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ABSTRACT 

The Transforming Growth Factor-beta (TGF-β) superfamily is a large family of proteins 

that are master regulators of tissue homeostasis. Their deregulated activities are associated 

with numerous human conditions, including cancer cachexia and compromised fertility. 

While numerous therapeutic agents have been developed for reducing supra-physiological 

levels of these proteins, progress toward therapeutics to restore protein levels has been less 

successful. This is due to their poor serum stability, coupled with competition between 

ligands for shared receptors and the fact that a subset of ligands are secreted ‘inactive’.  

To successfully generate TGF-β therapeutics that can be used in the treatment of disease, 

three key areas limiting their potential must be overcome. These are half-life, activation 

status and biological activity. Using family members activin A and GDF11, this research 

aimed to modify these proteins toward the goal of increasing ligand serum stability and 

bioactivity, as well as activating latently-secreted ligands. Due to the conserved nature of 

structurally important regions across the entire TGF-β family, the knowledge gained from 

this work can be applied to other family members.  

This research demonstrates that by making targeted modifications to the amino acid 

sequences of activin A and GDF11, these TGF-β ligands can achieve improved half-life 

and bioactivity. By isolating activin A as a complex, with its pro- and mature domains non-

covalently associated, serum stability was significantly improved in vivo compared to 

mature activin A alone, while by performing site-directed mutagenesis across activin A’s 

receptor interface, in vitro bioactivity was further improved. Finally, by performing site-

directed mutagenesis across a region believed to confer latency to ‘inactive’ ligands, 

latently secreted GDF11 could now be secreted in an active state in vitro, removing the 

need for an external activation mechanism. 

Taken together, these approaches form a blueprint that will aid further research into TGF-β 

therapeutics. With many TGF-β therapeutic agents being developed for pre-clinical and 

clinical trials, such as TGF-β3 for use in healing serious wounds and cumulin for the 

improvement of in vitro maturation (IVM) outcomes, there are great benefits in addressing 
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those factors limiting their widespread use. Ultimately, this work contributes to the pursuit 

of therapeutically relevant TGF-β agents and to the field of TGF-β research overall. 
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INTRODUCTION 

The Transforming Growth Factor beta (TGF-β) superfamily is comprised of over 30 

secreted growth factors. TGF-β ligands play critical roles during embryogenesis, and later 

in life are important for maintaining adult tissue homeostasis. Some TGF-β proteins have 

specialised roles in the later development of tissues and organs, including skeletal muscle 

(myostatin, activin), bone and cartilage (bone morphogenetic proteins and growth 

differentiation factors) and the reproductive system (activins, inhibins, anti-Mullerian 

hormone).  

Alterations in the bioactivity of TGF-β proteins, caused by disrupted expression, activation, 

or receptor interactions, have detrimental consequences for human health. Correction of 

TGF-β signaling by restoring or suppressing signaling activity is an attractive therapeutic 

approach. Although most attention has focused on inhibiting TGF-β signaling, with 

numerous therapeutic agents in varying stages of clinical trials, there is a growing 

awareness that deployment of TGF-β ligands could be beneficial for restoring tissue 

homeostasis and function in disease settings. However, these therapeutic agents are far less 

advanced, owing to the rapid clearance and instability of the active ligand following 

administration. For my project, I propose to address this need for long-acting TGF-β-based 

therapeutics.  

For an agonist to be effective in vivo, it needs to be stable in the circulation, it needs to be 

potent (have high affinity for its receptors), and it needs to be easily activated (not have 

inhibitory mechanisms in place). This project has been tailored to address each of these 

limitations in generating TGF-β based agonists. Study 1 explores the potential of the pro-

domain to preserve the in vivo half-life of a mature TGF-β ligand. Study 2 seeks to improve 

the potency of TGF-β ligands by way of increased receptor affinity. And Study 3 aims to 

increase the activation status of latent TGF-β ligands (which are otherwise synthesized in 

an inactive form). The findings of these studies will aid the development of more potent 

and stable TGF-β based therapeutics, for application in treating human disease pathologies. 
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For my first study, I addressed the in vivo half-lives of TGF-β ligands. Study 1 comprises a 

publication, Biological Activity and In Vivo Half-Life of Pro-activin A in Male Rats (2015). 

