F12 medium (D6421, 

Sigma-Aldrich, UK). Stock solutions of each FA were made at 10 mM, 

and filtered through 0.22 μm filters before confirming their concentrations 

using colorimetric non esterified fatty acids (NEFA) kit (FA115, Randox 

Laboratories, UK). Stock solutions were diluted 1 in 10 to fit the standard 

calibration curve which is composed of 6 concentrations range between 
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0 mM and 1 mM. Samples were loaded in 96 well plate and measured at 

absorbance mode wavelength 550 nm and reference wavelength 700 nm 

using microplate reader (SAFIRE F129073, TECAN, Austria). The 

concentrations for my oleate, palmitate, and linoleate stock solutions 

were 9.91 mM, 9.425 mM, and 9.78 mM, respectively. For FA 

supplement, stock solutions were added to culture medium to make final 

concentrations of oleate 90 μM, palmitate 60 μM, and linoleate 50 μM. 

  

2.13 AdipoRed Assay to Semi-quantify 3D 

Lipid Formation 

In addition to getting proportions of cells positively stained for ORO, 

modified AdipoRed assay was used to quantify LD formation after FA 

supplement. 10 gels were cast at cell concentration of 0.74x105 cells/mL 

in 24 well plate, with 5 gels treated with regular culture medium as 

control and 5 gels treated with FA supplemented medium for 1 day. Four 

gels from each group were digested with 0.05% collagenase-D while the 

rest one gel was stained for ORO for observing under microscope. The 

gel digest was separated into 2 parts, 3/4 for AdipoRed dye staining, 1/4 

for protein level quantification. After spinning down, the cell pellets for 

AdipoRed were resuspended with 400 μL of diluted AdipoRed Assay 

Reagent (1:40 in PBS, Lonza, MD, USA) and incubated at room 

temperature for 10~15 min to stain intracellular LDs. The cell suspension 

in AdipoRed reagent was loaded to 96 well plate in serial dilution in order 

to confirm the measurement was in good linear regression and not 

saturated, and any oversaturated point or outlier was excluded. Samples 

were measured at fluorescence mode with excitation at 485 nm and 

emission at 572 nm using microplate reader (SAFIRE F129073, 

TECAN), and diluted AdipoRed Reagent without cells were loaded for 

background subtraction. The cell pellets for protein quantification was 

lysed with lysis buffer and protein level was assessed by BCA assay. 



 

93 

 

The readout relative fluorescence units (RFU) were normalised to protein 

amount, in which the FA supplement samples always yielded higher 

RFU/μg protein levels compared to control samples without FA. But the 

absolute RFU/μg protein varied between experiments, therefore the 

results were expressed as the fold change of FA supplement group 

relative to control without FA group. 

 

2.14 Fatty Acid Uptake Kit 

To know if ability for FA uptake changes over time after cells grown in 3D, 

cells cultured in 3D gels for 24 hr, 6 hr, 2.5 hr and 0.5 hr were assessed 

using FA uptake kit (MAK156, sigma-aldrich, UK; and ab176768, abcam, 

uk). The FA uptake kit uses fluorescent FA analogue as substrate for 

transmembrane FA transport, and a cell membrane-impermeable 

quenching agent is included, which eliminates extracellular fluorescence 

and enables specific measurement of intracellular FA. The detected 

fluorescence signal is the uptaken FAs (Liao et al., 2005). Advance 

preparation started from seeding 1.35x105 cells per 60 mm dish for 4 

dishes 2 days prior first gel casting time point (24 hr). Cells were cast 

into 3 gels in 24 well plate and kept in 10% FBS DMEM for 24 hr, 6 hr, 

2.5 hr and 0.5 hr before FA dye treatment. FA dye was prepared 

following manufacturer’s instruction in which stock solution was made by 

dissolving TF-C12 FA (fluorescence labelled dodecanoic acid) in DMSO. 

Before FA treatment, fresh FA dye loading solution was made from 1:500 

v/v stock solution:assay buffer. This FA dye loading solution was mixed 

with 10% FBS DMEM at 1:1 v/v ratio, and 240 μL of the mixture per well 

was given to replace culture medium. After 1 hr of incubation in 37°C 5% 

CO2 incubator, gels were digested with 0.05% collagenase-D. Cells were 

pelleted and resuspended with cOmplete Lysis-M. Fluorescence of 

lysates were measured in 96 well plate at excitation wavelength 485 nm 

and emission wavelength 515 nm using microplate reader (SAFIRE 
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F129073, TECAN). Lysates were also used for protein quantification by 

BCA assay. The FA uptake was obtained by the measured RFU during 

the FA incubation (1 hr) normalised to the protein amount (μg), and 

expressed at the unit of RFU/μg protein.  

 

2.15 Hyaluronic Acid Enzyme-Linked 

ImmunoSorbent Assay (ELISA) 

Hyaluronic acid (HA) production was quantified with hyaluronan enzyme-

linked immunosorbent assay (ELISA) (R & D Systems, MN, USA). 3D 

collagen gels were made with orbital fibroblasts at a concentration of 

0.74x105 cells/mL, with or without macrophages of 1.5x105 cells/mL (1:2) 

or 3.7x105 cells/mL (1:5) in serum-free medium. After 3 days, the culture 

medium was collected, and the gels were digested with 0.05% 

collagenase-D for 30 min at 37°C to extract any further HA trapped in the 

gel. The collagenase digest was centrifuged to remove cells and debris 

and the supernatant collected. The mixture of media and supernatant 

from digested gels was diluted in serum-free DMEM (1:30) to fit the 

standard calibration curve which was composed of 6 concentrations 

range between 0 ng/mL and 30 ng/mL. Samples were assayed 

according to manufacturer’s instructions and detected at absorbance 

mode wavelength 450 nm and reference wavelength 570 nm using 

microplate reader (FLUOStar OPTIMA, BMG Labtech, Germany). Gels 

without cells, and gels with macrophages only, were used for baseline 

calibration.  

 

2.16 Statistics 

Most data presented were means averaged from at least three 

independent experiments ± standard error of the mean (SEM). Statistical 
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analysis was performed using two-tailed Student’s t-test or one-way 

ANOVA with post-hoc Turkey’s multiple comparison test on Prism 5 

(GraphPad software). P<0.05 was considered statistically significant. 
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Chapter 3  MRTF/SRF role in TED 

3.1 Introduction 

The orbital cavity is a limited space bound by bony walls, and an 

increase in orbital contents volume may result in elevated intraorbital 

pressure. HA production and fat expansion contribute to the expansion of 

extraocular muscle and intraorbital fat in TED. Thus TED patients often 

have increased intraorbital pressure, and their vision may be threatened 

due to optic nerve ischemia secondary to poor blood flow from this high 

tissue pressure (Bahn, 2010; Daley et al., 2008; Fletcher and Mullins, 

2010). These clinical manifestations suggest that orbital tissues in TED 

may be subjected to severe changes in their mechanical properties 

which may compound the pathology. Previous work in our lab revealed 

spontaneous LD formation in orbital fibroblasts in a 3D in vitro model in 

which cells were cultured in soft collagen matrix, whereas orbital 

fibroblasts grown in 2D stiff matrix did not produce LDs. Moreover, 

applying weight to simulate intraorbital pressure elevation enhanced the 

LD accumulation in this 3D model (Li et al., 2014). These suggest that 

orbital fibroblasts are mechanosensitive and may regulate LD formation 

in response to mechanical changes in their environment.  

The mechanics of ECM stiffness and applied force in ECM are 

transmitted into cells and cells respond with internal force through 

cytoskeleton arrangement. In addition to generating internal force, cells 

regulate gene expressions in response to cytoskeleton and mechanics 

as mechanotransduction mechanism (Chen, 2008). MRTF/SRF and 

YAP/TAZ/TEAD are two well-known mechanotransduction signalling 

pathways, where MRTF and YAP/TAZ are important transcription co-

activators. In rigid matrix like 2D tissue culture plastic, MRTF and 

YAP/TAZ shuttle to nucleus to bind their respective transcription factors 

and activate downstream SRF and TEAD pathways. MRTF/SRF 
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pathway regulates genes associated with cytoskeleton and contractility 

(Esnault et al., 2014; Gualdrini et al., 2016). YAP/TAZ/TEAD pathway 

regulates cell growth and proliferation, and CTGF is its important direct 

target gene (Zhao et al., 2008). Activation of both pathways is related to 

contractility and is profibrotic (Noguchi et al., 2018; Yu-Wai-Man et al., 

2017). Oppositely, in soft environment like 3D, MRTF and YAP/TAZ are 

exported from the nucleus and cells favour adipogenic differentiation 

(Dupont et al., 2011; Nobusue et al., 2014; Tsou et al., 2014). We 

hypothesised that dysregulation of MRTF and YAP led to the more 

adipogenic and more fibrotic phenotype in TED orbital fibroblasts. We 

expected that MRTF and YAP activation would result in more contractile 

and less adipogenic phenotypes, while the deactivation would be less 

contractile and more adipogenic. In order to understand if MRTF and 

YAP are involved in TED development, we explored the expression and 

localisation of MRTF-A and YAP in orbital fibroblasts in our 3D model. 

Since there is no good MRTF-B antibody available, and MRTF-A and 

MRTF-B show functional redundancy (Cen et al., 2003), most of the work 

was focused on MRTF-A. We further observed the adipogenic and 

fibrotic phenotypes of orbital fibroblasts in response to MRTF 

manipulation.  

 

3.2 Results 

3.2.1 Orbital fibroblasts spontaneously 

produce LDs in 3D 

We confirmed that orbital fibroblasts grown in 3D collagen matrix 

spontaneously form and accumulate LDs, whereas none of the cells in 

2D showed visible LDs (Figure 3.1A), and cells obtained from TED 

patients generally yielded more LDs than those from control individuals 
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(Figure 3.1B). CO5 and CO6 cells had high proportions of ORO 

positivity compared to other COs and even HOs. It is unknown if this is 

due to any donor-related factor, but these two cells lines were derived 

from more anteriorly located fat, and some of our other control lines 

derived from septal fat also displayed high ORO positivity (data not 

shown). It is possible that phenotypes of orbital fibroblasts vary 

according to their original location, though we have not done a formal 

study. 
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Figure 3.1 TED fibroblasts are more likely to produce LDs in 3D than control 

orbital fibroblasts 

(A) Representative images of Oil-Red-O (ORO) stained HO2 orbital fibroblasts 

cultured in 2D (left image) and 3D for 7 days (right image) (scale bar: 25 μm) 

(B) Proportion of  ORO positive cells of 7 control (COs: CO3, CO4, CO5, CO6, 

CO7, CO12, CO13) and 6 TED (HOs: HO1, HO2, HO4, HO6R, HO8, HO9R) 

orbital fibroblasts primary cell lines after 7 days of culture in 3D. Left: individual 

cell line ORO data. Right: averaged COs and HOs ORO data. (shown are mean 

± SEM, each n≥3, no significant difference between COs and HOs, t-test) 
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3.2.2 MRTF in orbital fibroblasts 

3.2.2.1 MRTF-A protein level expression is 

reduced in 3D culture 

We examined if the levels of MRTF-A in orbital fibroblasts are altered in 

3D culture. Protein samples were collected from control (COs: CO4, 

CO6, CO7, CO12) and TED (HOs: HO1, HO2, HO4, HO6R) cell lines in 

both 2D and 3D. Western blotting was performed for MRTF-A. It 

revealed that MRTF-A protein levels were decreased in 3D, though it is 

only statistically significant in averaged control cells rather than TED 

cells (Figure 3.2). Despite being significantly more adipogenic, TED cells 

did not show less MRTF-A protein, overall suggesting that LD 

accumulation is not linked to MRTF-A level.  

 

Figure 3.2 MRTF protein levels decreased in 3D.  

(A) Representative Western blots of MRTF-A protein in 4 control (COs) and 4 

TED (HOs) cell lines. (B) Relative MRTF-A protein levels for the same 4 COs 

and 4 HOs cell lines after 5-7 days culture in the presence of 10% serum in 

monolayers (2D) and in gels (3D) (n≥3; ***p<0.001, by t-test)  
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3.2.2.2 MRTF-A localisation is altered in 3D 

Immunofluorescence (IF) for localisation of MRTF-A was done to 

compare orbital fibroblasts cultured in 2D and 3D in the presence of 10% 

serum. MRTF-A localised to the nucleus in the majority of cells in 2D, 

with no visible difference between TED (HOs: HO2, HO6R) and control 

(COs: CO7, CO12) orbital fibroblasts (Figure 3.3).  

 

Figure 3.3 MRTF-A was nuclear in orbital fibroblasts in 2D 

(A) Representative images of MRTF-A staining in CO12 (control) and HO6R 

(TED) fibroblasts cultured in 2D in the presence of 10% serum. Scale bar, 25 

µm (B) Quantification of MRTF-A localisation in 2D was achieved by 

categorising more than 100 cells into nucleus, pancellular, or cytoplasm. COs 

were averaged from control orbital fibroblasts CO7, CO12; HOs were averaged 

from TED orbital fibroblasts HO2, HO6R (n=3). 

 

  

The same TED (HOs: HO2, HO6R) and control (COs: CO7, CO12) 

orbital fibroblasts were used for MRTF-A localisation in 3D. Upon culture 

in 3D, MRTF-A localisation was altered. Within the soft matrix, MRTF-A 

moved out of the nucleus, with half of the cells showing pancellular 

MRTF-A on Day 1 (Figure 3.4A,B). The shift of MRTF-A from nucleus to 

more cytoplasmic in 3D seems to be consistent with previous work 

showing that stem cells differentiate towards adipocyte lineage in soft 

matrix, in line with our observation of increased LD formation in 3D soft 

matrix. 3D MRTF-A distribution patterns varied over time and appeared 
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to match at least partly the LD levels: MRTF-A significantly moved out of 

nucleus on Day 1 with concurrent high ORO, moved back to nucleus as 

ORO went down on Day 4 (Figure 3.4B,C). The increase in nuclear 

MRTF-A concurrent with the decrease in LDs on Day 4 is consistent with 

the idea that MRTF/SRF activation leads to the decrease of 

adipogenesis. However, the MRTF-A distribution pattern in COs and 

HOs was similar, while HOs presented higher proportions of ORO 

positive cells. Therefore, MRTF-A localisation might play a role but not 

be the key determinant for spontaneous LD formation in 3D orbital 

fibroblasts.  
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Figure 3.4 MRTF-A moved out of nucleus in 3D 

(A) Representative IF images of CO12 (control) fibroblasts cultured in 3D gels 

for 1 day. Scale bar, 25 µm, Merge images are from DAPI (blue), MRTF-A 

(green), and F-actin (red). Top panel: pancellular MRTF-A; Bottom panel: 

nuclear MRTF-A (B) Quantification of MRTF-A localisation in cells cultured in 

3D for 1 day, 4 days, and 7 days. More than 50 cells were observed and 

categorised into nucleus, pancellular, or cytoplasm in each independent 

experiment. COs averaged from control orbital fibroblasts CO7, CO12; HOs 

averaged from TED orbital fibroblasts HO2, HO6R (n=3). (C) Kinetic curves of 

proportion of ORO positive cells of the same COs (CO7, CO12) and HOs (HO2, 

HO6R) (n=3~4 for each cell line, *p<0.05, ***p<0.001, t-test). Cells for IF (B) 
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and ORO (C) assays of the same experiment were from the same 2D flasks 

and cast into 3D gels at the same time.  

 

 

3.2.2.3 MRTF inhibition decreased orbital 

fibroblasts contractility 

MRTF is a co-activator of SRF, which regulates the expression of a 

number of genes involved in fibrosis, such as αSMA, CTGF, and type I 

collagen (Haak et al., 2014). MRTF-A overexpression, in primary culture 

mouse cardiac fibroblasts upregulates αSMA gene and protein 

expression (Small et al., 2010), in human fetal lung fibroblast cell line 

IMR90 upregulates both type I collagen and smooth muscle actin (SMA) 

protein expression, indicating that activation of MRTF/SRF pathway 

promotes fibrosis. On the other hand, MRTF-A knockdown reduced type 

I collagen and SMA protein expression in IMR90 (Luchsinger et al., 

2011). In vivo in a mouse model of myocardial infarction, in which 

ischemic cardiac myocytes trigger fibrosis and scar formation, MRTF-A 

knockout mice displayed significant smaller fibrotic scar size indicating 

that the depletion of MRTF gene reduces fibrosis (Small et al., 2010). 

Previous work in our lab also showed that MRTF inhibitors effectively 

reduced contractility and gene expression of αSMA and CTGF in human 

conjunctival fibroblasts (Yu-Wai-Man et al., 2017). Since MRTF 

localisation did not seem to be linked to the adipogenic phenotype in 3D, 

and MRTF was shown to regulate the fibrotic phenotype in conjunctival 

fibroblasts (Yu-Wai-Man et al., 2017), we investigated whether MRTF 

might regulate the fibrotic phenotype in orbital fibroblasts. Orbital 

fibroblasts were cultured in 3D in the same gels but in free-floating 

condition for using gel contraction as a readout of cell contractility as 

previously described (Li et al., 2014). CCG-203971, a second generation 

Rho/MRTF/SRF pathway inhibitor (Van De Water et al., 2013), was used 

to block MRTF activity as previously described (Yu-Wai-Man et al., 2017). 
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CCG-203971 10 μM did not reduce gel contraction, but CCG-203971 25 

μM significantly reduced orbital fibroblasts contractility with 77.15% and 

31.10% reduction compared to DMSO only mated control for CO7 

(control) and HO6R (TED), respectively (Figure 3.5A,B). LDH 

cytotoxicity assay revealed minimal toxicity of CCG-203971 at both 

concentrations (Figure 3.5C). These suggest that MRTF inhibition by 

CCG-203971 effectively reduces the MRTF/SRF activated contractility in 

orbital fibroblasts. 
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Figure 3.5 Inhibitor of MRTF, CCG-203971 at 25 μM, reduced gel contraction 

Contraction assay of control (CO7) (A) and TED (HO6R) (B) orbital fibroblasts 

treated without CCG-203971 (DMSO added), or with CCG-203971 10 μM or 25 

μM (shown are mean ± SE, D7 contractility by one-way ANOVA: CO7 p<0.001, 

post hoc C(DMSO) vs CCG 25 μM ***p<0.001, and CCG 10 μM vs CCG 25 μM 

**p<0.01; HO6R p<0.01, post hoc C(DMSO) vs CCG 25 μM **p<0.01, and CCG 

10 μM vs CCG 25 μM **p<0.01, n=3, gels in triplicates) (C) LDH cytotoxicity 

assay showed minimal cytotoxicity of CCG-203971 10 μM and 25 μM after 3 

days in 3D gels. Shown is calculated toxicity normalised to 100% cell lysis 

control. (n=3) 

 

 

To confirm the involvement of MRTF in fibroblast contractility, we used 

siRNA to downregulate MRTF gene expression. To avoid redundancy 

between MRTF isoforms, we did a double knockdown of MRTF-A and 

MRTF-B, and the cells were then cast in free-floating gel matrix for 

contraction assay. Matrix contraction in both CO7 (control) and HO6R 
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(TED) orbital fibroblasts were significantly decreased by successful 

MRTF-A and MRTF-B gene silencing (Figure 3.6). Knockdown of MRTF-

A and MRTF-B decreased Day 7 contractility by 73.69% and 34.97% 

compared to the control siRNA transfection in CO7 and HO6R, 

respectively. The reduction rates caused by siRNA are similar to those 

seen with the higher concentration of CCG, indicating that CCG 25 μM in 

blocking MRTF for contractility is as effective as knockdown of MRTF-A 

and MRTF-B. This again suggests that blocking MRTF function can 

reduce contractility of orbital fibroblasts and confirms the involvement of 

MRTF/SRF pathway in fibrotic phenotype in orbital fibroblasts. Moreover, 

CO7 seemed to be more sensitive than HO6R to the MRTF depletion on 

contractility. Since COs and HOs have similar MRTF-A protein levels and 

MRTF-A distribution in 3D, and the MRTF knockdown efficiency were 

similar in both CO7 and HO6R, it is less likely that intrinsic MRTF leads 

to this difference. It is possible that the more contractile HO6R has more 

or stronger profibrotic regulators for its contractility. 
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Figure 3.6 MRTF gene silencing reduced gel contraction  

Contraction assay of control (CO7) and TED (HO6R) orbital fibroblasts 

transfected with control siRNA or MRTF-A + MRTF-B siRNAs. (A) 

Downregulating MRTF-A+MRTF-B decreased contractility of CO7 (shown are 

mean ± SE, Day 7 p<0.01, t-test, n=3, triplicates in each experiment) (B) 