Molecular and Cellular Endocrinology. This study used activin A as a model ligand and 

determined whether the retention of the pro-domain could improve activin’s half-life and 

bioactivity. Evidence suggests that the non-covalent pro:mature complex of activin A (Pro-

activin A), in which the mature active ligand is shielded by its pro-domains, should have 

greater in vivo stability than mature activin A alone. To address, a human Pro-activin A 

DNA construct was generated, and this was used to produce and purify sufficient levels of 

Pro-activin A from mammalian cells.  

In vitro bioassays demonstrated that Pro-activin A had comparable activity to mature 

activin A, supporting that the pro-domain does not perturb activin bioactivity. However, in 

vivo experiments suggested that the pro-domain improved the stability of activin A, as the 

serum half-life for Pro-activin A was 2.5-fold greater than that of mature activin A. 

Additionally, the pro-domain also enhanced activin bioactivity in vivo, relative to mature 

activin A, as measured by an increase in follicle stimulating hormone (FSH) response. 

Thus, in disease conditions that might benefit from increased levels of activin signaling, 

Pro-activin, rather than mature activin, would be the reagent of choice.  

For my second study, I addressed the in vivo potency of TGF-β ligands. Study 2 comprises 

a written chapter - Improving TGF-β Ligand Potency Using Activin A as a Model. This 

study again used activin A as a model ligand, to determine if ligand potency could be 

improved by modifying the receptor binding sites. As the number of TGF-β ligands dwarfs 

the number of receptors available to bind to, it’s likely that differences across the receptor 

binding interfaces contributes to differing receptor affinities between ligands that utilise the 

same receptors. To explore this, I first used sequence analysis to identify key residues in 

activin A that likely contribute to binding with activin receptors, ActRIIA/B and ALK4. 

In vitro mutagenesis was used to introduce targeted modifications into the receptor binding 

sites of Pro-activin A, and the resulting activity of purified Pro-activin A mutant variants 

was assessed using established in vitro assays. Modification of two key residues (H346Y 
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and R397S) enhanced Pro-activin A in vitro bioactivity by 2-fold in two independent 

bioassays. Thus, targeted modification of the ActRIIA/IIB binding site on activin A can 

significantly improve activity. Further research should examine the effect of these 

mutations on in vivo activity. 

For my third study, I addressed the activation status of latent TGF-β ligands. Study 3 

comprises a written chapter – Molecular Characterisation of Latent GDF11: Activation 

and In Vivo Biological Activity. This study explored if the latency status (and also 

biosynthesis) of GDF11 could be altered by targeted mutagenesis. Additionally, this study 

set out to clarify the in vivo bioactivity for GDF11 using a viral gene delivery method in 

mice. To produce sufficient amounts of GDF11 for in vitro characterisation, I first sought to 

improve the biosynthesis of GDF11 by targeted mutagenesis of the pro-domain. These 

sequence modifications significantly enhanced the synthesis and processing of GDF11.  

To alter the activation status of GDF11, amino acid substitutions were performed in regions 

of the pro-domain predicted to confer latency. These modifications resulted in spontaneous 

activation of GDF11 in vitro. Subsequently, I tested the activity of “active” GDF11 in vivo 

using an adeno-associated viral gene delivery system in mice. It was found that elevated 

levels of GDF11 caused significant muscle wasting, as observed by decreased muscle fibre 

size and muscle mass, consistent with the actions of related ligands myostatin and activin. 

This study revealed that latent TGF-β proteins can be activated by specific modifications of 

pro-domain residues. It also revealed that GDF11 has the potential to be a negative 

regulator of muscle mass. 

Collectively, the findings of my studies indicate that TGF-β proteins can be engineered to 

increase production, receptor affinity and activation. These outcomes will speed-up the 

therapeutic development of TGF-β proteins for the treatment of a variety of intractable 

conditions, including osteoarthritis, premature ovarian failure, liver fibrosis, and chronic 

wound healing. Ultimately, the knowledge gained by this work contributes to the wider 

field of TGF-β research and presents a new approach to modifying TGF-β ligands with the 

aim of producing effective therapeutic agents.  
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LITERATURE REVIEW 

1.1 TGF-β SUPERFAMILY OVERVIEW 

The TGF-β superfamily comprises 34 structurally-related proteins, including the bone 

morphogenetic proteins (BMPs), growth differentiation factors (GDFs), inhibins, activins, 

and myostatin. Together, this large family of proteins regulate cell growth, proliferation, 

differentiation, and apoptosis. TGF-β proteins can act in either a paracrine (local) or 

endocrine (distant) manner, and every cell or tissue in the human body is reactive to one or 

more TGF-β proteins. Figure 1.1 highlights the different ligands in the superfamily. 

 

Figure 1.1 Phylogenetic tree of TGF-β superfamily (Shi et al., 2011). The members of this large 

family of proteins include growth differentiation factors (GDFs), bone morphogenetic proteins 

(BMPs), activins, and inhibins. 

The TGF-β superfamily can be separated into two subfamilies based on both sequence 

conservation and target signaling pathways (Shi and Massague, 2003). The BMPs and 

GDFs form one subsection, whilst the TGF-β isoforms, activin and inhibin form the other 

(Massague, 1998). Within the family, the TGF-β isoforms (TGF-β1/2/3) act as immune 

suppressors, in particular inhibiting T cell proliferation and inducing B cell apoptosis 
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(Rubtsov and Rudensky, 2007, Ramesh et al., 2009). Additionally, TGF-β1 and β2 are pro-

fibrotic factors, promoting fibrosis of the lungs and kidneys when in excess in rodents 

(Clouthier et al., 1997, Sime et al., 1997), as well as the human liver (Milani et al., 1991), 

while TGF-β3 is anti-fibrotic, promoting wound healing without fibrotic scarring (Ferguson 

et al., 2009). Inhibins and activins are primarily known for their ability to control follicle 

stimulating hormone release by the anterior pituitary (Ling et al., 1986, Vale et al., 1986, 

Robertson et al., 1987, Kitaoka et al., 1989), however activins also play regulatory roles in 

muscle (Kojima et al., 1993, Link and Nishi, 1997) and bone (Perrien et al., 2006, Perrien 

et al., 2007). Some members of the BMP family (including BMP2 and BMP7) are key 

regulators of bone growth and repair, as well as the maintenance of bone health (Duprez et 

al., 1996, Li and Cao, 2006, Chubinskaya et al., 2007), while others (BMP8B and BMP15) 

maintain homeostasis of the male and female reproductive systems (Zhao et al., 1996, 

Galloway et al., 2000). The members of the GDF family have varying roles, regulating 

bone and cartilage (GDF5), female fertility (GDF9), and muscle mass (myostatin; GDF8) 

(Storm et al., 1994, Dong et al., 1996, McPherron et al., 1997). 

Many TGF-β proteins have instrumental roles during development, and genetic inactivation  

of these ligands can be embryonic lethal (e.g. deletion of BMP4 (Winnier et al., 1995, Dunn 

et al., 1997, Lawson et al., 1999)), or cause death once they have reached adulthood (e.g. 

deletion of inhibin (Matzuk et al., 1992, Draper et al., 1998)). In adulthood, TGF-β proteins 

maintain tissue homeostasis, and consequently alterations in TGF-β ligand activities are 

frequently associated with human disease. The most frequently affected systems are the 

reproductive, inflammatory, and cell growth pathways, and as a result, perturbed TGF-β 

activity has been linked to premature ovarian failure (POF), polycystic ovarian syndrome 

(PCOS), infertility, inflammation, fibrosis, and cancers (Ohga et al., 1996, Maehara et al., 

1999, Yamashita et al., 2004, Clement et al., 2005, Gordon and Blobe, 2008, Persani et al., 

2011, Wei et al., 2014, Rinaldi et al., 2016).  
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1.2 TGF-β PROTEINS REGULATE EMBRYOGENESIS AND ADULT 