MRTF-A and MRTF-B gene knockdown efficiency was quantified by qPCR 

gene expression assay normalised to GAPDH and then normalised to the mean 

of siControl (shown are mean ± SE, n=3) (C) Downregulating MRTF-A + MRTF-

B decreased contractility of HO6R (Day 7 p<0.05, t-test, n=3, triplicates in each 

experiment) (Two repeats were done by undergraduate student Chiyun Lee, 

results of the three experiments are consistent)  (D) MRTF-A and MRTF-B 

gene knockdown efficiency was quantified by qPCR gene expression assay 

normalised to GAPDH and then normalised to the mean of siControl (n=3) (Two 

repeats were done by undergraduate student Chiyun Lee, results of the three 

experiments are consistent) 
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3.2.2.4 Adipogenesis of orbital fibroblasts was not 

regulated by MRTF 

.3.2.2.4.1.  MRTF inhibitor increased lipid formation in 3D 

but MRTF gene silencing did not  

Adipogenesis and contraction are often mutually exclusive and regulated 

by opposite effectors on the Rho/MRTF/SRF pathway. The inhibition of 

Rho/MRTF/SRF triggered adipogenesis in mouse preadipocyte 3T3-L1 

cells and mouse dedifferentiated fat cells, which have higher potential to 

differentiate into adipocytes compared to preadipocytes (Nobusue et al., 

2014). In addition, our localisation studies suggested that MRTF might 

indeed also function as an inhibitor of adipogenesis in orbital fibroblasts 

(Figure 3.4). We hypothesised that depletion of MRTF could induce 

adipogenesis in 3D orbital fibroblasts. Rho/MRTF/SRF inhibitor CCG-

203971 25 μM was applied to 3D culture for 7 days, and lipid production 

was assessed by ORO staining and further cell counting for ORO 

positive rates. 3D spontaneous LD formation was significantly enhanced 

after CCG-203971 25 μM treatment in both control orbital fibroblasts 

CO7 and CO12. In TED orbital fibroblasts HO2 and HO6R, the CCG-

203971 increased the ORO positive rates mildly though not reaching 

statistical significance (Figure 3.7), likely due to the fact that HOs were 

already very positive on ORO. 
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Figure 3.7 Inhibitor of MRTF, CCG-203971 at 25 μM, increased ORO positive 

rates in cells cultured in 3D 

Proportion of cells positive for ORO from control (CO7, CO12) and TED (HO2, 

HO6R) orbital fibroblasts cultured in 3D with and without MRTF inhibitor CCG-

203971 25 μM for 7 days was shown in mean ± SEM. (n=3, triplicates, *p<0.05, 

**p<0.01, by t-test) 

 

 

We further used siRNA to knockdown MRTF expression and studied the 

same lipid formation after 7 days of 3D culture in a representative control 

orbital fibroblasts cell line, CO7. The gene silencing of MRTF was done 

targeting solely at MRTF-A, MRTF-B, or simultaneously at MRTF-A and 

MRTF-B (Figure 3.8A left). Despite an efficient knockdown of the 

proteins, neither MRTF-A, MRTF-B, or MRTFA+B silencing significantly 

affected lipid formation in CO7 cells as the inhibitor CCG-203971 did 

(Figure 3.8B). To exclude the possibility that MRTF gene expression 

recovered from knockdown within 7 days of incubation and thus failed to 

induce adipogenesis, the expression of MRTF-A and MRTF-B were 

evaluated in cells in Day 7 3D gels. There was no evidence of the 

downregulated genes returning to the level of control siRNA samples 

(Figure 3.8A right). MRTF does not appear to downregulate 

adipogenesis in our model as previously suggested, and MRTF inhibitor 
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possibly does not directly inhibit MRTF function. These suggest that 3D 

spontaneous LD formation of orbital fibroblasts might not be regulated by 

MRTF. 

 

Figure 3.8 MRTF gene silencing did not increase ORO positive rates in 3D-

cultured orbital fibroblasts 

Control orbital fibroblasts CO7 were transfected with control siRNA, MRTF-A 

siRNA, MRTF-B siRNA, or MRTF-A + MRTF-B siRNAs, and then were cultured 

in 3D gels for 7 days for ORO staining. (A) Left: Representative Western blots 

probed for MRTF-A and MRTF-B levels showed the effects of siRNAs after 3 

days of transfection and before transferring cells to 3D culture (n=3). Right: 

Western blots probed for MRTF-A and MRTF-B levels showed the lasting 

downregulation effect of the siRNA targeted genes (n=1). (B) MRTF gene 

silencing did not increase proportions of CO7 fibroblasts positive for ORO on 

Day 7 (n=3, triplicates). 

 

 

.3.2.2.4.2. MRTF inhibition/ knockdown did not increase 

adipogenesis in 2D 

Because some aspects of MRTF regulation appeared to be conserved in 

orbital fibroblasts like the MRTF localisation and the related LD formation 

(Figure 3.3, Figure 3.4), but not others such as MRTF knockdown in 

spontaneous LD formation in 3D (Figure 3.8), we further explored the 

MRTF involvement in classical 2D adipogenesis. Representative control 
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orbital fibroblasts CO7 were cultured in 2D using adipogenic 

differentiation medium composed of 1 μM dexamethasone, 1 μM 

rosiglitazone, and 10 μg/mL insulin, and the effect of Rho/MRTF/SRF 

inhibitor CCG-203971 and MRTF siRNA on 2D chemical adipogenesis 

was studied. CCG-203971 was added to the cells on the next day after 

cell plating and the concentration of CCG-203971 was adjusted to 12 μM 

because toxicity with some cell death was found using 25 μM in 2D 

culture for 16 days. As adipogenic differentiation protocols suggest, 

differentiation was commenced after cells reached confluency for 48 

hours, which was Day 3 after our cell seeding, and the medium was 

refreshed twice a week. After completion of 14 days of differentiation, 

cells were stained with ORO, imaged, and the amount of lipid vesicles 

was quantified using image J in addition to the counting of ORO positive 

cells. Without adipogenic differentiation medium, no adipogenesis was 

observed in either presence or absence of MRTF inhibitor (Figure 3.9A 

left two images, Figure 3.9B). Consistent with previous work in the lab 

(Li et al., 2014), the control orbital fibroblasts were only moderately 

differentiated into adipocyte after chemical stimulation with about 20% 

cells positive for ORO (Figure 3.9C). Surprisingly, the MRTF inhibitor did 

not increase adipogenesis as expected (Figure 3.9A right two images, 

Figure 3.9B). Rather, it reduced the size of the LDs (Figure 3.9A right 

two images, Figure 3.9C). The discrepancy between different 

quantification methods results from that proportion of cells to produce 

lipids were not changed by MRTF inhibitor, but the sizes of lipid vesicles 

decreased after MRTF inhibitor treatment. In either method, this 

suggests that MRTF/SRF inhibition did not enhance adipogenesis of 

orbital fibroblasts in 2D.  
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Figure 3.9 MRTF inhibitor CCG-203971 did not increase chemical 

adipogenesis in 2D 

Control orbital fibroblasts CO7 were treated with or without CCG-203971 12 

μM, and then cells were cultured in normal 10% FBS DMEM medium or 

adipogenic differentiation medium containing dexamethasone 1 μM, 

rosiglitazone 1 μM and insulin 10 μg/mL for 14 days with or without continuous 

CCG treatment. (A) Representative ORO and hematoxylin stained images of 

CO7 grown in normal medium without CCG (C), normal medium with CCG 

(CCG 12 μM), adipogenic differentiation medium without CCG (Diff), and 

adipogenic differentiation medium with CCG (Diff + CCG 12 μM) (scale bar, 25 

μm) (B) ORO stained area quantified by image j was normalised to cell counts, 

shown as mean ± SEM (5 fields were analysed in each condition, n=3, *p<0.05, 

t-test) (C) Proportion of ORO positive cells was quantified by cell counting from 

the same images in above quantification (5 fields were analysed in each 

condition, n=3)  

 

 

On the other hand, downregulating MRTF-A and MRTF-B appeared to 

slightly increase LD size but was not statistically significant, and it did not 

affect proportion of cells to produce lipids (Figure 3.10A,C,D), indicating 

downregulating MRTF did not affect size of lipid vesicles as MRTF 
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inhibitor did. Protein level of MRTF-A and MRTF-B did not recover after 2 

weeks post completion of transfection (Figure 3.10B), consistent with the 

previous work in 3D (Figure 3.8A). This suggests that MRTF 

downregulation has a long-lasting effect. It was not common to have the 

lasting downregulation effect after removal of transfection reagent for this 

long, and whether it particularly happens in MRTF gene or in orbital 

fibroblasts is unknown, but it suggests that despite the MRTFs were 

downregulated, adipogenesis was not increased. Results from this 

section suggest that, while MRTF/SRF inhibitor increased LD formation 

in 3D but not in 2D, depletion MRTF levels did not affect either 

spontaneous adipogenesis in 3D or chemical adipogenesis in 2D in 

orbital fibroblasts. 
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Figure 3.10 MRTF gene silencing did not change chemical adipogenesis in 2D-

cultured cells 

Control orbital fibroblasts CO7 were transfected with control siRNA or mixture 

of MRTF-A + MRTF-B siRNAs, and then cells were cultured in the presence or 

absence of adipogenic differentiation inducers (dexamethasone, rosiglitazone, 

and insulin) for 14 days (A) Representative ORO staining images of siControl or 

siMRTFA+B transfected cells cultured in normal medium (C) or adipogenic 

differentiation medium (Diff) (scale bar, 25 μm) (B) Representative Western 

blots probed for MRTF-A and MRTF-B before differentiation and at the end of 

differentiation showed effective MRTF-A and MRTF-B knockdown (n=3) (C) 

Quantification of ORO stained area normalised to cell counts of the above 4 

conditions (5~6 fields were analysed in each condition, n=3) (D) Proportion of 

ORO positive cells was quantified by cell counting from the same images in 

above quantification (5~6 fields were analysed in each condition, n=3) 
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3.2.2.5 TCF gene silencing did not affect lipid 

formation in 3D  

Previous work on MEFs has shown that knockout TCFs (including Elk-1, 

Elk-3, Elk-4) enhanced both MRTF and SRF genes (Gualdrini et al., 

2016), and TCFs competed with MRTFs to bind SRF and regulate cell 

contractility. To know whether this balance also exists in orbital 

fibroblasts, we downregulated TCFs and expected to decrease LD 

formation by upregulating MRTFs indirectly. Triple knockdown of Elk-1, 

Elk-3, and Elk-4 was done by siRNA transfection in a representative TED 

orbital fibroblasts line, HO6R. Cells were then cultured in 3D for 7 days 

for spontaneous lipid formation. The knockdown of TCFs did not reduce 

the amount of ORO positive cells in 3D (Figure 3.11A) although the TCF 

genes were efficiently downregulated (Figure 3.11B), suggesting that 

TCFs did not regulate LD formation in TED orbital fibroblasts.  
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Figure 3.11 TCF gene silencing did not alter ORO positive rates in 3D-cultured 

orbital fibroblasts 

TED orbital fibroblasts HO6R were transfected with control siRNA or a mixture 

of ELK1 + ELK3 + ELK4 siRNAs, and then cultured in 3D gels for 7 days for 

ORO staining. (A) TCF gene silencing did not decrease proportions of HO6R 

cells positive for ORO on Day 7 (n=3, triplicates) (B) ELK1, ELK3, and ELK4 

gene knockdown efficiency was quantified by qPCR gene expression assay 

normalised to GAPDH and then normalised to the mean of siControl (shown are 

mean ± SEM, n=3) 

 
 

3.2.3 YAP in orbital fibroblasts 

3.2.3.1 YAP expression did not change between 

2D and 3D 

YAP is another transcription co-activator which has been implicated in 

mechanotransduction, and its localisation changes in response to ECM 

modulation and determines cell fate (Dupont et al., 2011). In order to 

understand the involvement of YAP in 3D lipid vesicle formation in orbital 

fibroblasts, we examined if the levels of YAP in orbital fibroblasts are 

altered in 3D culture. Protein samples were collected from control (COs: 

CO4, CO6, CO7) and TED (HOs: HO1, HO2, HO4) cell lines in both 2D 

and 3D. Western blotting was performed for YAP. YAP protein levels did 

not show any difference between 2D and 3D in control and disease cells 

(Figure 3.12). 
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Figure 3.12 YAP protein levels did not change between 2D and 3D. 

(A) Representative Western blots of YAP protein in 3 control (COs) and 3 

TED (HOs) cell lines. (B) Relative YAP protein levels for the same 3 COs and 

3 HOs cell lines after 5-7 days culture in the presence of 10% FBS in 

monolayers (2D) and in gels (3D) (shown are mean ± SEM, n≥3) 

 
 

3.2.3.2 YAP localisation was altered in 3D 

To understand YAP localisation in response to different matrix, YAP 

distribution was performed in one CO and one HO representative cell 

lines in 2D and 3D. YAP was mostly nuclear in TED cell line HO2 in 2D, 

but less nuclear with some pancellular pattern in control cell CO7 

(Figure 3.13A,C). When cultured in 3D for one day, most cells displayed 

cytoplasmic or pancellular YAP (Figure 3.13B,D). This shift in YAP 

location from nucleus to more cytoplasmic is consistent with the soft 

nature of collagen gels and spontaneous LD formation observed in 3D 

collagen gel. But while the majority of cells were pancellular in 3D with 

very similar distribution between CO7 and HO2, the corresponding Day 1 

ORO proportion was slightly lower in CO7 compared to HO2 (Figure 

3.13D,E), not in line with the distribution. These suggest that YAP 

localisation does respond to ECM rigidity, but might not be directly linked 

to determine the spontaneous LD formation in 3D orbital fibroblasts. 
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Figure 3.13 YAP moved out of nucleus in 3D 

(A) Representative images of YAP staining in 2D cultured orbital fibroblasts 

CO7 (control) and HO2 (TED). Scale bar, 25 µm (B) Representative IF images 

of YAP staining in CO7 and HO2 cells cultured in 3D for 1 day. Images were 

taken with z stacks and then deconvolved. Scale bar, 25 µm, Merge images are 

from DAPI (blue), YAP (green), and F-actin (red) (C) Quantification of YAP 
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localisation in 2D by categorising more than 100 cells into nucleus, pancellular, 

or cytoplasm (n=3) (D) Quantification of YAP localisation in cells cultured in 3D 

for 1 day. More than 50 cells were categorised into nucleus, pancellular, or 

cytoplasm (n=3) (E) Proportion of CO7 and HO2 cells positive for ORO after 

culture in 3D for 1 day (n=3~4). 

 

 

3.2.3.3 YAP inhibitor decreased lipid droplet 

formation in 3D 

ECM stiffness regulates YAP/TAZ activity and localisation, and YAP/TAZ 

knockdown induced adipogenic differentiation in MSCs (Dupont et al., 

2011). We did observe alteration in YAP localisation between 2D and 3D 

culture (Figure 3.13), although protein level were similar between 2D 

and 3D, as well as between TED and control cells (Figure 3.12). Here 

we examined if YAP inhibits lipid formation in 3D and expected YAP 

inhibitor would increase 3D lipid formation. Representative control cell 

CO7 and TED cell HO2 cultured in 3D were treated with verteporfin, an 

inhibitor of YAP/TEAD binding (He et al., 2018), and accessed for lipid 

formation by Day 7. Verteporfin significantly reduced lipid formation in 3D 

in HO2 cells (Figure 3.14).  
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Figure 3.14 YAP inhibitor, verteporfin (VP) at 2.5 μM, decreased spontaneous 

LD formation in 3D 

Proportion of ORO positive cells in control (CO7) and TED (HO2) orbital 

fibroblasts cultured in 3D with and without YAP inhibitor verteporfin 2.5 μM for 7 

days (shown are mean ± SEM, n=3, triplicates, * p<0.05, by t-test) 

 
 

 

3.3 Discussion 

Extracellular mechanical forces transfer through the cytoskeleton to 

modulate intracellular signals, and gene expressions are altered to 

regulate cellular functions including proliferation, migration and 

differentiation (Daley et al., 2008). The internal forces control cellular 

behaviour as well through the arrangement of cytoskeleton, and it is 

known that cytoskeleton disruption and cell rounding promotes 

adipogenesis (Feng et al., 2010; Fletcher and Mullins, 2010; McBeath et 

al., 2004), while actin polymerisation is linked to contraction and fibrosis 

(Van De Water et al., 2013). TED is developed in an environment with 

increased pressure and is characterised by the presence of both 

adipogenesis and fibrosis. We studied the involvement of 

mechanotransduction transcription co-activators, MRTF and YAP, in the 

adipogenesis and fibrosis phenotypes of orbital fibroblasts. MRTF and 

YAP are mechano-effectors and regulate adipogenesis and contractility 



 

122 

 

according to their localisation (Finch-Edmondson and Sudol, 2016; 

Nobusue et al., 2014). We found that MRTF-A expression and 

localisation altered in response to matrix, whereas YAP only showed 

localisation change responding to matrix, and MRTF was involved in 

contractility of orbital fibroblasts. 

 

3.3.1 MRTF-A localisation and expression are 

altered in 3D cultures 

MRTF is a transcription co-activator on SRF pathway target genes, and 

itself is an SRF target gene as well (Esnault et al., 2014). MRTF 

accumulates at the nucleus when G-actin is depleted because of an 

increase in actin polymerisation, such as in stiff matrix or serum-

stimulated, and conversely MRTF exports from nucleus when there is 

more G-actin (Nobusue et al., 2014; Vartiainen et al., 2007). MRTF-A 

appeared to behave similarly in orbital fibroblasts: nuclear in stiff plastic 

and moving out in soft gels. However, there was still a high proportion of 

cells with nuclear MRTF-A in our 3D gels in which we expected MRTF-A 

to come out of the nucleus because soft substrate presumably leads to 

less F-actin in the cells. Different cell lines might have various response 

to the matrix stiffness. MRTF-A expression in soft matrix was less 

prominent and less nuclear than stiff matrix but was not completely out of 

nucleus in a study in human colonic myofibroblasts (Johnson et al., 

2014). This may be partly similar to our observation of some MRTF-A 

retained in nucleus in 3D soft matrix. On the other hand, MRTF gene 

expression level was shown to be higher in stiff matrix than in soft matrix 

in human colonic myofibroblasts (Johnson et al., 2014). Presumably, in 

stiff matrix, there is more nuclear MRTF to activate SRF and thus more 

MRTF may be expressed as MRTF being one of SRF target genes 

(Esnault et al., 2014). In orbital fibroblasts, MRTF-A was expressed at 

significantly lower protein levels in 3D compared to 2D, with the 
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difference more pronounced in control orbital fibroblasts, consistent with 

the lower level of nuclear MRTF-A in 3D. But we did not observe different 

MRTF-A levels between control and TED cells, suggesting MRTF-A of 

control and TED cells respond similarly to ECM mechanical force. 

YAP, similar to MRTF-A, exports from nucleus in response to soft matrix, 

but is regulated by various pathways including Rho/actin, Hippo, and Wnt 

signalling (Basu et al., 2003; Dupont et al., 2011; Oka et al., 2008; 

Piccolo et al., 2014). In Hippo-regulated YAP, soft matrix induces 

phosphorylation and inactivation of YAP followed by retaining the 

phospho-YAP in cytoplasm, priming for degradation. YAP in Wnt-off 

pathway is incorporated in the β-catenin destruction complex and also 

degraded (Figure 1.11). Therefore, YAP protein expression levels are 

often lower in soft matrix compared to stiff matrix, for example in lung 

cancer cells, preosteoblasts, or human mammary epithelial cells (Codelia 

et al., 2014; Yuan et al., 2015; Zhang et al., 2018b). However, YAP 

protein levels in orbital fibroblasts remained unchanged from 2D to 3D. 

Interestingly, another type of ocular cells, human trabecular meshwork 

cells showed higher levels of YAP mRNA and protein on soft matrix 

compared to stiff matrix (Raghunathan et al., 2013). In addition, 

YAP/TAZ mRNA levels showed no difference between soft and stiff 

matrix in three different sourced lung fibroblasts including immortal lung 

fibroblasts, primary cultured fibroblasts from normal and idiopathic 

pulmonary fibrosis lungs (Liu et al., 2015).  Therefore, it is likely that YAP 

levels may respond to stiffness variably in different cell types, and 

fibroblasts in particular may have a different regulation compared to 

epithelial and cancer cells. Moreover, while some studies showed that 

soft matrix promoted YAP phosphorylation and resulted in its exclusion 

from nucleus, YAP also responds to ECM rigidity in a phosphorylation-

independent manner (Das et al., 2016). Thus it is also possible that YAP 

sequestered in cytoplasm without being phosphorylated or degraded in 

orbital fibroblasts in 3D, so the total YAP protein level was maintained. 