TISSUE HOMEOSTASIS 

Embryonic lethality in mice following the deletion of several TGF-β genes emphasises the 

developmental importance of these factors (Table 1.1).   For example, deletion of TGF-β1 

is embryonic lethal for up to 50% of pups, which die from yolk sac defects early on in 

embryogenesis (Shull et al., 1992, Kulkarni and Karlsson, 1993, Kulkarni et al., 1993, 

Kaartinen et al., 1995b, Dickson et al., 1995, Proetzel et al., 1995, Sanford et al., 1997, 

Stenvers et al., 2003, Compton et al., 2007, Gordon and Blobe, 2008). For other ligands, 

offspring survive through to birth, but die shortly afterward. For example, BMP7 knockout 

mice survive to birth but die during the neonatal period due to irreversible kidney damage, 

skeletal defects and cardiac complications (Dudley et al., 1995, Luo et al., 1995, Solloway 

and Robertson, 1999, Kim et al., 2001a). For some ligands, genetic deletion is tolerated and 

results in significant, but not lethal, physiological effects. Effects can range from infertility 

(knock-out model of GDF9 and BMP8B), to increased skeletal muscle mass (knock-out 

model of myostatin), and even development of gonadal tumours (knock-out model of 

inhibin) (Matzuk et al., 1992, Zhao et al., 1996, Draper et al., 1998, Yan et al., 2001, Su et 

al., 2004, Gordon and Blobe, 2008). Many of these pathologies, however, can become more 

severe with age. 
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Table 1.1 The observed phenotypes for knock-out models of TGF-β ligands in mice. 

Knockout models Resulting phenotype Reference 

TGF-β1 Up to 50% of pups die during 

embryogenesis due to yolk sac defects, and 

those that survive to birth develop 

inflammatory disorders (extreme response of 

macrophages and lymphocytes flooding the 

heart and lungs) and die within a month 

(Shull et al., 1992, Kulkarni 

and Karlsson, 1993, 

Kulkarni et al., 1993, 

Dickson et al., 1995, Gordon 

and Blobe, 2008) 

TGF-β2 Perinatal lethal, with craniofacial, skeletal, 

heart and renal defects 

(Sanford et al., 1997) 

TGF-β3 Perinatal lethal, with cleft palate, heart 

defects and delayed lung development 

(Proetzel et al., 1995, 

Kaartinen et al., 1995a) 

BMP2 Embryonic lethal due to defective heart 

development, in addition to abnormal 

allantois and primordial germ cell 

development 

(Zhang and Bradley, 1996, 

Ying and Zhao, 2001) 

BMP3 Increased bone density (Daluiski et al., 2001) 

BMP4 Embryonic lethal due to a failure of 

mesoderm differentiation to occur, in 

addition to a failure to produce primordial 

germ cells 

(Winnier et al., 1995, Dunn 

et al., 1997, Lawson et al., 

1999) 

BMP5 Abnormalities with skeletal and cartilage  (Kingsley et al., 1992, King 

et al., 1994, Solloway and 

Robertson, 1999)  

BMP6 Abnormal cardiac cushion formation and 

septation, along with a delay in ossification 

of sternum 

 

(Solloway et al., 1998, Kim 

et al., 2001b) 
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BMP7 Perinatal lethal due to abnormal kidney 

development, skeletal patterning defects and 

a lack of cardiac cushion formation and 

septation 

(Dudley et al., 1995, Luo et 

al., 1995, Solloway and 

Robertson, 1999, Kim et al., 

2001a) 

BMP8A Infertility due to germ cell degradation (Zhao et al., 1998) 

BMP8B Infertility due to germ cell apoptosis (Zhao et al., 1996) 

BMP9 (GDF2) Viable and fertile (Ricard et al., 2012) 

BMP10 Embryonic lethal due to impaired cardiac 

development and function 

(Chen et al., 2004) 

BMP15 Compromised fertility due to less fertilized 

oocytes and longer development of fertilized 

eggs to blastocyst stage 

(Yan et al., 2001, Su et al., 

2004, Gordon and Blobe, 

2008) 