This is a limitation that we did not study which pathway was more 
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involved in regulating YAP in our 3D model. Additional studies exploring 

the upstream of YAP as well as phospho-YAP level may help to answer 

this question. 

 

3.3.2 MRTF regulates contractility of orbital 

fibroblasts 

Nuclear MRTF and YAP activate MRTF/SRF and YAP/TEAD pathway, 

respectively, to promote fibrosis (Johnson et al., 2014; Liu et al., 2015; 

Velasquez et al., 2013), while cytoplasmic MRTF and YAP tend to 

stimulate adipogenesis (Halder et al., 2012; Nobusue et al., 2014).  

Using 3D collagen contraction assay, we showed that MRTF inhibitor 

CCG-203971 and MRTF-A with MRTF-B silencing reduced matrix 

contraction. CCG-203971 is thought to inhibit MRTF-A nuclear 

translocation and SRF responsive expression of CTGF, αSMA and 

collagen I, although detailed mechanism is not yet clearly known (Haak 

et al., 2017; Johnson et al., 2014). Since there were still a certain amount 

of nuclear MRTF-A in orbital fibroblasts in 3D gels, the reduction of 

nuclear MRTF-A by inhibitor would reduce SRF and its target genes 

activities, including contractility-related genes such as ACTA2 (αSMA) 

and CTGF. Inhibition of MRTF/SRF signalling by CCG-1423 (first 

generation) or CCG-203971 (second generation) has been shown to 

effectively reduce collagen I, CTGF, and SMA expression in vitro in 

scleroderma dermal fibroblasts (Haak et al., 2014; Shiwen et al., 2015), 

and in suppressing bleomycin-induced skin thickening and fibrosis in 

mice model (Haak et al., 2014). In human conjunctival fibroblasts in vitro, 

CCG-203971 decreased collagen gel contraction, CTGF and αSMA 

expression (Yu-Wai-Man et al., 2017). It is thus likely that MRTF is 

implicated in the contractile/fibrotic phenotype of orbital fibroblasts 

through the regulation of cytoskeletal SRF targets. 
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3.3.3 MRTF in adipogenesis in 3D 

In both control and TED orbital fibroblasts, we found that both MRTF-A 

and YAP displayed nuclear localisation in 2D and moved out of nucleus 

in response to the soft matrix of 3D, consistent with previous reports 

(Halder et al., 2012; Huang et al., 2012). According to previous studies, 

Rho/F-actin/MRTF inhibition, leading to cytoplasmic MRTF, can promote 

adipocyte differentiation in vitro in mouse dedifferentiated fat cells 

(Nobusue et al., 2014). ROCK and MRTF/SRF inhibition also stimulate 

brown adipogenesis in vitro in a mouse embryo fibroblasts cell line 

C3H/10T1/2, and MRTF knockout mice showed increase brown 

adipogenesis in inguinal white adipose tissue (McDonald et al., 2015). 

Here we observed that CCG-203971 enhanced LD formation in 3D, but 

the MRTF-A and MRTF-B knockdown did not. CCG-203971 is the 

second generation MRTF inhibitor, similar to but less toxic than the first 

generation CCG-1423. Although the detailed mechanism of action is not 

known, they were demonstrated effective in inhibiting MRTF-A nuclear 

translocation without altering actin cytoskeleton (Haak et al., 2017; 

McDonald et al., 2015). Therefore, in our cells cultured in 3D with 

generally lower level of MRTF-A and partially localised in nucleus, we 

expected CCG-203971 treatment to increase MRTF-A retention in the 

cytoplasm, and consequently promote adipogenesis. Moreover, it was 

reported that the cytoplasmic sequestration of MRTF-A after interacting 

with G-actin is crucial for adipogenic differentiation. The mutant MRTF-A 

unbound to G-actin in cytoplasm was unable to induce adipogenesis as 

the G-actin bound MRTF-A did, although the further detailed mechanism 

is not known (Nobusue et al., 2014). CCG-203971 increased the amount 

of MRTF-A in cytoplasm might thus have increased the 3D spontaneous 

LD formation. On the other hand, the knockdown of MRTFs gene might 

have reduced the amount of MRTFs in both nucleus and cytoplasm but 

did not increase the cytoplasmic MRTF bound with G-actin, consequently 
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MRTFs silencing failed to increase 3D LD formation. It is also possible 

that CCG-203971 although not toxic at the concentration used in these 

experiments, it caused ER stress and induced LD formation (Evelyn et 

al., 2016; Han and Kaufman, 2016).  

 

3.3.4 MRTF in adipogenesis in 2D 

Adipogenesis requires less tension from the cytoskeleton, and disrupting 

the actin cytoskeleton promote adipogenesis (McBeath et al., 2004). 

Adipogenic induction in 2D cultured mouse dedifferentiated fat cells 

caused F-actin depolymerisation, and increase of G-actin concentration, 

accompanied by MRTF-A export from nucleus, resulting in adipogenesis 

(Nobusue et al., 2014). It was expected that CCG-203971, in conjunction 

with adipogenic differentiation, would enhance the adipogenesis since it 

blocks MRTF-A from nuclear accumulation. However, CCG-203971 had 

little effect on fibroblasts undergoing chemical adipogenesis in 2D, 

merely decreasing the size of lipid vesicles. This is consistent with 

previous report showing that first generation MRTF inhibitor CCG-1423 

ranging from 1 to 16 μM did not increase lipid positive cells in mice white 

preadipocytes underwent adipogenic differentiation (Rosenwald et al., 

2017). The same CCG-1423 concentration even decreased lipid 

formation in brown preadipocytes underwent adipogenic differentiation 

(Rosenwald et al., 2017), although there was evidence of CCG-1423 

increasing brown adipogenesis in MSCs (McDonald et al., 2015). The 

cells used in our study were fibroblasts derived from white adipose tissue. 

Therefore, the effect of CCG on promoting adipogenesis may be variable 

among different cell types and may not increase adipogenesis as 

expected. 

Knockdown of MRTF-A was shown to induce lipid formation in the 

absence of adipogenic differentiation medium in mouse dedifferentiated 

fat cells and mouse preadipocytes 3T3-L1, upregulating adipogenic 
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markers effectively in dedifferentiated fat cells (Nobusue et al., 2014). In 

the presence of brown and white adipogenic differentiation medium, 

MRTF-A knockdown increased the percentage of lipid-positive cells in 

brown and white preadipocytes derived from mice brown and white 

adipose tissue respectively (Rosenwald et al., 2017). Our dual 

knockdown of MRTF-A and MRTF-B slightly increased areas of LD 

formation in chemical adipogenesis. However, this increase was only 

minor compared to the stimulation of adipogenesis triggered by MRTF-A 

and MRTF-B gene silencing in other models (Nobusue et al., 2014; 

Rosenwald et al., 2017). It is possible due to different cellular models, as 

those studies used mouse dedifferentiated fat cells, 3T3-L1 

preadipocytes, and immortalised preadipocytes from stromal-vascular 

fraction of white adipose tissue.  

PPARγ is the key transcription factor in both white and brown 

adipogenesis, and these studies also revealed PPARγ upregulation 

accompanying lipid formation after MRTF-A silencing (Nobusue et al., 

2014; Rosenwald et al., 2017). However, it is not yet well understood 

how the MRTF-A regulates adipogenesis through PPARγ. Interestingly, 

Rosenwald et al. demonstrated that MRTF-A interacted with PPARγ in 

both white and brown adipogenesis using co-immunoprecipitation 

technique from nuclear extracts, suggesting nuclear MRTF-A interacts 

directly with PPARγ to inhibit PPARγ activity (Rosenwald et al., 2017). 

This supports the hypothesis that ablation of nuclear MRTF-A induces 

PPARγ activation. It is a limitation that we have not studied the PPARγ 

levels in these CCG treatment and MRTFs knockdown conditions. It 

would provide more information and better evidence about adipogenesis 

in MRTF inhibition.  
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3.3.5 TCFs in 3D adipogenesis 

TCFs and MRTFs are the two groups of co-activators controlling SRF, 

and their bindings to SRF is mutually exclusive (Gualdrini et al., 2016). 

MEFs from TCFs knockout mice showed upregulation of MRTF and SRF 

genes, as well as enhanced cytoskeleton and contractility compared to 

wild type MEFs, indicating MRTF/SRF signalling was upregulated upon 

knockout TCFs (Gualdrini et al., 2016). We hypothesised that 

downregulating TCFs would upregulate MRTFs and enhance contractility 

while reducing adipogenesis. Previous studies have shown that 

knockdown of Elk1 decreased LDs and adipogenesis markers 

expression following adipogenic differentiation in 3T3L1 cells (Wang et 

al., 2009). Elk3 and Elk4 silencing also reduced lipid formation in both 

white and brown adipogenesis (Rosenwald et al., 2017). However, our 

3D spontaneous lipid formation did not decrease in response to TCFs 

knockdown although there was efficient gene silencing. The related 

experiments of investigating associated genes in 3D HO6R cells 

(performed by former master student Leslie Nitsche and undergraduate 

student Chiyun Lee) showed that TCFs knockdown elevated MRTFs 

levels but not significant due to wide error bars (Figure 3.15A). The 

MRTF/SRF target genes, ACTA2 and CTGF, were elevated but only 

ACTA2 reached statistical significance. Therefore, the absence of 

change in LDs in TCFs knockdown may be due to the insignificant 

upregulation of MRTFs and MRTF/SRF target genes or because TCFs 

and MRTFs are not antagonising each other in orbital fibroblasts. 

Similarly, downregulating TCFs was expected to enhance MRTF/SRF 

activity and increase contractility, which was not found in our contractility 

assay. The TCFs knockdown even decreased the contractility in both 

CO7 (control) and HO6R (TED) orbital fibroblasts (experiments 

performed by former master student Leslie Nitsche and undergraduate 

student Chiyun Lee) (Figure 3.15B-E). Therefore, we conclude from our 

data that downregulating TCFs did not significantly upregulate 
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MRTF/SRF signalling, and thus did not decrease 3D spontaneous LD 

formation or increase contractility. It is unknown whether this was directly 

linked to the failure of upregulating MRTFs or TCFs could function 

independently from MRTFs. In that case, TCFs possibly were not 

involved in adipogenesis and independently could regulate contractility. 
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Figure 3.15 knockdown of TCFs decreased fibroblasts contractility 

(A) Gene expression levels of HO6R cells after triple knockdown of TCFs 

(ELK1, ELK3, ELK4) and then cultured in 3D for 7 days. Shown are mean ± 

SEM of gene expressions normalised to GAPDH and relative to control siRNA 

samples (n=4, *p<0.05, t-test) (B, D) Downregulating ELK1+ELK3+ELK4 

decreased contractility of CO7 (B) and HO6R (D), though not statistically 

significant. (CO7 n=3, HO6R n=5) (C, E) ELK1, ELK3, and ELK4 gene 

knockdown efficiency of the same experiments of Figure B (CO7, C) and D 

(HO6R, E), quantified by qPCR gene expression assay normalised to GAPDH 

and then to control siRNA (CO7 n=3, HO6R n=5) (Experiments performed by 

Leslie Nitsche and Chiyun Lee) 
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3.3.6 YAP in 3D spontaneous adipogenesis 

We observed nuclear YAP in 2D and YAP export from nucleus with a 

large proportion of cells presenting pancellular YAP in 3D. It is similar to 

previous reports where YAP was found largely nuclear on stiff substrate, 

and cytoplasmic on soft (Das et al., 2016; Dupont et al., 2011; Liu et al., 

2015). Since the knockdown of YAP/TAZ was reported to induce 

adipogenesis in MSCs (Dupont et al., 2011), we hypothesised that YAP 

inhibition would increase LD formation in orbital fibroblasts. However, 

YAP inhibitor, verteporfin, failed to increase adipogenesis. Verteporfin is 

thought to block YAP binding to TEAD in nucleus, but it also upregulates 

14-3-3σ to retain phospho-YAP in cytoplasm (Wang et al., 2016) and 

inhibits the YAP/TEAD mediated cell proliferation (Moroishi et al., 2015). 

Moreover, verteporfin was shown to upregulate PPARγ gene expression 

in MSCs (Talele et al., 2015), and enhance adipogenesis in SVF of 

adipose tissue (Zhang et al., 2018a). The verteporfin concentration 

required to reduce YAP level varied among different cells (Wang et al., 

2016). Although we used a concentration similar to most publications, we 

did not confirm that it altered YAP and phospho-YAP levels, or increased 

cytoplasmic YAP in our cells. We have not studied the effects of 

YAP/TAZ knockdown, or downstream of YAP/TEAD signalling either. 

Most YAP/TEAD target genes (Kim et al., 2017) are anti-adipogenic, 

such as CTGF (Tan et al., 2008), CYR61 (cysteine-rich protein 61) (Yang 

et al., 2018), TGFβ2 (Macotela et al., 2012), ADAMTS1 (a disintegrin 

and metalloproteinase with thrombospondin motifs) (Chen et al., 2016), 

and PTGS2 (Prostaglandin-Endoperoxide Synthase 2, cyclooxygenase-

2, COX2) (Fujimori et al., 2012). However, there are a few showing pro-

adipogenic effects, which are SGK1 (serum and glucocorticoid-inducible 

kinase 1) (Di Pietro et al., 2010), DAB2 (disabled-2) (Tao et al., 2016), 

and EDN1 (endothelin-1) (Xiong et al., 2001). We do not know if 

verteporfin in our experiments particularly downregulates the pro-

adipogenic genes so as to result in decreasing lipid formation, we are not 
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able to conclude if YAP is involved in the lipid formation in orbital 

fibroblasts. 

 

3.3.7 Conclusion 

We found that MRTF-A expression level of orbital fibroblasts responded 

to ECM, but there was no obvious difference between control and TED 

cells. While the MRTF/SRF pathway appeared to be modulating 

contractility in orbital fibroblasts, it did not seem to influence lipid vesicles 

formation. MRTF was not involved in orbital fibroblasts adipogenesis 

model in either 3D or 2D. 
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Chapter 4  Adipogenesis and Lipid 

Droplet Accumulation in 3D 

in vitro TED Model 

4.1 Introduction 

Adipogenesis has been regarded as one of the pathogenesis of TED 

because patients with TED show expansion of orbital fat. In vitro, orbital 

fibroblasts derived from patients with TED are able to undergo 

differentiation towards adipocyte lineage upon chemical stimulation using 

adipogenic differentiation medium which is composed of insulin, 

dexamethasone, IBMX, and rosiglitazone (a PPARγ agonist). Classical 

adipogenesis markers are found elevated after 10 days, and cells from 

TED respond better to adipogenic stimulation (Kumar et al., 2004). Cells 

gradually show typical adipocytic features such as rounding up and LD 

formation after 7-10 days and 40% TED cells display accumulation of 

LDs after 14 days (Li et al., 2014; Valyasevi et al., 2002). The 

successfully adipogenic induction indicates that orbital fibroblasts have 

preadipocyte features, but does not exclude other mechanisms which 

may also result in fat expansion in TED, since the composition of 

adipogenic differentiation medium is not a simulation of 

pathophysiological changes in TED orbits.  

Previously in our 3D in vitro model, spontaneous LD formation was 

observed in orbital fibroblasts cultured in collagen matrix with TED cells 

significantly more efficient in producing vesicles compared to control 

orbital fibroblasts. In this chapter, I will detail mechanisms by which TED 

fibroblasts produce more LDs in 3D as opposed to TED cells in 2D and 

to control orbital fibroblasts in 3D. Lipid metabolism is balanced between 

formation via fatty acid (FA) uptake or glucose utilisation and lipolysis by 

lipases. I investigated whether adipogenesis markers, FA uptake 
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efficiency, FA transporters, glucose transporters, and LD surface 

proteins, were key determinants in TED orbital fibroblasts making more 

LDs. 

 

4.2 Results 

4.2.1 3D spontaneous formation of LDs is not 

classical adipogenesis 

Orbital fibroblasts cultured in 2D generally produce no or very few LDs 

(Figure 4.1 2D), but clusters of LDs are formed after 7~10 days in the 

presence of adipocyte differentiation medium (Figure 4.1 2D diff.). 

Following culture in 3D gels, cells in regular medium spontaneously form 

lipid vesicles, which are smaller than the chemically induced ones in 2D 

(Figure 4.1 3D). Cells in 3D in adipocyte differentiation medium do not 

present synergistic effects from both phenomena but produce larger LDs 

compared to 3D spontaneously formed ones, and fewer big LDs 

compared to 2D chemically differentiated ones (Figure 4.1 3D diff.).  
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Figure 4.1 ORO staining of orbital fibroblasts cultured in different conditions 

ORO staining of representative TED (HO2) cells in 2D in the absence (2D) and 

presence (2D diff) of adipocyte differentiation medium for 2 weeks after 100% 

confluency, and in 3D in the absence (3D) and presence (3D diff) of adipocyte 

differentiation medium for 10 days. Scale bar, 25 μm 

 

 

 

 

 

 

  



 

136 

 

The observation of smaller LDs spontaneously formed in 3D suggests 

that it could be early adipogenesis because large LDs in mature 

adipocytes are merged from multiple smaller LDs in young adipocyte 

(Figure 4.2).   

 

 

 

Figure 4.2 Pathway of adipocyte differentiation from stem cell 

Classical adipogenesis comprises the determination and commitment of stem 

cells into preadipocytes with the involvement of early adipogenesis transcription 

factor—C/EBPβ, and intermediate and main transcription factors of 

adipogenesis—PPARγ. The following terminal differentiation matures the 

adipocytes characterised with LDs fusion into a large LD and upregulation of 

adiponectin, LPL and aP2 genes. Adapted from (Fonseca-Alaniz et al., 2007) 

 

 



 

137 

 

In order to clarify which transcription factors have been triggered in 3D 

spontaneous LD formation, messenger RNA samples were collected 

from control (COs: CO4, CO6, CO7) and TED (HOs: HO1, HO2, HO4) 

cell lines, cultured in 2D and 3D for 7 days. Gene expressions of lipid 

related markers including adipogenesis transcription factors PPARγ and 

C/EBPβ, and another transcription factor for lipid metabolism and FA 

oxidation—PPARα were analysed with real-time PCR. None of these 

markers showed significant difference in expression between TED and 

control orbital fibroblasts, or between 2D and 3D culture (Figure 4.3). 

Furthermore, late markers of adipogenesis such as adiponectin and LPL 

were not detectable in any conditions (data not shown). However, the 

response upon 3D varied among cell lines especially in PPARγ gene 

expression (Figure 4.3A) where CO4 and HO2 showed PPARγ 

upregulation while the rest cell lines downregulated PPARγ in 3D.  
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Figure 4.3 Orbital fibroblasts cultured in 3D for 1 week did not alter gene 

expression levels of PPARγ, C/EBPβ, and PPARα  

RNA samples were collected from orbital fibroblasts cultured in 2D and 3D 

gels for 7 days. Gene expression levels of PPARγ (A,B), C/EBPβ (C,D), and 

PPARα (E,F) obtained by real-time PCR (qPCR) were normalised to GAPDH. 

Data of individual cell lines (control: CO4, CO6, CO7; TED: HO1, HO2, HO4) 

(A,C,E) were grouped and averaged (COs: CO4, CO6, CO7; HOs: HO1, 

HO2, HO4) (B,D,F) (Shown are mean ± SEM, n≥3).  
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Orbital fibroblasts spontaneously make LDs in 3D, but they do not 

display classical features of adipocytes. Also, as late markers of 

adipogenesis were undetectable in our 3D 7 days-cultured samples, this 

indicated that what we were observing was possibly still early 

adipogenesis, and this is consistent with most models of adipogenesis 

where people observed after 10~14 days of stimulation. To understand if 

the 3D environment works just as an initial trigger and longer 3D 

incubations are required for driving adipogenesis to a more mature 

stage, we monitored LD formation and gene expression in the TED cell 

line HO2 for 3 weeks in 3D. HO2 is the cell line which showed more 

prominent PPARγ upregulation in 3D, we expected it to be more prone to 

mature adipogenesis after longer 3D incubation. Adipogenic chemical 

differentiation in 2D for 2 weeks and 3D for 10 days were used as a 

comparison. Morphologically, cells grown in 3D chemical differentiation 

medium yielded larger LDs than those formed spontaneously in 3D 

(Figure 4.1), this might be due to the effect of adipogenesis inducers. 

But compared with LDs from 2D chemically differentiated cells, the 3D 

chemically induced LDs were smaller (Figure 4.1), indicating 3D matrix 

did not work synergistically with chemical differentiation. Gene 

expression studies showed that PPARγ gene was significantly 

upregulated after 2 weeks incubation and reached plateau at 3 weeks in 

3D (Figure 4.4A). C/EBPβ was also slightly increased after 2 weeks 

(Figure 4.4B), while long-term 3D incubation did not significantly alter 

PPARα (Figure 4.4C). Chemical differentiation in either 2D or 3D yielded 

similar expression levels as long-term 3D in upregulating PPARγ. 

Although PPARγ expression was significantly higher after longer 

incubation, the late markers – adiponectin and LPL were still 

undetectable, whereas chemical differentiation samples in 2D and 3D 

both expressed detectable levels of adiponectin and LPL, and 3D levels 

were lower than 2D (Figure 4.4D), indicating 3D culture suppressed a 

full classical adipogenesis. In hindsight, using HO2 for long-term 3D 
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experiments may not have been representative for TED orbital 

fibroblasts although it appears to be more prone to PPARγ upregulation. 

 

 

Figure 4.4 Long-term 3D culture rose higher PPARγ gene expression 

RNA samples were collected from HO2 cells cultured in 2D, 3D for 1 week 

(3D 1w), 3D for 2 weeks (3D 2w), 3D for 3 weeks (3D 3w), 2D adipogenic 

differentiation medium for 2 weeks (2D ch diff), and 3D adipogenic 

differentiation medium for 10 days (3D ch diff). Gene expression levels of (A) 

PPARγ (B) C/EBPβ (C) PPARα obtained by real-time PCR (qPCR) were 

normalised to GAPDH and then referred to the mean 2D. (*p<0.05, **p<0.01, 

***p<0.001, by one-way ANOVA and post-hoc.; n=3). (D) Gene expression 

levels of adiponectin (AdipoQ) and lipoprotein lipase (LPL) in chemical 

differentiation samples in 2D and 3D were normalised to GAPDH. (shown are 

mean ± SEM at log scale, 2D n=2, 3D n=3) 
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Gene expression does not always reflect protein levels, so PPARγ 

protein expression was also evaluated by Western blotting. In 3D, TED 

fibroblasts (HOs: HO1, HO2, HO4) expressed higher protein levels of 

PPARγ compared to control orbital fibroblasts (COs: CO4, CO6, CO7) 

(Figure 4.5A), suggesting that gene expression levels are not a good 

reflection of protein amount, and PPARγ protein level might be linked to 

LD formation in 3D. However, treatment with 10 μM of GW9662, an 

antagonist of PPARγ, did not reduce the ORO positive rates in 3D 

(Figure 4.5B), suggesting that PPARγ is not involved in LD formation in 

3D. Overall, this work did not support that 3D LDs are products of 

classical adipogenesis.  
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Figure 4.5 TED orbital fibroblasts expressed higher PPARγ protein levels than 

control orbital fibroblasts in 3D. Inhibiting PPARγ did not decrease the ORO 

positive cells in neither control nor TED orbital fibroblasts after 7 days culture in 

3D.  

(A) Top: Representative Western blots for PPARγ in 2D and 3D. Bottom: 

Quantification of Western blots from PPARγ protein level normalised to GAPDH 

and normalised to mean CO4 2D. Shown are mean ± SEM, averaged from 3 

control cell lines (COs: CO4, CO6, CO7) and 3 TED cell lines (HOs: HO1, HO2, 

HO4). (*p<0.05, by t-test; n≥3). (B) ORO positive cell rates after 7 days of 

culture in 3D in the presence or absence of 10 μM of GW9662. (DMSO of equal 

volume of GW9662 was added to Ctrl wells, CO7 n=3, HO2 n=2)  

 
 

 

4.2.2 The 3D spontaneous LD formation 

primarily originates from fatty acid 

uptake 

4.2.2.1 LD formation in 3D is a fast process 

TG is the main lipid component of LDs. In addition to lipid staining, 

measurement of TG levels and composition is another way to quantify 
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intracellular lipids. Since the above results revealed that 3D spontaneous 

LD formation might be different from classical adipogenesis, we 

investigated whether composition of LDs from 3D differs from LDs in 2D 

chemical differentiation. First, the total cellular TG levels were quantified 

by gas chromatography (GC) by our collaborator, Dr. Katherine Pinnick. 

The orbital fibroblasts cultured in 3D for 14 days for spontaneous LD 

formation (3D sp) presented much lower levels of TG compared to 

chemically differentiated cells in either 2D (2D ch) or 3D (3D ch) though 

not statistically significant (Figure 4.6A). There was no difference in TG 

levels between COs and HOs in any of the three culture conditions (COs: 

CO7, CO12, CO13; HOs: HO2, HO6R, HO9R). Representative cell lines 

CO7 and HO6R were picked up because of low and high for LD 

formation, respectively (Figure 3.1). The total TG levels on Day 1 were 

higher than those on D14 in CO7 and HO6R cells (Figure 4.6B). Single 

cell line data in Figure 4.6B showed higher levels of D14 TG of HO6R 

compared to CO7, but there was no difference between HOs and COs in 

pooled and averaged cell line data in Figure 4.6A because the levels 

between different cell lines varied. The decrease of TG level on D14 

(Figure 4.6B) is contrary to classical adipogenesis where longer 

incubation accumulates more lipids, again indicating that spontaneous 

LD formation in 3D is not classical adipogenesis.  

 

 



 

144 

 

 

Figure 4.6 Total TG levels analysed by gas chromatography 

Total TG levels were analysed by gas chromatography by our collaborator, Dr. 

Katherine Pinnick. Samples were collected by us. (A) Orbital fibroblasts were 

cultured in 3D normal 10% FBS DMEM medium (3D sp), 2D adipogenic 

differentiation medium (2D ch), 3D adipogenic differentiation medium (3D ch) 

for 14 days. 3 control and 3 TED orbital fibroblast cell lines were used. 

Magnified 3D sp data as inset is shown at the right. (COs: CO7, CO12, CO13; 

HOs: HO2, HO6R, HO9R; n=3) (B) CO7 (control) and HO6R (TED) cells were 

cultured in 3D normal 10% FBS DMEM (as 3D sp) for 1 day (D1) and 14 days 

(D14) (D1 n=1, D14 n=3) 
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As the amount of total TG appeared lower after two weeks, we 

investigated the kinetics of LD formation in 3D using ORO staining. The 

percentage of cells positively stained for ORO peaked at D1 in both 

averaged COs (CO3, CO7, CO12, CO13) and HOs (HO2, HO6R, HO8, 

HO9R) groups. HOs with overall producing more LDs consistently on D1, 

D4, and D7 (Figure 4.7A,B). The ORO positive fraction decreased by 

30% from D1 to D7 in both COs and HOs, with the proportion in HOs 

remaining about 1.4 times higher than in COs on D1 and 1.8 times 

higher on D7. This suggested that the decrease of ORO might be an 

environmental effect influencing both COs and HOs. The fraction of cell 

positive for ORO peaked on Day1, consistent with the TG measurement 

in Figure 4.6B (Figure 4.7B). Therefore, short-term kinetics of ORO 

staining within 24 hours was further examined. HO2, HO6R, and CO7 

cells cultured in 3D for 3 hours, 10.5 hours, and 24 hours showed a 

significant increase in cell positivity for ORO from 10.5h, indicating the 

3D LD formation is a rapid response, presumably different from classical 

adipogenesis (Figure 4.7C). However, the fact that it is different between 

HOs and COs suggests that this reflects a functional dysregulation in 

lipid metabolism in TED. 
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Figure 4.7 Fraction of cells positive for ORO peaked at 24 hours after cultured 

in 3D. 

Orbital fibroblasts were cultured in 3D for different durations before ORO 

staining. (A) Averaged D1 and D7 ORO positive fractions of 4 control cell lines 

(COs: CO3, CO7, CO12, CO13) and 4 TED cell lines (HOs: HO2, HO6R, HO8, 

HO9R). (*p<0.05, **p<0.01, by t-test, n=3-4) (B) The kinetics of proportion of 

cells positive for ORO in CO7, CO12, HO2, HO6R. There were more ORO 

positive cells on D1 than on D4 with statistical significance (p=0.029), and also 

more on D1 than on D7 but with borderline significance (p=0.053). More HOs 

cells were ORO positive than COs on D4 (p=0.029) (*p<0.05, t-test, n=3-4) (C) 

The fraction of cells positive for ORO in CO7, HO2, and HO6R increased over 

time from 3h to 10.5h, and 24h. (3h vs 10.5h, p=0.004; 3h vs 24h, p=0.005; 

**p<0.01; t-test, n=3) 
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4.2.2.2 Cells in 3D culture uptake FAs from culture 

medium 

To further understand the difference between 3D spontaneous LD 

formation and classical adipogenesis, the composition of TG in these 

LDs was analysed by lipidomics gas chromatography by collaborator, Dr. 

Katherine Pinnick. Samples were collected on Day 14 from cells grown 

for 3D spontaneous LD formation, 2D chemical adipogenesis and 3D 

chemical adipogenesis. FA composition was similar between control 

(COs: CO7, CO12, CO13) and TED (HOs: HO2, HO6R, HO9R) orbital 

fibroblasts for chemical stimulation, regardless of whether the cells were 

in 2D (2D ch) or 3D (3D ch) (Figure 4.8A,B). However, FA composition, 

similar in CO and HO, was significantly different for spontaneous LD 

formation in 3D (3D sp), suggesting that spontaneous LD formation is a 

different mechanism. The main difference was seen at the molar 

percentages of 16:1 n-7 and 18:0 FAs, in which the 16:1 n-7 is lower in 

“3D sp” samples but higher in chemical differentiation ones, whereas 

18:0 is higher in “3D sp” and lower in chemical differentiation ones 

(Table 4.1). However, the FA pattern of TG in spontaneous LD formation 

was strikingly similar to our experimental control (medium with 10% 

serum but no cells) (Figure 4.8C), suggesting that spontaneous LD 

formation is linked to uptake of external FAs. Moreover, more groups of 

long-chain FAs from TED cells showed statistical difference between 3D 

spontaneously formed LDs and chemical adipogenesis lipids. In TED 

cells, saturated FAs 16:0 and 18:0 were significantly lower whereas 

monounsaturated FAs 16:1 n-7 and 18:1 n-7 were higher in chemical 

differentiated cells than in “3D sp” cells. In control cell groups, only 16:1 

n-7 higher and 18:0 lower were shown in “2D ch” sample, the “3D ch” 

sample presented a proportion level between “3D sp” and “2D ch” but not 

significant. These indicate that chemical differentiation produced more 

unsaturated FAs from saturated FAs, and TED cells responded more 

than control cells. 
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Figure 4.8 Fatty acid compositions of TG.  

Fatty acid compositions of TG were analysed by gas chromatography by 

collaborators, samples were collected by us from orbital fibroblasts cultured for 

14 days in 3D in 10% FBS DMEM for spontaneous LD formation (3D sp),  in 2D 

in adipogenic differentiation medium (2D ch), or in 3D in adipogenic 

differentiation medium (3D ch). (A) The averaged mol% of FA compositions in 

COs: CO7, CO12, CO13 (each n=3) (B) The averaged mol% of FA 

compositions in HOs: HO2, HO6R, HO9R (each n=3) (C) The mol% of FA 

compositions of 10% FBS DMEM, culture medium for “3D sp” samples. (stars 

above bars meaning statistical significance compared to the same FA group in 

“3D sp” samples; *p<0.05, **p<0.01, by one-way ANOVA, post-hoc, n=3-4) 

 

 

Table 4.1 FAs showing most variations with different culture conditions. 

Mol% of FA 3D spontaneous 2D chemical 3D chemical 

16:1 n-7 3 16 9~12 
18:0 17 6 7~10 

Molar percentage of 16:1 n-7 and 18:0 showed major difference in three culture 

conditions (3D sp, 2D ch, 3D ch) in orbital fibroblasts (COs and HOs pooled 

together) 

 



 

149 

 

To validate that orbital fibroblasts uptake FAs from medium which they 

incorporate into LDs, 200 μM of FAs [oleate 45% (90 μM), palmitate 30% 

(60 μM), and linoleate 25% (50 μM)] were added to the culture medium. 

FA concentration in culture medium contributed from FBS is minimal 

(12.8 μM, measured in Figure 4.8C), while physiological free-FA in 

human plasma is around 200~700 μM (Abdelmagid et al., 2015). LD 

formation was then analysed after 1 day, when LD formation peaks 

(Figure 4.7). FA supplement led to an increase in the proportion of cells 

positive for ORO in both control (COs: CO3, CO7, CO13) and TED 

(HOs: HO2, HO6R, HO9R) orbital fibroblasts although only CO groups 

showed statistical significance (*p<0.05) (Figure 4.9A). The effect was 

milder in HO cells as they already had a very high proportion of cells 

positive for ORO in regular medium. The ORO counting method only 

presents the proportion of cells positive for LDs, but does not reflect the 

amount of LDs within individual cells. Therefore, we used an AdipoRed 

assay to quantify total lipid formation. The FA supplement increased the 

cellular neutral lipids in both COs (CO3, CO7, CO13) and HOs (HO2, 

HO6R, HO9R) cells, consistent with the ORO staining. The increase was 

higher for HOs cells (44.28%) compared to COs cells (18.86%) (Figure 

4.9B), suggesting that HOs present a greater capacity for FA uptake and 

processing into LDs.  
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Figure 4.9 Fatty acid supplement increased lipid droplet formation in 3D 

cultured orbital fibroblasts. 

Control orbital fibroblasts (COs: CO3, CO7, CO13) and TED cells (HOs: HO2, 

HO6R, HO9R) were cultured in 3D for 1 day in the presence or absence of the 

supplement of FA mixture (oleate, palmitate, and linoleate). (A) Gels were 

stained with ORO and the proportion of ORO positively stained cells were 

quantified. (*p<0.05, n=3-5) (B) Gels were digested, pelleted, and stained with 

AdipoRed before fluorometric analysis. The obtained RFU was normalised to 

protein level, and with FA supplement data was further referred to the without 

FA supplement data to obtain the fold change in response to FA supplement. 

(*p<0.05, n=3-4) 

 

 

To determine whether the increase ability of HO cells to produce LDs 

was linked to increase FA uptake capacity, we examined early FA uptake 

in 3D using a standard FA uptake kit. The FA uptake kit utilises 

fluorescence labelled dodecanoic acid (a 12-carbon saturated FA) as 

substrate, and cell membrane-impermeable quenching agent is included 

in the composition to eliminate extracellular fluorescence. Only cells 

taking up dodecanoic acid show increased fluorescence intensity, and 

the measurement of fluorescence intensity therefore reflects the 

capability of FA uptake. The fluorescence intensity divided by the 

duration of FA treatment is FA uptake rate. The protocol was designed 

for cells cultured in 2D and measurement is usually performed directly as 
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a kinetic of FA accumulation from uptake. However, as our cells were 

cultured in 3D collagen, fluorescence measurement directly in the plate 

did not work. We thus modified the protocol to digest gels and lysed cells 

to get fluorescence intensity, but were not in this way able to assess 

cumulative kinetic measurements for the same sample. Instead, we 

measured the FA uptake within a given time window (1 hr) after seeding 

in 3D for different durations. Based on the kinetics of proportions of cells 

positive for ORO, orbital fibroblasts were seeded in gels for 0.5h, 2.5h, 

6h, and 24h before fluorescent FA dye feeding for 1 hour. The FA uptake 

was obtained by measuring fluorescent intensities normalised to protein 

amounts. For example, we treated the cells in gels with FA dye for one 

hour after they were seeded in 3D for 2 hours, the measurement then 

reflecting the FA uptake amount between 2~3 hours after seeding in 3D. 

Data revealed that the FA uptake rate peaked early during 2.5h to 3.5h 

after 3D culture (Figure 4.10). The FA uptake rate change over time was 

minimal, however, with cells maintaining this FA uptake ability, potentially 

continuously accumulate FAs for the following 24 hrs. This is likely to 

contribute to the increase of ORO at 10.5h and peak at 24 hr (Figure 

4.7C). 
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Figure 4.10 Fatty acid uptake ability of COs and HOs are at similar levels. 

After 1 hour of fluorescent FA dye feeding in gels cast with orbital fibroblasts 

0.5h, 2.5h, 6h, and 24h earlier, gels were digested, pelleted, and 

resuspended with lysis buffer before fluorometric analysis. The obtained RFU 

was normalised to protein level. Shown are mean ± SEM of total FA uptake 

per μg protein within 1 hr (averaged COs: from CO3, CO7, CO12, CO13; 

averaged HOs: from HO2, HO6R, HO8, HO9R, n=2-4) 

 

 

 

4.2.2.3 3D spontaneous lipid droplet accumulation 

is not regulated by fatty acid transport 

proteins 

To investigate the role of FA uptake in spontaneous LD formation, we 

examined FA transport proteins expression and knockdown. Gene 

expressions of the main FA transporters in 2D and early kinetics of 3D 

were explored in COs (CO3, CO7, CO12, CO13) and HOs (HO2, HO6R, 

HO8, HO9R). Romani et al. recently reported that cells in 2D produce 

minimal LDs, but the blockage of Rho/ROCK signalling by inhibitors or 

matrix softening significantly stimulates LD formation/accumulation in 

various cell types (Romani et al., 2019). This is consistent with our 
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observation of spontaneous LD formation in 3D, and thus 2D was used 

as a baseline comparison here. The authors also revealed the kinetics of 

upregulation of lipid synthesis related genes at 6 hours and more robust 

at 24 hours. We examined the gene expression at 0.5h, 6h, and 11h to fit 

our short-term ORO result (Figure 4.7C) and FA uptake rate (Figure 

4.10) assuming that gene upregulation may precede uptake and LD 

formation. Orbital fibroblasts expressed all the investigated 

transmembrane fatty acid transporters, including fatty acid transport 

proteins 1 (FATP1), fatty acid transport proteins 4 (FATP4), CD36 (also 

known as fatty acid translocase), caveolin-1 (Cav1), and an intracellular 

transporter -- fatty acid binding protein 4 (FABP4). Cells expressed low 

levels of FATP1, and relatively higher levels of FATP4 and Cav1 (Figure 

4.11). There was no significant difference between COs and HOs in 

expression of any of these genes, only FATP1 and Cav1 were slightly 

higher in HO. FATP1 and FATP4 were upregulated in 3D compared to 

2D, suggesting that they may be involved in LD formation. Therefore, we 

next investigated the involvement of these FA transport proteins by 

inhibitors or knockdown their gene expression. 
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Figure 4.11 Gene expressions of fatty acid transporters 

RNA samples were collected from orbital fibroblasts cultured in 2D and 3D gels 

for 0.5h, 6h, and 11h. Gene expression levels of (A) FATP1 (B) FATP4 (C) 

CD36 (D) FABP4 (E) Cav1 were obtained by real-time PCR (qPCR). Shown are 

mean ± SEM mRNA levels normalised to GAPDH, averaged from 4 control cell 

lines (COs: CO3, CO7, CO12, CO13) and 4 TED cell lines (HOs: HO2, 

HO6R, HO8, HO9R). (*p<0.05, **p<0.01, ***p<0.001, by t-test; n=3). 
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To assess the involvement of these FA transporters in 3D spontaneous 

LD formation, we used inhibitors and siRNAs downregulating FATP1, 

FATP4, CD36, or Cav1. Individual silencing of FATP1, FATP4, CD36, or 

Cav1 did not decrease the LDs, despite the knockdowns being efficient 

(Figure 4.12A,D,F). Considering a possible compensatory effect 

between FATP1 and FATP4, we knocked them down simultaneously. 

The dual knockdown of FATP1 and FATP4 did not decrease the LDs 

either (Figure 4.12B). However, the knockdown efficiency was not as 

good as single knockdowns, and this is possibly due to the half dose of 

siRNA used for each gene. Since the cells still retained 40% of gene 

expression level for both genes, the residual effect might be enough to 

preserve LD formation. None of the chemical inhibitors tested decreased 

the LD formation. The inhibitors tested were CD36 inhibitor 

(sulfosuccinimidyl oleate 200 μM), caveolin1 inhibitors (methyl-beta 

cyclodextrin (MBCD) 5 mM and filipin 5 μg/mL), and other endocytosis 

inhibitors including macropinocytosis inhibitor (amiloride-HCl 0.2 mM) 

and clathrin-mediated endocytosis inhibitor (dynasore 80 μM) (Figure 

4.12C,E). Although blocked FA uptake transporters failed to reduce LD 

formation, we cannot completely rule out a role for uptake because the 

dual knockdown efficiency was not conclusive. These data suggested 

that the 3D spontaneous LD formation in orbital fibroblasts is not solely 

regulated by these FA uptake transporters. 
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Figure 4.12 Inhibitors or gene silencing targeting for fatty acid transporters did 

not decrease LD formation. 