GDF1 Embryonic lethal due to abnormal left-right 

asymmetry 

(Rankin et al., 2000) 

GDF3 Embryonic lethal due to abnormal formation 

or positioning of the anterior visceral 

endoderm, as well as defects in the 

mesoderm and endoderm formation 

(Chen et al., 2005) 

GDF5 Delayed bone repair after injury (Coleman et al., 2011) 

GDF6 Decreased collagen in the tail tendons (Mikic et al., 2009) 

GDF7 Smaller bone cross-sections and elevated 

cortical bone material properties, as well as 

infertility in males 

(Settle et al., 2001, Maloul et 

al., 2006) 

Myostatin (GDF8) Increased skeletal muscle mass (McPherron et al., 1997, 

McPherron and Lee, 1997) 
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GDF9 Infertility in females (Dong et al., 1996, 

Carabatsos et al., 1998, 

Elvin et al., 1999) 

GDF10 Viable (Zhao et al., 1999) 

GDF11 Altered skeletal patterning, extra ribs, 

displacement of posterior of the hindlimb 

relative to forelimb 

(McPherron et al., 1999) 

GDF15 Viable (Hsiao et al., 2000) 

Inhibin α-subunit 

(inhibin A and 

inhibin B null) 

Development of gonadal tumours, death due 

to cancer cachexia and tumour burden 

(Matzuk et al., 1992, Draper 

et al., 1998) 

Inhibin βA-

subunit  

(inhibin A and 

activin A null) 

Perinatal lethal due in part to craniofacial 

defects (cleft palate, lack of incisors, lower 

molars and whiskers) 

(Matzuk et al., 1995, 

Ferguson et al., 1998) 

Inhibin βB-

subunit  

(inhibin B and 

activin B null) 

 

Eyelid closure defects, nursing defects, 

delayed parturition, and females suffer 

reproductive abnormalities 

(Schrewe et al., 1994, 

Vassalli et al., 1994) 

Lefty Majority of pups are embryonic lethal due to 

increased mesoderm and primitive streak 

(Meno et al., 1998, Meno et 

al., 1999) 

Anti-Mullerian 

Hormone (AMH) 

Infertility in males, and ovarian pathology in 

females, with premature loss of primordial 

follicles  

(Behringer et al., 1994, 

Durlinger et al., 1999) 
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Nodal Embryonic lethal due to no primitive streak, 

abnormal anterior-posterior positioning and 

left-right symmetry  

(Zhou et al., 1993, Conlon et 

al., 1994, Collignon et al., 

1996) 

 

1.3 TGF-β RECEPTOR ACTIVATION AND EXTRACELLULAR 

REGULATION 

The biological effects of the TGF-β superfamily are initiated when the active mature ligand 

binds to two specific type I or type II transmembrane serine/threonine kinase receptors (Fig 

1.2) (ten Dijke and Arthur, 2007) on the surface of target cells. The act of ligand binding 

promotes receptor complex formation and activation via an intracellular phosphorylation 

cascade. Receptor phosphorylation leads to the recruitment and phosphorylation of 

intracellular transcription factors, called SMADs, which ultimately migrate toward the 

nucleus where they regulate gene transcription (Massague and Gomis, 2006, Wrighton et 

al., 2009a). The abbreviation SMAD was chosen for these factors due to their similarity 

with previously defined transcriptional factors Mothers Against Decapentaplegic (MAD) in 

Drosophila, which regulate the Drosophila version of TGF-β proteins, and the 

Caenorhabditis elegans protein Small Body Size (SMA), which has three genes that have 

similar mutant phenotypes to TGF-β-like receptor Daf-4 (Sekelsky et al., 1995, Savage et 

al., 1996). The human homologues of the SMA and MAD factors were hence named 

SMADs.There are five mammalian type II receptors – TβRII, ActRIIA, ActRIIB, BMPRII 

and AMHRII – and seven type I receptors, activin receptor-like kinases (ALK) 1-7 

(Shimasaki et al., 2004). The gene names are summarised in Table 1.2. 