(A-B) Representative TED orbital fibroblasts, HO6R cells, were transfected with 

control, FATP1 and FATP4 siRNAs separately (A), or control and the mixture of 

FATP1 and FATP4 together (B), in 2D for 3 days, and then cells were cultured 

in 3D gels for 1 day before ORO staining. Shown are mean ± SEM Day 1 

fraction of cells positive for ORO. The KD efficiency was expressed as the 

mean ± SEM relative mRNA expression levels normalised to GAPDH and then 

normalised to control siRNA sample using qPCR. (n=3) (C) Mean ± SEM 

fraction of cells positive for ORO from representative TED orbital fibroblasts, 

HO2 cells, cultured in the absence (without DMSO either) or presence of 

sulfosuccinimidyl oleate 200 μM for 1 day. (n=3) (D) Fraction of cells positive 

for ORO of CD36 gene-silenced HO2 cells cultured in 3D for 1 day. The KD 

efficiency was expressed as the mean ± SEM relative mRNA expression levels 

normalised to GAPDH and then normalised to control siRNA using qPCR. (n=3) 

(E) Fraction of cells positive for ORO of HO6R cells cultured in various 

inhibitors blocking endocytosis for 1 day. (n=3, no DMSO in control sample) (F) 

Fraction of cells positive for ORO of Caveolin1 gene-silenced HO6R cells 
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cultured in 3D for 1 day for ORO staining. The KD efficiency was expressed as 

the mean ± SEM relative mRNA expression levels normalised to GAPDH and 

then normalised to control siRNA using qPCR. (n=3) 

 

 

 

4.2.3 3D spontaneous lipid droplet 

accumulation does not reflect de novo 

lipogenesis 

In addition to direct FA uptake, cells are capable of converting glucose 

into FAs in a mechanism known as de novo lipogenesis (DNL) (Figure 

1.18). DNL has never been reported as mechanism for lipid formation in 

TED, but thyroid hormone T3, was reported to upregulate DNL in liver 

(Damiano et al., 2017). As TED is often clinically related to 

hyperthyroidism, we studied the involvement of DNL in LD formation in 

orbital fibroblasts. The transmembrane glucose transporter type 1 and 

type 4 (GLUT1 and GLUT4) are the main glucose transporter on 

adipocytes, and GLUT1, GLUT3, and GLUT4 were found on human 

dermal fibroblasts (Longo et al., 1990). We investigated the gene 

expressions of GLUT1 and GLUT4 in control (COs: CO3, CO7, CO12, 

CO13) and TED (HOs: HO2, HO6R, HO8, HO9R) orbital fibroblasts in 

2D, 3D 0.5h, 3D 6h and 3D 11h. GLUT4 was almost undetectable in 

these samples (data not shown), whereas GLUT1 was upregulated after 

6 hours of 3D culture in both COs and HOs (Figure 4.13A). Functional 

studies were performed in glucose deprivation 3D culture hypothesising 

that if the cells utilised DNL mechanism to produce LDs, glucose 

deprivation would lead to a decrease in LD formation. Representative 

control cell line CO7, and TED cell lines HO2 and HO6R, were cultured 

in 3D in low glucose DMEM (1000 mg/L glucose, 110 mg/L sodium 

pyruvate) and normal culture medium (high glucose 4500mg/mL DMEM). 
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Glucose-free medium was not used because of the concern that lower 

glucose decreases cell viability and increases apoptosis (Visagie et al., 

2015). The low glucose DMEM also contains pyruvate which can be 

used as substrate for DNL. The proportion of ORO positive cells was 

consistently decreased in low glucose medium for both CO and HO cells 

on Day 1, but only moderately and not reaching statistical significance 

(Figure 4.13B). By Day 7, there was no more difference between high 

and low glucose (Figure 4.13C). This suggested that DNL is not involved 

in spontaneous LD formation, or only plays a minor part. To confirm this, 

we examined the effect of inhibitors of fatty acid synthase (FAS or FASN), 

the main enzyme of DNL pathway (Figure 1.18). Neither C75 50 μM 

(FASN inhibitor) nor GSK2194069 1 μM (FASN inhibitor) affected LD 

formation on Day1 in HO2 cells (Figure 4.13D), confirming that DNL is 

unlikely to be the mechanism accounting for spontaneous LD formation.  
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Figure 4.13 De novo lipogenesis (DNL) was not the key determinant for lipid 

formation in 3D 

(A) Gene expression levels of GLUT1 from orbital fibroblasts cultured in 2D and 

3D gels for 0.5h, 6h, and 11h by real-time PCR (qPCR). Shown are mean ± 

SEM mRNA levels normalised to GAPDH, averaged from 4 control cell lines 

(COs: CO3, CO7, CO12, CO13) and 4 TED cell lines (HOs: HO2, HO6R, 

HO8, HO9R). (*p<0.05, **p<0.01, by t-test; n=3). (B-C) Fraction of ORO 

positive cells of CO7, HO2 and HO6R cells cultured in low glucose (1000 mg/L) 

and high glucose (4500 mg/L) DMEM for 1 day (B) and 7 days (C). (D) Fraction 

of ORO positive cells of HO2 cells cultured in 3D for 1 day, treated with nothing 

as control (no DMSO) or FA synthase inhibitors, C75 50 μM and GSK2194069 

1 μM. (Shown are mean ± SEM, n=3) 
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Finally, to exclude the possibility that FA uptake and DNL compensate 

each other for LD formation, we combined knockdown of FA transporters 

with glucose deprivation in TED cells. Although the proportion of ORO 

positive cells was lower in low glucose for all sets, there was no further 

reduction upon knockdown of the main FA transporters (Figure 4.14). 

This confirmed that neither FA uptake nor DNL is the key determinant in 

3D spontaneous LD formation in orbital fibroblasts. 

 

 
 

Figure 4.14 Gene silencing of fatty acid transporters in low glucose medium did 

not decrease lipid formation. 

(A) Representative TED orbital fibroblasts, HO6R cells, were transfected with 

control, FATP1, FATP4, or Cav1 siRNAs. ORO positive cell rates were 

obtained after 1 day of 3D culture in low glucose and high glucose medium. The 

KD efficiency was expressed as the relative mRNA expression levels 

normalised to GAPDH and then normalised to control siRNA sample using 

qPCR. (shown are mean of triplicates, n=1) (B) Representative TED orbital 

fibroblasts, HO2 cells, were transfected with control, or CD36 siRNAs. ORO 

positive cell rates were obtained after 1 day of 3D culture in low glucose and 

high glucose medium. The KD efficiency was expressed as the mean ± SEM 

relative mRNA expression levels normalised to GAPDH and then normalised to 

control siRNA sample using qPCR. (n=2) 
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4.2.4 Lipid droplet protein - Perilipin 2 is 

overexpressed in TED orbital fibroblasts 

The above results have shown that TED cells make more LDs in 3D 

compared to controls (Figure 4.7A). They may have a slightly higher rate 

of FA uptake but not high enough to explain the difference in LD 

accumulation. Since the exploration at the lipid formation aspects have 

not found a principle cause for LDs, we investigated another aspect of 

lipid metabolism, lipolysis (Figure 4.15). Lipid homeostasis is balanced 

between formation and degradation, and proteins on the surface of LDs 

regulate the lipases activities.  
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Figure 4.15 Diagram of lipid metabolism 

Lipid metabolism is regulated by the formation and degradation of LDs. 

Intracellular FAs may come from FA uptake (extracellular FA entering cells 

through FATP or CD36) or DNL (glucose entering cells through GLUT and 

turned into FA) mechanisms. FAs are processed into TG and formed into LDs 

at ER. LDs can be hydrolysed by lipases (ATGL, HSL, MAGL). Adapted from 

(Chen and Li, 2016) 
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Proteins of the perilipin family are important LD surface proteins, which 

stabilise LDs by preventing hydrolysis. Therefore, the gene expressions 

of perilipin 1 (PLIN1) and perilipin 2 (PLIN2, also known as adipophilin or 

adipocyte differentiation related protein, ADRP) were investigated by 

qPCR in samples collected from 2D, 3D 0.5h, 3D 6h and 3D 11h from 

control orbital fibroblasts (COs: CO3, CO7, CO12, CO13) and TED 

orbital fibroblasts (HOs: HO2, HO6R, HO8, HO9R). PLIN1 levels were 

very low and without significant patterns (Figure 4.16A), whereas PLIN2 

was significantly upregulated in HOs in both 2D and 3D 0.5h (p<0.05) 

(Figure 4.16B). Western blots in COs (CO4, CO6, CO7, CO12) and HOs 

(HO1, HO2, HO4, HO6R) in 2D and 3D (7 days) also consistently 

showed higher levels in HOs compared to COs (Figure 4.16C,D). PLIN2 

protein expression was also higher in 3D compared to 2D for both COs 

and HOs although not reaching statistical significance for HOs (Figure 

4.16C,D).  
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Figure 4.16 Perilipin 2 (PLIN2) levels were higher in HOs than COs. 

(A) Gene expression levels of PLIN1 from CO7, HO6R, and HO2 cells cultured 

in 2D and 3D gels for 0.5h, 6h, and 11h analysed by real-time PCR (qPCR). 

Shown are mRNA levels normalised to GAPDH (n=1) (B) Gene expression 

levels of PLIN2 from orbital fibroblasts cultured in 2D and 3D gels for 0.5h, 6h, 

and 11h analysed by real-time PCR (qPCR). Shown are mean ± SEM mRNA 

levels normalised to GAPDH, averaged from 4 control cell lines (COs: CO3, 

CO7, CO12, CO13) and 4 TED cell lines (HOs: HO2, HO6R, HO8, HO9R). 

(*p<0.05, **p<0.01, by t-test; n=3). (C) Representative Western blots probed 

with PLIN2 and GAPDH, samples were from CO7 and HO6R in 2D and 3D for 

7 days. (D) Quantification results of Western blots from PLIN2 protein level 

normalised to GAPDH and then normalised to mean CO4 2D level. Shown are 

mean ± SEM, averaged from 4 control cell lines (COs: CO4, CO6, CO7, CO12) 

and 4 TED cell lines (HOs: HO1, HO2, HO4, HO6R) in 2D and 3D 7 days. 

(*p<0.05, by t-test; n=2-4) 
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To assess whether PLIN2 was localised on LDs in orbital fibroblasts, 

representative TED cell line HO6R cells were seeded on top of the 

collagen gels. Immunofluorescence staining of PLIN2 followed by ORO 

staining was performed 1 day after cells seeded on soft matrix. 

Spontaneous LD formation was as well observed, and this monolayer of 

cells facilitated and improved the imaging quality. PLIN2 protein 

surrounding ORO-stained LDs was demonstrated (Figure 4.17).  

 

 

Figure 4.17 PLIN2 and lipid droplets localisation 

Representative images were from HO6R cells cultured on top of soft matrix for 

1 day followed by immunofluorescence staining for PLIN2 and ORO staining 

showing PLIN2 encircling around ORO stained LDs (arrows). Images were 

taken using Zeiss Axioskop2 microscope with 63x 1.4 oil objective. Merge 

image is from PLIN2 (green), ORO (red), and DAPI (blue). 
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4.2.5 Downregulating perilipin 2 decreased 

lipid droplet accumulation in 3D 

PLIN2 expression was higher in TED cells and in 3D, suggesting a link to 

3D LD formation. We used siRNA to downregulate PLIN2 in a 

representative TED cell line HO6R cells. ORO staining was done after 7 

days of culture in 3D. PLIN2 protein expression was difficult to 

downregulate, with an average knockdown efficiency of only 30% despite 

trying multiple conditions (Figure 4.18A). However, it significantly 

decreased LD accumulation (Figure 4.18B). This indicates that PLIN2 

level regulates 3D LD accumulation in orbital fibroblasts. 

 

 
 

Figure 4.18 PLIN2 gene knockdown decreased ORO positive cells 

(A) Representative Western blots and semi-quantification of PLIN2 levels 

showed the partial reduction of PLIN2 levels after transfection of PLIN2 siRNA 

in TED cells, HO6R (n=3) (B) Downregulating PLIN2 decreased the Day 7 

fraction of HO6R cells positive for ORO by 40% (*p<0.05, t-test, n=3) 
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4.2.6 Increased perilipin 2 expression is linked 

to increased lipid droplet accumulation 

We showed that PLIN2 is upregulated in TED orbital fibroblasts and in 

3D, and the knockdown of PLIN2 decreases LD accumulation. This 

suggested a direct role for PLIN2 in LD regulation. TED development is 

initiated with inflammatory reactions and involvement of cytokines. On 

the other hand, previous studies have shown that a number of cytokines 

such as LPS, IL-6, IL-1α, and IFN-β lead to PLIN2 upregulation (Gu et 

al., 2008a). Therefore, we hypothesised that PLIN2 increased levels in 

TED fibroblasts may be a consequence of inflammation. We treated 

representative control cell line CO7 with various cytokines including IL-1β 

10 ng/mL, IL-6 20 ng/mL, TNFα 10 ng/mL, IFNγ 20 ng/mL, and a mixture 

of these four together for 3 days in 2D. IL-1β alone and the mix 

significantly increased PLIN2 protein levels, whereas the others did not 

affect or mildly decreased PLIN2 level (Figure 4.19A). In addition, 

macrophage-conditioned medium was able to increase PLIN2 level in 

CO7 cells (Figure 4.19B). These suggested that the increased PLIN2 

level in TED cells may indeed be the result of the inflammatory phase in 

TED, and this also gave us an experimental way of increasing PLIN2 

levels in cells. 
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Figure 4.19 Cytokines and macrophage conditioned medium stimulate PLIN2 

expression 

Representative Western blots and semi-quantification of PLIN2 levels in 

response to cytokine treatment (A) or macrophage conditioned medium (B) for 

3 days in control orbital fibroblast cell line CO7. Shown are mean ± SEM. 

(*p<0.05, **p<0.01, t-test, n=3) 

 

 

To further investigate whether an increase in PLIN2 levels is sufficient to 

increase the ability of fibroblasts to form LDs in 3D, we thus stimulated 

two control orbital fibroblasts cell lines CO7 and CO12 cells with cytokine 

mixture for 3 days, and then transferred to 3D culture in 10% FBS DMEM 

(without continuous cytokine stimulation) for another 7 days before ORO 

staining was performed. The cytokine mixture led to an increase in 

PLIN2 protein expression (Figure 4.20A) and subsequently increased 

the proportion of cells positive for ORO in 3D (Figure 4.20B). These 

indicated that PLIN2 may be an important mediator in regulating 

cytokine-stimulated cells to result in lipid metabolism disequilibrium and 

lead to the pathogenesis of fat expansion in TED development. When 
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cytokine stimulation was further given in 3D for 7 days, there were higher 

rates of cells positive for ORO regardless of previous cytokine treatment 

in 2D or not (Figure 4.20C). This suggested that PLIN2 may be a major 

contributor of LD formation in TED. 
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Figure 4.20 Cytokine stimulation increased LD accumulation in 3D 

(A) Representative Western blots for PLIN2 levels in response to cytokines 

treatment in CO7 and CO12 for 3 days in the presence of 10% serum, 

quantified by normalisation to GAPDH and then to the control without 

cytokine sample and expressed as mean ± SEM (each n=3) (B) Cytokine-

treated CO7 and CO12 cells showed higher proportions of ORO positive cells 

on Day 7 than those without cytokine treatment. (*p<0.05, t-test, n=3) (C) 

CO7 cells were cultured in 2D in 10% FBS with or without cytokine mixture 

for 3 days and followed by 3D culture with or without cytokine treatment for 

another 7 days before ORO staining. (2D- means no cytokine treatment in 

2D, 2D+ means with cytokine treatment in 2D, 3D- means no cytokine 

treatment in 3D, 3D+ means with cytokine treatment in 3D) (Shown are mean 

of triplicates, n=1) 
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4.3 Discussion 

Spontaneous LD formation is a key feature of orbital fibroblasts, with 

TED fibroblasts producing significantly more vesicles than control ones. 

Because of the literature linking TED and adipogenesis, we initially 

hypothesised that 3D culture triggered adipogenesis, especially in TED 

orbital fibroblasts, due to the mechanical cues. Adipogenesis is the 

differentiation of stem cells or preadipocytes into mature adipocytes 

which typically present with large unilocular LDs. Adipogenic 

transcription factors C/EBPβ, C/EBPδ, PPARγ and C/EBPα regulate 

adipogenesis and stimulate the expression of aP2, adiponectin, LPL and 

GLUT4. Our work on adipogenesis markers showed that the soft ECM 

was not sufficient to differentiate orbital fibroblasts into mature 

adipocytes, indicating that the observed LDs were not produced through 

classical adipogenesis. On the other hand, LDs can also be considered 

as organelles, which is a general process in all cells (Qi et al., 2017). The 

LDs are dynamically regulated through the balance between formation 

and degradation. We found that orbital fibroblasts uptake FAs to produce 

more LDs, suggesting that LD formation in 3D is more likely to reflect a 

general LD accumulation mechanism associated with FA uptake, and is 

different from adipogenesis. The transport proteins related to increase of 

intracellular FAs including FATP1, FATP4, CD36, Cav1, FABP4 and 

GLUT1 did not seem to determine the 3D LD formation in our model. 

Only the surface protein, PLIN2, was revealed upregulated in TED cells 

and in 3D (Figure 4.21). This is the first time lipid metabolism and LD 

accumulation were investigated in TED, and the significance of PLIN2 

has never been reported in TED studies. 

 



 

172 

 

 

Figure 4.21 Diagram of lipid metabolism related molecules tested. 

FA uptake related transport proteins FATP1, FATP4, CD36, FABP4, caveolin-

1(cav1), glucose transporter GLUT1, and LDs surface proteins PLIN1 and 

PLIN2 were studied in this project. Components obtained from (Guo et al., 

2009; Hagberg et al., 2013; Palestini et al., 2011; Razani, 2002) 

 

4.3.1 Adipogenesis 

We failed to prove our hypothesis that spontaneous LD formation in 3D 

was derived from adipogenesis. Our 3D cells produced only small LDs, 

were not rounded up morphologically, and did not show related 

adipogenesis markers compared to classical chemical adipogenesis cells. 

Although the importance of soft ECM in differentiation towards adipocyte 

lineage has been emphasized (Engler et al., 2006; Huebsch et al., 2010), 

ECM stiffness only contributes to the commitment of preadipocytes step 

in adipogenesis pathway (Figure 1.12). Further adipogenic induction and 

ligand binding are still required to complete the full adipogenesis (Figure 

1.12, Figure 1.13). This is possibly why we did not get any significant 

difference in adipogenesis markers between 2D and 3D cells in the 
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absence of adipogenic differentiation medium (Figure 4.3, Figure 4.5), 

and we did not get detectable late markers of adipogenesis either. This 

indicates that our 3D culture probably is not sufficient to differentiate 

orbital fibroblasts into mature adipocytes in the absence of adipogenic 

inducers.  

In addition to the necessity of adipogenic inducer, another prerequisite 

for successful in vitro adipogenic differentiation is cell confluency and 

contact inhibition of preadipocytes before adipogenic induction. When 

cells are confluent, they stop proliferating and are at the growth arrest 

G0/G1 in the cell cycle. The addition of adipogenic inducers make cells 

reenter cell cycle and express C/EBPβ and C/EBPδ to start the 

adipogenesis cascade (Patel and Lane, 2000). Adipogenic induction on 

subconfluent preadipocytes did not result in full adipogenesis (Frackelton 

et al., 2000). Cells grown in 3D often proliferate less, and their cell cycle 

progression is slowed down (Edmondson et al., 2014; Riedl et al., 2017), 

which is different from the nonproliferation and cell cycle arrest in 2D 

confluency.  

There are very few reports presenting full adipogenesis derived from 

pure ECM modification without adipogenic inducers and which can 

successfully trigger adipogenic transcription factors – C/EBPs and 

PPARγ, terminal adipogenesis markers, and lipid vesicles formation. 

Successful adipogenesis induced by soft ECM without any additive 

chemicals was shown in human white adipose-derived adult stem cells 

(Young et al., 2013), but detailed mechanisms on how the soft ECM 

activated the whole adipogenesis process was not mentioned. The 

above study might be an exception, or the stem cells they used were 

more sensitive than orbital fibroblasts to adipogenic differentiation. We 

were not able to replicate this in our system. 

We did not detect late adipogenic markers – adiponectin and LPL in any 

of the samples in the absence of adipogenic inducers despite longer 

incubation, but both adiponectin and LPL were detectable in cells 
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cultured in the presence of adipogenic inducers, indicating that 

adipogenic inducers are essential for full adipogenesis in our cells. When 

we compared the gene expression levels of adiponectin and LPL 

between 2D and 3D differentiated samples, 3D levels were consistently 

lower than 2D differentiated samples for both adiponectin and LPL, 

although 2D results presented with wide error bar and were repeated 

only twice (Figure 4.4D). This is in line with the LDs aspect under 

microscope where 3D chemical differentiated LDs were fewer and 

smaller compared to 2D counterparts (Figure 4.1), and is consistent with 

the total TG measurement on D14 where 3D chemical differentiated cells 

contained lower TG level compared to 2D ones (Figure 4.6A). But this is 

against the assumption that soft matrix contributes to the preadipocytes 

commitment, and the addition of adipogenic inducers should have 

synergistically enhanced the adipogenesis. This may be possibly due to 

the less confluency of 3D culture to mediate a full adipogenesis as 

aforementioned, or it is also possible that 3D environment has a 

mechanism preventing against adipogenesis. 

 

4.3.2 Lipid droplet accumulation 

Our work on adipogenesis did not support that 3D LDs are products from 

classical adipogenesis, and they must be produced from other 

mechanism. LDs are involved in both “adipogenesis” and “LD 

accumulation/growth” mechanisms, and these two are distinct 

mechanisms (Qi et al., 2017). LDs are considered as ubiquitous 

organelles for lipid storage, and their sizes range from <1 μm small lipid 

dots in all cells to >2 μm or up to 10 μm giant lipid vesicles in 

hepatocytes and adipocytes (Walther et al., 2017). Our 3D 

spontaneously-formed LDs are small ones ranging from <0.15 μm to 2 

μm. Although LDs are regarded ubiquitous in all cells, we did not observe 

much in orbital fibroblasts grown in 2D. Only when orbital fibroblasts 

were cultured in 3D, LDs were prominently visualised after lipid staining. 
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This indicated a role for mechanical cues in LD accumulation. Recently, 

Romani et al. reported that ECM mechanical cues regulate LD 

accumulation as a general phenomenon in different types of cells 

(Romani et al., 2019). They demonstrated that LD accumulation 

increased in response to inhibiting Rho, ROCK, myosin light chain kinase 

(MLCK) or to soft ECM, whereas in stiff matrix in the absence of 

inhibitors of Rho, ROCK, or MLCK failed to induce LD accumulation. 

Their observation is consistent with our findings of the spontaneously LD 

formation in 3D soft ECM. The morphology and timescales of their LDs 

are similar to ours as well. They visualised LDs 6h after treating cells 

with those inhibitors, and the amount of LDs increased and was 

sustained for 48h. This is comparable to our visualisation of LDs 3.5h 

after cells seeded in 3D and the peak of LDs at 24h (Figure 4.7C). 

Furthermore, they revealed that mechanical cues-induced LD 

accumulation is regulated through SREBPs. SREBPs are known to 

regulate many lipogenic enzymes including acetyl CoA carboxylase, fatty 

acid synthase (FASN), HMG CoA synthase, HMG CoA reductase, 

mevalonate kinase, and thus regarded very important in the mechanism 

of LD formation (Horton et al., 2002). Romani et al. showed that the ECM 

responsive nuclear SREBP peaked at around 6h and started to fade at 

24h. As LDs are dynamic organelles, the degradation of LDs will 

decrease the overall LDs if the upregulation genes such as SREBP do 

not last. This may possibly explain our prominent LDs appearance at 

10.5h and peak at 24h, and then decrease gradually (Figure 4.7C), 

although we have not investigated if our 3D spontaneous LDs are 

regulated by SREBPs or any other genes to have a corresponding 

kinetic pattern.  
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4.3.3 Lipid droplet accumulation inhibits 

adipogenesis  

From above, we have confirmed that orbital fibroblasts spontaneously 

produce LDs using a mechanism distinct from adipogenesis. The two 

pathways may counteract each other (Figure 4.22), and this is supported 

by our results: 1) inhibiting adipogenesis with PPARγ inhibitor increased 

LD formation (Figure 4.5B), and 2) cells cultured in 3D with chemical 

adipogenic differentiation produced smaller and fewer LDs (Figure 4.1), 

expressed lower levels of late adipogenesis markers (Figure 4.4D), 

contained lower levels of TG (Figure 4.6A), compared to cells cultured in 

2D with chemical adipogenic differentiation. It is possible that 3D LD 

formation and adipogenesis antagonise each other, or at least, 3D LD 

formation antagonises adipogenesis. Such an antagonism between 

adipogenesis and LD accumulation could be mediated by seipin and 

phosphatidic acid (PA) (Qi et al., 2017). Seipin is an integral membrane 

protein in ER regulating lipid metabolism. The seipin gene knockout mice 

presented enlarged and enhanced LDs in adipocytes, but decreased 

adipogenesis related gene expression (Liu et al., 2014). The reduction in 

adipogenesis was attributed to the accumulation of PA in the absence of 

seipin since PA is a PPARγ antagonist which stabilises the binding of 

corepressor to PPARγ (Tsukahara et al., 2017). The possible 

explanation for the increase of LD size in seipin deficiency was adequate 

PA accumulation to provide enough phospholipids coat for LD growth. 

We have not explored whether seipin and Lipin-1 are decreased and PA 

is increased in our 3D soft ECM. But Romani et al. reported that 

Rho/ROCK/MLCK inhibition led to Lipin-1 decrease (Romani et al., 2019). 

Therefore, it will be interesting to study the effect of soft ECM on seipin, 

Lipin-1, PA, and SREBP in orbital fibroblasts using our 3D model.  
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Figure 4.22 Adipogenesis and LD growth are two distinct processes 

A loss of seipin or Lipin-1 increases phosphatidic acid (PA) accumulation, which 

may antagonise PPARγ in differentiating preadipocytes into mature adipocytes. 

PA level is positively correlated to LD size. PA promotes LD growth while 

inhibiting adipogenesis. Adapted from (Qi et al., 2017) 

 

 

4.3.4 Long-chain fatty acids composition of TG 

Our TG lipidomics analysis revealed that chemical adipogenic 

differentiation yielded a different pattern of FAs from those in 3D 

spontaneous LD formation (Figure 4.8). Chemical adipogenic 

differentiation not only increases cellular lipid contents, but also alters the 

FAs composition of lipids  (Liaw et al., 2016). This is consistent with our 

observation. It was also reported that lipid profiles from 3T3-L1 

undergoing adipogenic differentiation were overlapping but differed from 

those from in vivo WAT in mouse (Liaw et al., 2016). Moreover, in orbital 

fibroblasts, the TG analysis revealed that FA patterns in 3D chemical 
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adipogenic differentiation was generally more similar to 2D chemical 

adipogenic differentiation (Figure 4.8), but it was likely in the transition 

between 2D chemical adipogenic differentiation and 3D spontaneous LD 

accumulation, which was evidenced in 16:1 n-7 and 18:0 (Table 4.1). 

This is in line with the concept discussed earlier that 3D chemical 

adipogenic differentiation demonstrated a decreased effect in 

adipogenesis as cells were also making LDs using the spontaneous LD 

accumulation mechanism. It is a limitation that we did not have the TED 

and control orbital fat tissue to compare the lipid profiles, and we are not 

able to know whether cells cultured in the 3D in vitro model present a 

lipid profile more similar to in vivo orbital fat than the classical adipogenic 

differentiation model. 

Lipidomics analysis of FA composition also revealed that chemical 

differentiated cells produced more unsaturated FAs from saturated FAs, 

which is more significant in TED cells. According to long-chain FA 

synthesis pathway, this desaturation requires stearoyl-CoA desaturase 1 

(SCD1) (Paton and Ntambi, 2009) (Figure 1.15). SCD1 is regulated by 

the aforementioned SREBP, and related to metabolic syndrome. The 

SCD1 deficiency results in resistance to obesity, increases insulin 

sensitivity (ALJohani et al., 2017; Attie et al., 2002; Flowers and Ntambi, 

2008). Functionally, unsaturated FAs are important substrates for 

synthesis of complex lipids. Here TED cells showing more robust 

response to adipogenic differentiation may be due to upregulated SCD1 

gene. And as SCD1 gene is positively linked to obesity, this is in line with 

the fat expansion phenotype of TED.  

 
 

4.3.5 Clarifying fatty acid or glucose uptake 

We tried to clarify if FA uptake or DNL contributed to LD formation by 

observing LDs in response to depletion FA transport proteins and 
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glucose, but we did not find either to be the main determinant for 3D LD 

accumulation (Figure 4.12, Figure 4.13B-D, Figure 4.14). However, 

these are not straight-forward approaches, and we evaluated cell 

response by counting lipid-producing cells which could possibly be 

formed in any cellular stress condition. The weakness here is that 

manipulating one factor may cause compensatory effects from other 

contributors (Umbarawan et al., 2018). This is the reason we did FA 

transport protein knockdown and glucose deprivation simultaneously in 

Figure 4.14, but it was not straight-forward and not ideal either. Another 

possible issue is that any manipulation may be a stress to cells and thus 

LDs are produced. We observed more LDs in 3D cultured orbital 

fibroblasts in serum-free medium, and there was some evidence of 

autophagy in serum-free, suggesting a possible link between stress and 

LDs (data not shown). Therefore, a better way to clarify the contributions 

of FA uptake or DNL in LD synthesis is by using isotope tracers 

combined with subsequent mass spectrometry analysis. Cells in vitro are 

fed with isotope labelled carbohydrate substrates, and they incorporate 

isotope labelled carbohydrate into FAs, together with unlabelled FAs 

obtained from uptake, to make TG. By further spectrometry, the 

contributions from DNL (labelled) and uptake (unlabelled) can be 

quantified (Tumanov et al., 2015). The utilisation of FA or glucose to 

make TG and LDs varies among different tissues and cell types and is 

dynamic in response to stimulations like glucose, hypoxia, and excess 

FAs (Bensaad et al., 2014; Frayn et al., 2006). It is important to be able 

to clarify the effects from FA uptake or DNL, because different source of 

FAs may provide divergent functions. For example, in a CD36 knockout 

cardiac hypertrophy/fibrosis mouse model, glucose uptake surge 

compensated the FA uptake impairment in cardiac myocytes, and TG 

level remained unchanged in cardiac tissue. However, the ATP synthesis 

in CD36 knockout was decreased, suggesting that FAs produced from 

DNL were not utilised for providing energy (Umbarawan et al., 2018). 

When TED cells present more LDs than control cells, we do not know if 
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the proportion of contributions from FA uptake and DNL are conserved or 

altered. And if it is altered, it will be informative to know whether this 

alteration is associated with energy utilisation in TED. 

 

4.3.6 PLIN2 

We found that TED cells express higher levels of PLIN2 RNA and protein 

compared to control cells. But when comparing between 2D and 3D, 3D 

PLIN2 protein levels were higher than 2D in both TED and control, but 

PLIN2 gene expression in qPCR was not upregulated after shifted to 3D. 

This may be due to the difference in timescale in which mRNA was 

collected within 12 hrs of 3D culture in gels while 3D protein samples 

were from 7 days of incubation. It is also possible that PLIN2 protein in 

3D and HOs are translated more efficiently or less degraded. This is 

consistent with reports showing that PLIN2 unbound to LDs is rapidly 

degraded by the proteasome (Masuda et al., 2006; Xu et al., 2005), and 

LDs acting as a post-translational control of PLIN2 protein levels. In such 

case, if PLIN2 proteins are less degraded in 3D and maintained at higher 

level, this will also support the positive correlation of PLIN2 level with 

LDs quantity in 3D (Figure 4.7A).   

The PLIN2 knockdown efficiency was poor and maximally at just 30% 

decrease in TED cell line HO6R in various conditions tried (Figure 4.18). 

When we silenced PLIN2 in control cell lines CO7 and CO12, the 

knockdown efficiency was slightly better at 44% and 64%, respectively 

(data not shown). But the same silencing of PLIN2 in CO7 and CO12 in 

the presence of cytokine mixture where PLIN2 was significantly 

upregulated, the knockdown rate was decreased to 26~39% again (data 

not shown), suggesting that the higher PLIN2 level cells express, the 

more difficult it is to knock PLIN2 down. On the other hand, even though 

the knockdown efficiency was not satisfying in HO6R cells, partial 

silencing still reduced the LD accumulation (Figure 4.18). Therefore, the 
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LDs are closely related with PLIN2 level, but we have not investigated 

how they are linked yet.  

Furthermore, we have found that IL-1β upregulated PLIN2 expression 

and promoted LD accumulation in our control orbital fibroblasts (Figure 

4.19, Figure 4.20). In previous studies, inflammatory molecules LPS, IL-

6, IL-1α, and IFN-β were shown to increase PLIN2 expression (Gu et al., 

2008b; Ohhira et al., 2007), although lipid accumulation was not 

investigated. In addition, IL-1β and TNF-α were reported to enhance the 

intracellular TG and cholesterol accumulation in lipid-loaded 

macrophages to promote foam cell formation, and were found to 

suppress lipid turnover and efflux in macrophages (Persson et al., 2008). 

Since LD accumulation is associated with PLIN2 (Motomura et al., 2006; 

Straub et al., 2008), possibly IL-1β upregulates PLIN2 and then reduces 

lipid turnover to cause LD accumulation.  

There are two possible mechanisms linking PLIN2 to LDs, and they have 

not been thoroughly clarified yet. One is that LDs are produced first and 

followed by more PLIN2 being preserved, and this is supported by 

evidence of degradation of unbound PLIN2 (Masuda et al., 2006; Xu et 

al., 2005). The other is PLIN2 being upregulated first and then more LDs 

being sequestered. This is based on the mechanism of PLIN2 preventing 

lipolysis (Listenberger et al., 2007; Sapiro et al., 2009). We do not know 

how PLIN2 and LDs are correlated with each other in 2D and 3D, and in 

control and TED cells. Future work will be needed to investigate the role 

of PLIN2 in LD accumulation in orbital fibroblasts in: (1) proteasome 

degradation of PLIN2, (2) lipolysis, and (3) ATGL, HSL association with 

PLIN2 and LDs (Figure 4.23). 
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Figure 4.23 Proposed model for PLIN2 and LD accumulation in orbital 

fibroblasts. 

Left: When PLIN2 and LDs levels are low (possibly in control orbital 

fibroblasts, 2D, or no cytokine stimulated conditions), unbound PLIN2 are 

degraded by ubiquitin/proteasome pathway, and ATGL can access LDs and 

hydrolyse LDs. Right: When PLIN2 and LDs levels are high (possibly in TED 

orbital fibroblasts, 3D, or cytokine stimulated conditions), PLIN2 dissociates 

ATGL from LDs and thus prevents lipolysis. 

 
 

 

4.3.7 Conclusion 

We clarified that the more prominent spontaneous LDs in 3D culture in 

TED orbital fibroblasts is not from classical adipogenesis. These LDs are 

products from FA uptake in lipid metabolism. While TED and control 

fibroblasts showed similarity in FA uptake, PLIN2, a surface protein on 

LDs, was expressed at significant higher levels in TED cells than control 

ones. PLIN2 expression could be enhanced by cytokine stimulation and 
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followed by LDs increase, simulating the inflammatory reactions resulting 

in fat expansion in TED. The decrease of PLIN2 expression was found to 

reduce LDs, therefore PLIN2 may represent a new marker of TED 

progression.  
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Chapter 5  Macrophage involvement in 

TED 

5.1 Introduction 

Macrophages are involved in immune reactions in phagocytosis and 

secretion of cytokines, and they interact with T cells by presenting 

antigens to T cells and being activated by T cells. TED is an autoimmune 

disease mainly initiated by T cell reactions, and macrophage involvement 

in TED was reported in IHC studies (Chen et al., 2008; Pawlowski et al., 

2014), but detailed mechanisms have not been revealed. In obesity 

model, macrophages have been complicated in adipogenesis and 

fibrosis (Martinez-Santibanez and Lumeng, 2014), with features 

comparable to TED pathogenesis. CD11c+ M1 subtype macrophages 

inhibit adipogenesis and promote inflammation and fibrosis, whereas 

CD11c- M2 macrophages promote adipogenesis (Lumeng et al., 2008; 

Martinez-Santibanez and Lumeng, 2014). Therefore, we hypothesised 

that macrophages might play a role in orbital fat of TED similar to that in 

obesity model with respect to adipogenesis and fibrosis. We co-cultured 

macrophages with TED or control orbital fibroblasts in vitro in 3D 

(Kechagia et al., 2016; Li et al., 2014), and examined lipid formation, HA 

production and fibrosis via ORO staining, HA ELISA and contraction 

assay, respectively. We further explored the possible downstream 

pathways involved in the macrophage-related lipid formation, HA 

secretion and fibrosis. 
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5.2 Results 

5.2.1 Macrophages do not affect spontaneous 

lipid formation in 3D orbital fibroblasts 

In order to understand if macrophages promote lipid formation in orbital 

fibroblasts, the 3D culture system was used to study the interaction 

between macrophages and orbital fibroblasts after mixing orbital 

fibroblasts with macrophages as a co-culture. TED orbital fibroblasts 

(HOs: HO1, HO2, HO4, HO6R) and control orbital fibroblasts (COs: CO4, 

CO5, CO6, CO7) were co-cultured with monocyte-derived human 

macrophages (U937 line) at a 1:1 ratio for 7 days before ORO staining. 

Macrophages did not alter the ability of orbital fibroblasts to produce LDs 

(Figure 5.1A, B), although there was a trend for an increase in ORO 

positivity in the two control orbital fibroblast lines (CO4 and CO7) with 

low levels of LDs. Further increasing macrophage proportion in the co-

culture up to five times more had a moderate effect, but without a 

statistically significant increase in LD formation (Figure 5.1C). This 

suggested that macrophages do not significantly modulate spontaneous 

LD formation in orbital fibroblasts in 3D. 
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Figure 5.1 Macrophages do not significantly alter spontaneous lipid droplet 

formation in 3D-cultured orbital fibroblasts. 

(A) Representative Oil-Red-O (ORO) staining of lipid-containing vesicles in 

orbital fibroblasts in 3D culture for 7 days: HO2 without macrophages (left) and 

CO6 with macrophages (right, arrow), at a 1:1 fibroblast:macrophage ratio. 

(scale bar, 25 μm) (B) Macrophages did not alter spontaneous LD formation in 

3D culture. TED (HOs) or control (COs) fibroblasts (0.74x105 cells/mL) were 

cultured with macrophages (0.74x105 cells/mL) at a 1:1 fibroblast:macrophage 

ratio in the presence of 10% serum for 7 days. The fraction of ORO positive 

cells is shown as mean ± SEM. (n=3, no statistical difference between with and 

without macrophages) (C) ORO positive cells in control fibroblast lines, CO4 

and CO7, did not significantly increase as the number of macrophages 

increased to 1.5x105 cells/mL or 3.7x105 cells/mL. (mean ± SEM; n=4, p=0.2162 

(CO4) and p=0.0773 (CO7), one-way ANOVA) 
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5.2.2 Macrophages stimulate hyaluronic acid 

(HA) production in orbital fibroblasts 

HA release in both 3D gels and medium was assessed using an ELISA 

assay. Four control (COs: CO4, CO5, CO6, CO7) and four TED (HOs: 

HO1, HO2, HO4, HO6(R)) fibroblast lines were cultured with/without 

macrophages at various ratios in 3D collagen gels in serum-free medium 

(as high HA levels are present in serum; data not shown). In the absence 

of macrophages, TED orbital fibroblasts secreted significantly higher 

levels of HA compared to control orbital fibroblasts, consistent with 

previous reports using cells cultured as 2D monolayers (Smith and Hoa, 

2004). Co-culturing orbital fibroblasts with macrophages at 1:2 and 1:5 

ratio significantly increased HA production in both control and TED 

fibroblasts, with higher HA levels for TED orbital fibroblasts (Figure 5.2A). 

IGF-1 working through IGF-1R on orbital fibroblasts has classically been 

reported to activate HA secretion (Krieger et al., 2015; Smith and Hoa, 

2004). To determine whether macrophages stimulate HA production 

through IGF-1, a representative TED cell line, HO2, was co-cultured with 

macrophages at 1:2 fibroblast:macrophage ratio in the presence of IGF-

1R blocking antibody. Inhibiting IGF-1R signalling did not affect 

macrophage-induced HA secretion, although as expected, it reduced 

IGF-1-mediated HA production in fibroblasts alone (Figure 5.2B) 

(Krieger et al., 2016; Smith and Hoa, 2004). This suggested that 

macrophages can stimulate HA production in orbital fibroblasts 

independently of IGF-1R signalling. 
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Figure 5.2 Macrophages stimulate hyaluronic acid (HA) production by orbital 

fibroblasts. 

(A) Control (COs) and TED-derived (HOs) orbital fibroblasts were co-cultured in 

collagen gels in serum-free medium with macrophages at different ratios 

(fibroblasts 0.74x105 cells/mL; macrophages 1.5x105 cells/mL or 3.7x105 

cells/mL) and HA levels were measured from pooled medium and gel digest 

after 3 days (mean ± SEM; COs: CO4, CO5, CO6, CO7; HOs: HO1, HO2, HO4, 

HO6(R); 3~4 independent experiments each) (*p<0.05, **p<0.01, ***p<0.001, 

one-way ANOVA. Stars directly above HOs bars indicate the comparison 

between COs and HOs in that fibroblast:macrophage ratio group, t-test) (B) 

HO2 cells (0.74x105 cells/mL) were cultured with macrophages at 1:2 ratio 

(macrophages 1.5x105 cells/mL) or in the presence of 20 μM IGF-1. IGF1 

signalling was tested by adding IGF-1R blocking antibody 5 μg/mL in medium 

and 10 μg/mL in gel mix (n=3, *p<0.05, **p<0.01, one-way ANOVA) (no 

statistical significance between IGF-1 vs IGF-1+IGF-1R Ab p=0.057, t-test). 

 

5.2.3 Macrophages promote orbital fibroblast 

contractility independently of alpha-

smooth muscle actin expression 

We previously showed that, in the presence of 10% serum, TED orbital 

fibroblasts contracted collagen matrix more efficiently than control 
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fibroblasts and were more responsive to pro-fibrotic and pro-

inflammatory cytokines TGF-β1 and IL-1β (Li et al., 2014). To determine 

whether macrophages alone could stimulate orbital fibroblasts contractile 

properties as they do for other ocular fibroblasts (Kechagia et al., 2016), 

control (COs: CO4, CO6, CO7) and TED (HOs: HO1, HO2, HO4) orbital 

fibroblasts were co-cultured with macrophages in serum-free medium at 

a 2:3 fibroblast:macrophage ratio. The use of serum-free medium is to 

eliminate the effect from serum, and macrophages alone are unable to 

contract collagen gels (Kechagia et al., 2016). Orbital fibroblasts are 

poorly contractile in serum free medium (Li et al., 2014) and, therefore, 

higher numbers were needed to detect contraction, these higher 

numbers of fibroblasts limiting the amount of macrophages that can be 

added to co-cultures without overcrowding the gels. Nevertheless, 

macrophages significantly promoted contraction for both control and TED 

fibroblasts (Figure 5.3A). 

As orbital fibroblasts are highly contractile in the presence of serum, and 

responsive to TGF-β1 (Li et al., 2014), which is a cytokine involved in 

promoting the myofibroblast fibrotic phenotype, we sought to determine 

whether orbital fibroblast contractility was linked to expression of the 

classical fibrosis marker αSMA, which is known to regulate fibroblast 

contractility (Hinz et al., 2001). We expected that the higher αSMA level 

cells expressed, the more contractile cells would be. Both control (COs: 

CO4, CO6, CO7) and TED (HOs: HO1, HO2, HO4) orbital fibroblasts 

expressed significant levels of αSMA when cultured in the presence of 

10% serum, with αSMA expression being slightly higher in 3D as 

compared to 2D, and levels overall consistently higher in TED cells. As 

expected, αSMA levels were significantly reduced in serum-free medium, 

with TED (HO) cells retaining significantly more αSMA than control (CO) 

ones (Figure 5.3B).  
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Figure 5.3 Macrophages promote orbital fibroblasts contractility. 

(A) Orbital fibroblasts (1.48x105 cells/mL) were cultured with macrophages (2.22 

x105 cells/mL) in serum-free medium for 7 days. Gel contraction is shown as 

mean ± SEM. Control (COs) and TED (HOs) fibroblasts are each averaged 

from 3 lines (COs: CO4, CO6, CO7; HOs: HO1, HO2, HO4) with n=3 and 

triplicates in each experiment. (*p<0.05, **p<0.01, t-test) (B) Representative 

Western blots and quantification of relative αSMA protein levels for the same 3 

COs and 3 HOs cell lines after 5-7 days culture in the presence of 10% serum 

in monolayers (2D) and in gels (3D 10% FBS), and in serum-free medium in 

gels (3D SF) (n≥3; *p<0.05, **p<0.01, by one-way ANOVA and post-hoc.)  
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In contrast to the macrophage-induced contractility, 10% serum strongly 

induced fibroblast contractility, with gel contraction rates reaching 56-

72% on Day 7 at low fibroblasts counts (Figure 5.4A). There is a trend of 

TED cells being more contractile than control cells as previously reported 

(Li et al., 2014), but no statistical significance was shown. In order to 

know if the serum-induced contractility in orbital fibroblasts is determined 

by the basic intrinsic αSMA protein levels in 3D in the presence 10% 

serum on Day 7, linear regression was done between gel contraction in 

10% FBS and the αSMA protein levels in 3D in 10% FBS of each cell line. 

It showed that serum-induced contractility correlates well with intrinsic 

αSMA level in 3D 10% serum (R2=0.84, p=0.01) (Figure 5.4B). Further 

linear regression was done between macrophage-induced contractility 

and intrinsic relative αSMA level in 3D 10% serum on Day 7. Poor 

correlation of macrophage-induced contractility with αSMA level in 3D in 

10% serum was revealed (R2=0.24, p=0.32) (Figure 5.4C), suggesting 

that macrophage-induced contractility is not comparable to serum-

induced contractility and is not determined by the intrinsic αSMA level in 

3D in 10% serum. These suggested that the regulating pathway for 

macrophage-induced contractility is different from that for serum-induced 

contractility, which may be partly determined by the intrinsic αSMA level 

in 3D in 10% serum.  
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Figure 5.4 Serum-induced orbital fibroblast contractility is correlated with Day 7 

intrinsic αSMA level. 

(A) Orbital fibroblasts (0.74x105 cells/mL) in the presence of 10% serum are 

contractile on Day 7. Gel contraction is shown as mean ± SEM. (COs: CO4, 

CO6, CO7; HOs: HO1, HO2, HO4; each with n=3 and triplicates in each 

experiment) (B,C) Correlations of relative αSMA protein level in 3D in 10% 

serum and Day 7 fibroblast contractility [serum-induced (B); macrophage-

induced (C)] were analysed by linear regression in 3 COs and 3 HOs (Each dot 

represents a cell line; COs in blue: CO4, CO6, CO7; HOs in red: HO1, HO2, 

HO4; each n=3).  

 

 

To confirm a possible role for αSMA inducing orbital fibroblast 

contraction, gene silencing of αSMA was performed in a representative 

TED cell strain, HO2. Cells were then cultured in gels in medium with 

10% serum or co-cultured with macrophages in serum-free medium to 
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observe gel contraction for 7 days. Downregulating αSMA to minimal 

levels using siRNA (Figure 5.5A) significantly reduced serum-mediated 

gel contraction in HO2 cells (Figure 5.5B), but did not affect 

macrophage-mediated contraction in the absence of serum (Figure 

5.5C). This again confirmed that macrophage-induced orbital fibroblast 

contractility may be distinct from serum-induced contractility, and not 

directly linked to αSMA levels.  

 
 

Figure 5.5 Downregulation of αSMA reduces serum-induced contractility, but 

not macrophage-induced contractility. 

(A) Representative Western blot and semi-quantification of αSMA levels 

showed effective αSMA knockdown by siRNA in TED orbital fibroblasts HO2. 

(n=4) (B) Downregulating αSMA significantly decreased the contractility of HO2 

fibroblasts (0.74x105 cells/mL) in the presence of 10% serum (n=3 and 

triplicates in each experiment, Day 7 p<0.001, t-test) (C) Downregulating αSMA 

did not decrease macrophage-stimulated contraction of HO2 orbital fibroblasts 

in serum-free medium (HO2 1.48x105 cells/mL, macrophages 2.22x105 

cells/mL, n=4 and triplicates in each experiment, Day 7 p=0.077, t-test). 
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5.2.4 Macrophages stimulate actin 

polymerisation and protrusive activity in 

orbital fibroblasts 

To better understand how macrophages stimulate contraction, we 

examined morphology of fibroblasts in the gels during contraction. In the 

presence of serum, orbital fibroblasts adopted a “spread” morphology, 

with long, thick protrusions rich in filamentous and cortical actin, but 

lacking strong straight actin fibre bundles (Figure 5.6A). Alpha-SMA 

staining partly overlapped with actin filaments, but only a minute 

proportion of the cells (less than 3%) displayed αSMA in a typical “stress 

fibre” pattern distribution (Figure 5.6A,B), suggesting that orbital 

fibroblasts do not differentiate into classical myofibroblasts  (Hinz et al., 

2001; Meyer-Ter-Vehn et al., 2006; Tomasek et al., 2002) during 

contraction in 3D gels. Rather, in the majority of cells, αSMA was either 

cytoplasmic (in a perinuclear pattern), or partially co-localised to F-actin 

patterns (cortical fibres or intracellular bundles; Figure 5.6A,B). Under 

serum-free conditions, most cells displayed cytoplasmic perinuclear 

αSMA (Figure 5.6B). Upon macrophage co-culture, a significant 

increase in the proportion of cells with αSMA incorporation into actin 

bundles, with more than 50% of the cells showing partial co-localisation 

with F-actin was revealed (Figure 5.6). 
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Figure 5.6 Macrophages increased αSMA incorporation in actin fibres. 

(A) Representative images of αSMA and F-actin staining in HO2 fibroblasts 

(1.48x105 cells/mL) following 4 days of culture in gels in 10% serum (10%FBS), 

and in serum-free medium without (SF) and with macrophages (2.22 x105 

cells/mL) (SF+mφ). Scale bar, 25 µm, Merge images are from αSMA (green), 

F-actin (red), and DAPI (blue). (B) αSMA distribution in HO2 fibroblasts were 

categorised and proportioned in three patterns (>100 cells analysed, n=3). 

 

  



 

196 

 

Overall, αSMA levels (as measured by integrated fluorescence densities) 

were similar whether cells were in the presence of 10% serum, serum-

free, or in macrophage co-culture (Figure 5.7A). On the other hand, F-

actin levels were highest in 10% serum, lowest in serum-free, and the 

presence of macrophages significantly increased F-actin levels (Figure 

5.7B). This matches the observation in Figure 5.6B where higher 

proportions of orbital fibroblasts showing αSMA incorporation into actin 

bundles in the presence of macrophages, suggesting that αSMA is 

randomly incorporated into actin fibres when they form as a result of the 

macrophage stimulation of actin polymerisation. Accordingly, 

macrophage co-culture resulted in significant changes in fibroblast 

morphology: while in serum-free medium, fibroblasts had few protrusions 

(Figure 5.7C,D), matching low levels of polymerised actin (Figure 5.7B), 

fibroblasts adopted a more “stellate” appearance, with more long thin 

protrusions in the presence of macrophages (Figure 5.7C,D). Thus, 

increased levels of F-actin and protrusion numbers upon co-culture with 

macrophages suggest that macrophages directly stimulate actin 

polymerisation and protrusion activity in fibroblasts, presumably driving 

the resulting gel contraction.  
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Figure 5.7 Macrophages increase F-actin levels and cell protrusions in orbital 

fibroblasts. 

(A, B) Quantification of αSMA (A) and F-actin (B) levels in HO2 fibroblasts in 

gels in the presence of 10% serum, and in serum-free medium with/without 

macrophages; shown are fluorescence intensity measurements from maximum 

intensity projections normalised to the value of serum-free condition (n=4, 

*p<0.05, t-test). (C) Representative images of F-actin staining of HO2 

fibroblasts in gels without (left) and with (right) macrophages in serum-free 

medium. Shown are maximal intensity projections of deconvolved image 

stacks. Scale bar, 50 µm. (D) Fibroblast protrusive activity with/without 

macrophage co-culture. Shown is the average number of protrusions per cell, 

as determined using F-actin staining. (n=4, *p<0.05, **p<0.01, t-test) 
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5.2.5 Macrophages drive the orbital fibroblasts 

pro-fibrotic phenotype through TGF-β 

and PI3K pathways 

TGF-β signalling is reportedly involved in obesity (Yadav et al., 2011), 

HA production (Stuhlmeier and Pollaschek, 2004; Wang et al., 2005) and 

fibrosis in various organs (Biernacka et al., 2011; Meng et al., 2016). 

Similarly, phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) has 

been implicated in lipid accumulation (Yu et al., 2008), and the PI3K-Akt 

pathway was previously shown to regulate HA production in TED 

fibroblasts (Zhang et al., 2014). Furthermore, whether as an independent 

pathway or through non-canonical TGF-β signalling, PI3K is the frequent 

target for anti-fibrotic therapies (Conte et al., 2011; Reilly et al., 2017). 

Activated macrophages can produce TGF-β and other pro-inflammatory 

cytokines that may activate these pathways in fibroblasts and promote 

fibrosis (Wynn and Barron, 2010). To determine whether either pathway 

could be modulating macrophages-mediated stimulation of orbital 

fibroblasts, we assessed the effect of TGF-β (SB131542, 10 μM) and 

PI3K (LY294002, 10 μM) inhibitors on LD formation, HA production and 

gel contraction using HO2 TED cells in the presence of macrophages. 

Neither inhibitor affected spontaneous LD formation (Figure 5.8A), but 

both SB131542 and LY294002 significantly decreased macrophage-

induced HA production (Figure 5.8B), with minimal cytotoxicity (Figure 

5.8C). However, only PI3K inhibition was able to significantly decrease 

macrophage-induced gel contraction (Figure 5.8D), suggesting that all 

three phenotypes do not result from exactly the same pathway. 
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Figure 5.8 TGF-β and PI3K pathways differentially regulate macrophages’ 

effect on orbital fibroblasts fibrotic phenotype. 

(A) TGF-β (SB131542, 10 μM) and PI3K (LY294002, 10 μM) inhibitors did not 

alter LD formation in HO2 fibroblasts (0.74x105 cells/mL) co-cultured with 

macrophages (0.74x105 cells/mL) in gels for 7 days in the presence of 10% 

serum. (Shown are mean ± SEM proportion of cells containing LDs stained with 

ORO, n=4, p=0.2787 (SB131542) and p=0.1172 (LY294002), t-test) (B) Both 

TGF-β and PI3K inhibition prevented macrophage-mediated HA production. 

HO2 fibroblasts (0.74x105 cells/mL) were co-cultured with macrophages 

(1.5x105 cells/mL) at 1:2 fibroblast:macrophage ratio in gels with/without 

inhibitors and HA levels were measured after 3 days. (n=3, *p<0.05, **p<0.01, 

one-way ANOVA) (C) LDH assay showed minimal cytotoxicity of SB131542 

and LY294002 after 3 days in 1:2 HO2:macrophage co-culture 3D gels. Shown 

is calculated toxicity normalised to 100% toxicity control. (n=2) (D) HO2 

fibroblasts (1.48x105 cells/mL) were co-cultured with macrophages (2.22 x105 

cells/mL) in collagen gels in serum-free medium for 7 days for contraction 

assay, with/without TGF-β or PI3K inhibitors. Shown are mean ± SEM, n=4, 
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*p<0.05, t-test) 

 

5.3 Discussion 

Most TED studies have mainly focused on T and B cell activating 

inflammatory reactions (Feldon et al., 2005; Sempowski et al., 1998; 

Weetman et al., 1989), HA production (Krieger et al., 2015; Krieger et al., 

2016; Zhang et al., 2012) and chemically differentiated adipogenesis 

(Sorisky et al., 1996; Zhao et al., 2013) after TSHR and IGFR activation. 

Little is known about either macrophage or fibrosis aspects in TED. Here, 

we show that macrophages do not significantly enhance LD formation in 

3D but trigger HA production via TGF-β and PI3K signalling. Also, 

macrophages promote the orbital fibroblasts fibrotic phenotype which 

can be inhibited by PI3K signalling but not through TGF-β-αSMA 

regulation.  

 

5.3.1 U937-derived macrophages as a model 

for activated tissue macrophages in TED 

We used PMA to differentiate monocytes into macrophages in our 

experiments. PMA differentiates monocytes into macrophage-like cells 

(M0) which can be further polarised to M1 when incubated with IFN-α 

and LPS or M2 when incubated with IL-4 and IL-13 (Chanput et al., 2013; 

Genin et al., 2015). M1 are circulating macrophages whereas M2 are 

deemed residential ones (Mantovani et al., 2013). The PMA-

differentiated macrophages used in our experiments are PMA-stimulated 

M0 only without further polarisation. However, we know from additional 

work in the lab (Kechagia et al., 2016) (Sharma et al., manuscript in 

preparation) that PMA-stimulated macrophages, similar to stimulated 

peripheral blood mononuclear cells, secrete a large range of cytokines 
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and can activate normal and fibrotic ocular fibroblasts. Moreover, tracing 

the origin of macrophages in TED in the study of Eckstein et al., large 

numbers of migrant monocytes including mature activated macrophages 

are found in active TED orbital tissues (Eckstein et al., 2004). Therefore, 

TED-related macrophages are migrant populations rather than 

residential ones, meaning possibly more M1 than M2 in TED tissue. With 

regard to the obesity model, M1 macrophages are pro-inflammatory and 

pro-fibrotic whereas M2 are anti-inflammatory and pro-adipogenic 

(Martinez-Santibanez and Lumeng, 2014). Interestingly, our results of 

orbital fibroblasts co-cultured with macrophages did not show increased 

LD formation but more fibrotic, and this is in line with the characteristics 

of M1 cells and consistent with the TED histopathology evidence 

(Eckstein et al., 2004).  

 

5.3.2 Interaction of HA with macrophages 

HA is a constituent of ECM, and HA level regulates the fibroblasts 

proliferation via TGF-β-SMAD3 pathway (Meran et al., 2008), thereby 

contributing to fibrosis (Albeiroti et al., 2015). In the process of fibrosis, 

there is dynamic synthesis and degradation of ECM. The synthesis of 

ECM leads to increased stiffness and fibrotic changes in tissues, while 

the degradation of ECM results in fragments which exhibit biological 

activities to regulate cell signalling, and HA is an example of ECM 

presenting this property (McKee et al., 1996). Macrophages express 

hyaluronan receptor CD44 on their surface (Jones et al., 2000; McKee et 

al., 1996), and macrophage activity can be regulated by HA working with 

chemokines (Horton et al., 1998). HA fragments were found to bind 

CD44, and induced gene expressions of macrophage inflammatory 

protein-1alpha (MIP-1α), -1beta (MIP-1β), and IL-8 in murine alveolar 

macrophage cell line and human bronchial alveolar macrophages (Jones 

et al., 2000; McKee et al., 1996). However, the observed HA secretion by 
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fibroblasts in response to stimulation of macrophages has never been 

reported.  Our work shows for the first time that macrophages can trigger 

HA secretion in orbital fibroblasts, especially in TED orbital fibroblasts. 

This is possibly because of the cytokines secreted by macrophages. 

Interestingly, IL-1β was shown to induce HAS2 gene expression and HA 

production in orbital fibroblasts from TED patients (Chung et al., 2014; 

Kaback and Smith, 1999). The IL-1β stimulation on HA production is not 

exclusively in orbital fibroblasts, it was seen in HUVEC and primary 

human skin fibroblasts (Kennedy et al., 2000; Vigetti et al., 2010), and IL-

1β can be secreted by macrophages (Arango Duque and Descoteaux, 

2014). This macrophage-induced HA secretion may in turn activate 

macrophage activity, either through direct stimulation of HA receptor 

CD44 on the macrophage or by co-stimulation with chemokines, thus 

creating a positive feedback loop that may sustain and exacerbate 

fibrosis.  

IGF1R stimulation has previously been linked to HA production in orbital 

fibroblasts (Smith and Hoa, 2004; Zhang et al., 2014), possibly through 

PI3K-A signalling (Zhang et al., 2014); consistent with this, we found 

macrophage-mediated HA secretion was prevented by a PI3K inhibitor 

(LY294002). However, blocking IGF-1R did not prevent HA secretion 

following macrophage stimulation, suggesting that fibroblasts can use a 

different upstream activator of PI3K-A signalling to trigger HA production 

and secretion. As evidenced by 1) macrophage-mediated HA production 

is inhibited by blocking TGF-β receptor, 2) a cross-talk between TGFβ1-

TGFβ1 receptor/ALK5 and PI3K has been reported in a number of cell 

processes (Aki et al., 2015; Olieslagers et al., 2011; Yu et al., 2015) and 

3) activated macrophages are known to secrete TGF-β1 (Wynn and 

Barron, 2010), macrophages may stimulate HA production in orbital 

fibroblasts through a non-canonical TGF-β1/PI3K pathway (Conte et al., 

2011; Reilly et al., 2017). Whether this macrophage-induced HA 

production can be further linked to the macrophage-related fibrosis is still 

unknown.  
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5.3.3 αSMA and F-actin in fibrosis 

An increase in fibroblast contractility is a hallmark of fibrosis, and our 

group has shown previously that fibrotic ocular fibroblasts, including TED 

orbital fibroblasts, display increased contractile features in our 3D model 

compared to their normal, non-diseased counterparts (Ezra et al., 2010; 

Kechagia et al., 2016; Li et al., 2014). Contractile fibrotic fibroblasts in 

vivo often present with characteristic cytoskeletal features, including 

expression of the specific actin isoform αSMA, defining the so-called 

myofibroblast phenotype (Eddy et al., 1988; Grinnell, 1994; Hinz et al., 

2007). In vitro, αSMA incorporation into strong actin bundles and 

prominent stress fibres on stiff or “tensioned” substrates have 

traditionally been linked to fibroblast contractility and myofibroblast 

phenotype (Hinz et al., 2001). As orbital fibroblasts displayed 

cytoskeletal changes, including an increase in actin bundles, after co-

culture with macrophages, we initially hypothesised that macrophage-

induced orbital fibroblasts contractility might be mediated through the 

acquisition of a myofibroblast-like phenotype. However, while both 

control and TED orbital fibroblasts express αSMA, we found that 

macrophage-mediated stimulation of fibroblast contractility was not 

linked to αSMA expression; rather, macrophages stimulated actin 

dynamics in fibroblasts, with increased protrusive activity and actin 

polymerisation.  

Moreover, TGF-β/Smad can trigger Rho activation and αSMA synthesis 

(Ji et al., 2014; Masszi et al., 2003; Vardouli et al., 2008) (Figure 5.9A), 

whereas Rac is more related to PI3K pathway in which there is a positive 

feedback loop between Rac and PI3K (Campa et al., 2015; Raftopoulou 

and Hall, 2004) (Figure 5.9B). Our results showed that PI3K inhibitor 

rather than TGF-β inhibitor reduced macrophage-induced contractility, 

suggesting that a PI3K/Rac pathway may be involved in macrophage-

stimulated contraction. Interestingly, this is in agreement with the 

morphological results where the absence of myofibroblast pattern also 
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favours a non-TGFβ/Rho pathway. Therefore, instead of TGF-β 

signalling, which is the classical upstream pathway mediating the 

acquisition of the myofibroblast phenotype (Evans et al., 2003; Hu et al., 

2003), PI3K may be mediating fibroblast contractility in the presence of 

macrophages. 

 

Figure 5.9 TGFβ and PI3K regulates actin polymerisation through Rho and 

Rac, respectively. 

(A) Rho can be activated by TGFβ through Smad dependent and independent 

pathways, and further activates ROCK and actin cytoskeleton. (B) Ras/PI3K 

regulates actin polymerisation through Rac. (A) Adapted from (Vardouli et al., 

2008)  (B) Adapted from (Kölsch et al., 2008) 

 

 

5.3.4 Conclusions 

Our work demonstrates that macrophages stimulate HA production of 

orbital fibroblasts via TGF-β and PI3K signalling, and promote a fibrotic 

phenotype independent from αSMA through PI3K signalling rather than 

the classical TGF-β/αSMA pathway. The PI3K inhibitor, LY294002, 

decrease both macrophage-mediated HA production and contraction in 

orbital fibroblasts.  
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Chapter 6  General Discussion 

TED causes periocular disfigurement and threatens vision. Current 

treatments mainly aim at inflammation control to prevent fat expansion. 

Once the inflammation subsides, the remaining soft tissue problems are 

less likely to resolve naturally or by medical approaches. Only invasive 

surgical interventions can restore normal appearance and functions, but 

despite treatment, some severe cases still lose their vision. The detailed 

mechanisms about soft tissue change have not been thoroughly 

understood, and this impedes the development of effective treatment to 

prevent or reverse TED progression.  

In order to better understand TED pathogenesis, this study aimed to find 

the molecular determinants of TED at aspects of mechanotransduction, 

LD accumulation, and macrophage participation. We approached 

mechanotransduction through investigating MRTF, a transcriptional co-

activator in MRTF/SRF mechanotransduction pathway, and found that 

orbital fibroblasts are mechanosensitised by exporting MRTF-A from 

nucleus and decreasing MRTF-A protein expression in response to 3D 

culture. MRTF is involved in contractility but not in lipid formation in 

orbital fibroblasts. The spontaneously formed LDs in 3D were shown to 

be linked to FA uptake and PLIN2 expression. PLIN2 is overexpressed in 

orbital fibroblasts from TED patients, and is upregulated by cytokine 

stimulation and leads to enhancement of LDs. This suggests an 

important regulating role of PLIN2 in TED, which is a novel discovery in 

orbital fibroblasts. In addition, macrophages are involved in TED 

development by stimulating HA secretion and contractility in orbital 

fibroblasts by promoting actin polymerisation through PI3K signalling. 
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6.1 Inflammation Triggers TED Features in 

Orbital Fibroblasts 

While PLIN2 was found closely related to LD accumulation in orbital 

fibroblasts cultured in 3D, cytokines and in particular IL-1β, were shown 

to upregulate PLIN2 (Figure 4.19A, Figure 4.20A,B). This indicates that 

IL-1β is possibly an important trigger for LD accumulation in orbital 

fibroblasts and may contribute to fat expansion in TED. This is in line 

with previous report showing that IL-1β enhanced chemically induced 

adipogenesis in orbital fibroblasts (Yoon et al., 2011), although there was 

also a report showing opposite results, in which IL-1β inhibited mouse 

preadipocyte differentiation (Gregoire et al., 1992). Interestingly, 

macrophage conditioned medium also upregulated PLIN2 (Figure 

4.19B), presumably influencing LD formation as well. However, this is not 

consistent with our results with macrophage and orbital fibroblasts co-

culture experiments, where macrophage did not significantly alter 3D LD 

formation (Figure 5.1). Considering cell counts issue, cell counts of 

macrophage in conditioned medium were five times to fibroblasts, which 

is comparable to co-culture experiments where two and five times were 

used. It is possible that more repeats in co-culture experiments would 

have concluded an effect of macrophage. It is also possible that in co-

culture, fibroblasts altered the macrophage response. For example, MIP-

1α secretion by macrophages was shown dependent on the intercellular 

adhesion molecule 1 (ICAM-1) secreted by fibroblasts in a co-culture 

system (Steinhauser et al., 1998). Similarly, oral periodontal ligament 

fibroblasts downregulated TNF-α secretion by PMA differentiated THP-1 

macrophages (Tzach-Nahman et al., 2017). Therefore, it is possible that 

orbital fibroblasts might change macrophages activation levels and 

attenuate their pro-lipogenic ability. 

We found that macrophages stimulated HA secretion in orbital fibroblasts, 

and TED fibroblasts produced higher levels of HA compared to control 
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cells (Figure 5.2). This is also possibly related to cytokines secreted by 

macrophages. Macrophages can secrete IL-1β and TNFα (Atri et al., 

2018). IL-1β, TNFα and TNFβ were reported to induce HA production 

through NFκB regulation in HUVEC (Vigetti et al., 2010), and IL-1β also 

induced HA accumulation in primary human skin fibroblasts (Kennedy et 

al., 2000). In particular, IL-1β increased HAS2 gene expression and HA 

secretion in TED orbital fibroblasts (Chung et al., 2014; Kaback and 

Smith, 1999). Therefore, it is likely that macrophages indirectly induced 

HA production in orbital fibroblasts by release of these cytokines. 

Moreover, we found that PI3K and TGFβ inhibitors reduce macrophage-

induced HA. Interestingly, both PI3K/Akt and TGFβ crosstalk with NFκB 

signalling, and inhibiting PI3K/Akt and TGF-β signalling can inhibit NFκB 

activation (Ataie-Kachoie et al., 2013; Rogers et al., 2008). As 1) NFκB 

mediates cytokine-induced HA production, 2) PI3K/Akt and TGFβ 

crosstalk with NFκB and 3) our observation of PI3K and TGF-β inhibition 

reduced macrophage-induced HA production, all these together again 

support the possibility of macrophage-induced HA is via cytokine 

secretion. Nevertheless, TED cells are clearly more able to produce HA 

than control cells in both the presence and absence of macrophages, 

and this is likely due to intrinsic differences in other HA expression 

pathways.  

Overall, our findings are consistent with an essential role of inflammation 

in initiating multiple aspects of the TED phenotypes.  

 

6.2 3D Lipid Droplet Accumulation in TED 

Fat expansion is an important pathological feature in TED. While most in 

vitro 2D model TED studies stated that adipogenesis in orbital fibroblasts 

contributes to fat expansion (Kumar et al., 2005; Sorisky et al., 1996), 

our group previously demonstrated spontaneous LD formation more 

prominent in TED orbital fibroblasts than control counterparts in 3D 
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model (Li et al., 2014). Adipogenesis refers to the formation of mature 

adipocytes differentiated from MSCs, and usually requires chemical 

adipogenic differentiation medium to trigger the differentiation process. 

Our LDs are spontaneously formed in 3D in the absence of chemical 

adipogenic differentiation medium. In this study, we found that 

spontaneous LD accumulation in 3D results from a mechanism different 

from that drives classical adipogenesis. It is more consistent with a 

pathway recently published – LD accumulation as a ubiquitous 

phenomenon in a wide variety of cells in response to ECM stiffness 

(Romani et al., 2019). Extracellular mechanical cues transmit to cells and 

change internal cellular structure (cytoskeleton) and intracellular force 

(Chen, 2008). The Golgi apparatus appears to be the sensor for this 

mechanical force and modulates SREBP localisation by Lipin-1 which is 

a negative regulator of lipid formation (Romani et al., 2019). Romani et al. 

reported that in soft matrix or inhibition of Rho, ROCK, or MLCK, the 

Golgi senses the extracellular and intracellular force and inactivates 

Lipin-1, this further enhances SREBP translocation to nucleus, activates 

lipid related genes and LD formation. How the Golgi apparatus senses 

the force to regulate Lipin-1 activity is unknown. The upregulated genes 

are related to metabolism of cholesterol, FA, and TG, and are different 

from adipogenesis genes. This pathway links mechanotransduction to 

LD formation, in line with our findings that LDs are formed spontaneously 

in 3D and related to FA uptake. 

In MRTF/SRF or YAP mechanotransduction signalling, soft matrix, 

inhibiting Rho/ROCK, or interfering MRTF/SRF or YAP pathway 

contributes to adipogenesis (Dupont et al., 2011; Nobusue et al., 2014). 

This and the aforementioned pathway has some factors in common, 1) 

soft matrix or Rho/ROCK inhibition as initiator, 2) related to intracellular 

force which is downstream of Rho/ROCK, and 3) lipid formation as end 

product although one is LD formation, and the other is adipocyte 

differentiation. We failed to show that the downregulation of MRTF or 

inhibiting YAP could increase adipogenesis in our MRTF and YAP 
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experiments. There are some possible reasons for this: 1) MRTF or YAP 

hypothesis is based on adipogenesis, but our 3D LD formation is proven 

not to be adipogenesis, the two pathways do not coexist in our 3D model, 

2) Romani et al. also showed that the LD formation is independent from 

YAP/TAZ signalling (Romani et al., 2019), indicating the two pathways 

are different, 3) the adipogenesis induced by depleting MRTF or YAP is 

cell type specific because we could not reproduce increase of 

adipogenesis by depleting MRTF in 2D neither in the presence nor 

absence of chemical adipogenic differentiation medium.  

Romani et al. reported that SREBP and its target genes are involved in 

LD accumulation, and those are genes regulating lipogenic enzymes 

(Horton et al., 2002), but we have not yet investigated these genes in our 

3D model. Those genes are mediators in the aspect of lipid formation, 

however, we have not found much difference between TED and control 

cells in molecules regulating FA uptake or DNL, suggesting that LD 

formation ability might be similar in TED and control cells, and SREBP 

related genes may not be the key determinant in TED phenotype. But the 

most significant determinant we found in TED 3D LD accumulation is 

PLIN2, a LD surface protein. LDs and PLIN2 appear to stabilise each 

other mutually, as LDs preserve PLIN2 from being degraded by 

proteasome, and PLIN2 stabilises LDs from hydrolysis. PLIN2 unbound 

to LDs is easily degraded by ubiquitin/proteasome pathway (Xu et al., 

2005), and PLIN2 plays a role in preventing LD degradation (Feng et al., 

2017). While we observed more PLIN2 in TED orbital fibroblasts and in 

cytokine-stimulated cells, we have not investigated if there is less PLIN2 

degradation or less lipolysis associated. Future work on PLIN2 

degradation and lipolysis can help understand the detailed mechanism 

about how PLIN2 is upregulated in TED. Interestingly, PLIN2 is also 

linked to PPARγ activation in adipogenic differentiation. PLIN2 has 

PPRE in its promoter region where heterodimer of PPAR/RXR bound to 

(Targett-Adams et al., 2005). The activation of PPAR can result in PLIN2 

transcription, thus PLIN2 is a PPAR target gene. Therefore, higher 
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PLIN2 level in TED orbital fibroblasts is not only linked to lipid formation 

in our 3D model, but also possibly in 2D chemical adipogenesis model 

although it has never been studied. This indicates the significance of 

PLIN2 in TED phenotype. 

 

6.3 Orbital Fibroblast Contractility 

Fibroblast contractility is the presentation of intrinsic cellular force which 

cells respond to extracellular mechanical tension for maintaining 

tensional homeostasis (Brown et al., 1998). Intrinsic cellular force is 

regulated by actomyosin contractility and cytoskeletal assembly (Vining 

and Mooney, 2017). Alpha-SMA upregulation and incorporation in stress 

fibres is a common character in myofibroblast mediated contraction 

mechanism (Tomasek et al., 2002). In this study, we found that 

contractility of orbital fibroblasts in the presence of serum was decreased 

by silencing αSMA, MRTF, and TCF genes. TCFs and MRTFs compete 

to bind SRF to regulate contractility, and Gualdrini et al. reported that 

TCFs knockout increased contractility in MEFs (Gualdrini et al., 2016), 

thus we expected silencing TCFs would have similar effects in orbital 

fibroblasts. But we observed MRTF and TCF silencing both decreased 

serum-stimulated contractility in orbital fibroblasts. It is likely that serum-

induced contractility is mediated by MRTF and TCF/SRF/αSMA pathway. 

However, in the presence of serum, downregulating αSMA to 10% 

residue of expression level reduced gel contraction rate from 70% to 

50% only. Although it was not complete knockdown, it suggested that 

αSMA is not the only regulator in serum-stimulated contraction. On the 

other hand, in the absence of serum, orbital fibroblasts contractility was 

much reduced, and could be induced by macrophages through F-actin 

polymerisation but independent of αSMA, indicating that actin 

polymerisation dynamics rather than αSMA expression regulates 

macrophage-induced contractility in the absence of serum.  
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In addition to the stress fibre pattern in myofibroblast differentiation, there 

are other mechanisms regulating fibroblast-mediated collagen gel 

contraction. Fibroblasts in free-floating gels mainly retain a fibroblast 

phenotype without differentiating into myofibroblasts. They more likely 

contract gels by contacting collagen fibres directly with protrusion and 

retractions (Dahlmann-Noor et al., 2007; Dallon and Ehrlich, 2008). 

Previous work in the lab has shown that, in human corneal, tenon, and 

scleral fibroblasts cultured in 3D collagen matrix, collagen fibres were 

pulled towards cells as cells extended protrusions. These generated 

force to contract gels, suggesting that gel contraction is mediated by cell 

protrusive activity, which includes extension and retraction of cellular 

protrusions (Dahlmann-Noor et al., 2007). We found that macrophages 

induced orbital fibroblasts contractility through enhancing cell protrusions 

and F-actin polymerisation without transforming them into myofibroblasts, 

in line with the phenomenon observed in other ocular fibroblasts.   

How macrophages promote actin polymerisation and protrusive activity is 

not known, although it is likely through cytokine release. A cytokine 

mixture of IL-1α, IL-6, and TNF-α in 0.3% serum increased F-actin level 

and led to rearrangement of the cytoskeleton in a stress fibre pattern, via 

Rho/ROCK in microvascular endothelial cells (Campos et al., 2009). 

MCP-1 also induced F-actin rearrangement into stress fibre via 

Rho/ROCK in mouse brain microvascular endothelial cells (Stamatovic et 

al., 2003), whereas IL-1β suppressed actin polymerisation in primary rat 

hippocampal neurons in an inflammation-Alzheimer disease model (Tong 

et al., 2018). We have shown that PI3K pathway is involved in 

macrophage-induced contractility without typical stress fibre formation, 

which is different from other cytokine-mediated contraction. Future 

investigations may focus on characterising the cytokine involvement as 

well as the interactions between macrophages and fibroblasts in 

macrophage-induced orbital fibroblast contractility. 
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ECM remodeling may also contribute to fibroblast contraction (Martin-

Martin et al., 2011). Matrix degradation and deposition are dynamic 

processes to maintain tissue homeostasis, and their dysregulation may 

cause disease, such as fibrosis or non-healing wound. MMPs which can 

be secreted by fibroblasts and macrophages are the main regulator for 

proteolytic degradation of ECM (Lindner et al., 2012; Miteva et al., 2014). 

MMP production was found in Tenon’s capsule fibroblasts during 

contraction in 3D collagen gel, and MMP inhibition reduced gel 

contraction (Daniels et al., 2003). Human peripheral blood-differentiated 

macrophages, upon co-incubation with human breast cancer cell line 

MCF-7 cells in transwell system, upregulate MMP2 and MMP9 gene 

expression in macrophages and result in secretion of these MMPs 

(Binder et al., 2004). We have not explored the involvement of MMPs in 

contraction of orbital fibroblasts or in fibroblast-macrophage co-culture 

system, and this can be investigated in future work for better 

understanding of macrophage-stimulated fibroblast contraction. 

 

6.4 Conclusion and Future Work 

This study gives new insights in the determinants of phenotype of orbital 

fibroblasts in TED. For the two main phenotypes, 1) adipogenesis, may 

not be classical adipogenesis in our model per se, and is likely mediated 

through inflammation by increasing PLIN2 expression, and 2) fibrosis as 

modeled with contraction, we showed that it is likely mediated by 

inflammation (macrophage) and mechanoregulation through MRTF/SRF. 

In summary, inflammation with cytokine increased PLIN2 level and LD 

formation, and promoted actin polymerisation and orbital fibroblasts 

contractility. Mechanotransduction was associated with orbital fibroblasts 

contractility, and since it was reported to be linked to LD accumulation, it 

could be involved in 3D spontaneous LD formation, although the 

mechanism with PLIN2 has not been characterised. We proposed a 
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model, in which inflammation is the initiator and mechanotransduction is 

the mediator, for both LD formation and contractility phenotypes of orbital 

fibroblasts in TED (Figure 6.1). 

 

 

 

Figure 6.1 Proposed model for regulation of TED phenotype in orbital 

fibroblasts. 

Cytokines and macrophages upregulate PLIN2 expression and increase LD 

accumulation which is also linked to FA uptake. MRTF which is known 

regulated by actin polymerisation mediates contractility. Macrophages 

stimulate contractility by promoting actin polymerisation, and promote HA 

production which can be linked to fibrosis as well. It has been reported that 

soft matrix inhibits Rho/ROCK signalling and translocates SREBP to nucleus 

to regulate lipid related genes and LD formation (Romani et al., 2019), 

whereas Rho/ROCK activation promotes actin polymerisation in stiff matrix. 

LD accumulation and contraction are divergent signalling in response to 

matrix stiffness or stimulants. (Blue arrows indicate pathways tested in this 

study. Orange arrows indicate the related published pathways which can be 

investigated in future work.) LDs element adapted from (Guo et al., 2009) 
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Future work can be directed towards 

• To understand which receptor/signalling mediates upregulation of 

PLIN2 in orbital fibroblasts 

• The characteristic TSHR? or IGF-1R? 

• To understand if lipogenic genes are involved in linking PLIN2 to LD 

formation 

• The gene expression levels of SREBPs and their target genes in 

TED and control cells, in 2D and 3D 

• To clarify the relationship among PLIN2, lipases (ATGL, HSL), 

lipolysis, and proteasome degradation of PLIN2 on LD formation (as 

Figure 4.23) 

• Does the attenuation of proteasome degradation activity 

accompany the upregulation of PLIN2 level and more LD 

formation? 

• Do lipolysis activity and levels of lipases antagonise PLIN2 level? 

• Are lipases (ATGL, HSL) and PLIN2 both localised on LDs and 

with mutual exclusion effect? 
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