 

 

 

 



Page | 11  
  
 

Table 1.2 Summary of TGF-β receptor gene and protein denominations. 

Gene name Protein name 

TGFBR2 TβRII 

ACVR2A ActRIIA 

ACVR1B ActRIIB 

BMPR2 BMPRII 

AMHR2 AMHRII 

ACVRL1 ALK1 

ACVR1 ALK2 

BMPR1A ALK3 

ACVRLK4 ALK4 

TGFBR1 ALK5 

BMPR1B ALK6 

ACVR1C ALK7 

 

The type I receptors determine the ligand specificity by phosphorylating specific SMADs 

(ten Dijke and Arthur, 2007). BMPs and GDFs traditionally signal through ALK 1/2/3/6, 

which leads to phosphorylation of SMADs 1, 5, or 8. TGF-βs and activins signal through 

ALK 4/5/7, which leads to phosphorylation of SMADs 2 or 3 (Wrighton et al., 2009b). 

Intracellularly, TGF-β signaling is regulated by inhibitory SMADs, SMAD6 and SMAD7, 

which block activation of upstream SMADs by preventing phosphorylation of the type I 

receptors (Gazzerro and Canalis, 2006). 
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Figure 1.2 The signaling pathway of TGF-β family members (adapted from ten Dijke and Arthur, 

2007).  Signaling is divided into two distinct pathways, the TGF-β pathway and BMP pathway, 

according to the type I and II receptors they target, and subsequent SMAD phosphorylation cascades. 

Ligands bind to a type II receptor, which leads to the recruitment of a type I receptor. 

Phosphorylation of type I receptors by the TGF-β subgroup phosphorylate SMADs 2/3, while 

phosphorylation of type I receptors by the BMP subgroup phosphorylate SMADs 1/5/8. Activated 

SMADs form a complex with SMAD4 and translocate to the nucleus to regulate gene transcription. 

This involves the action of various co-activators, co-repressors and other transcription factors. 

SMAD6/7 are inhibitory SMADs and inhibit SMAD4 binding, acting as negative regulators. 

While TGF-β ligands play diverse roles during embryogenesis, they also play critical 

regulatory roles in adult tissue homeostasis. The widespread production of many TGF-β 

ligands and their target receptors demands that the ligands are under strict extracellular 

control. TGF-β ligand activity is controlled by extracellular matrix factors and antagonists, 

including follistatin, growth and differentiation factor-associated serum proteins 1 and 2 

(GASP1 and GASP2), and Noggin. Table 1.3 summarises the actions of the common 

regulators and the ligands they control. 
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Table 1.3 Regulators of TGF-β signaling, including ligands affected and mode of regulation. 

Regulator Ligand(s) 

affected 

Mode of regulation Reference 

Follistatin 288 Activin A and B 

Myostatin 

BMPs 

Membrane-bound form of follistatin 

encircles the binding sites on activin, limiting 

access to type I and II receptors 

This isoform has the highest affinity for 

activin  

(Michel et al., 

1993, Phillips and 

de Kretser, 1998, 

Bilezikjian et al., 

2006) 

Follistatin 315 Activin A and B 

BMPs 

Circulating form of follistatin, also acts upon 

the type I/II receptor binding sites of activin 

(Michel et al., 

1993, Phillips and 

de Kretser, 1998, 

Bilezikjian et al., 

2006) 

Follistatin-like 

3 (FSTL3) 

Activin A and B Only found in circulation, acts in the same 

manner as follistatin but lacks a follistatin 

domain and heparin binding motif 

(Tortoriello et al., 

2001) 

Inhibin Activin A and B TGF-β family ligand that binds and 

sequesters activin type II receptors 

(ActRIIA/IIB) and thereby inhibits signaling 

by activin-related ligands 

Uses betaglycan as a co-receptor to enhance 

its activity 

(Ling et al., 1985, 

Walton et al., 

2012) 

GASP 1 and 2 GDF11 

Myostatin 

Directly bind to myostatin and GDF11, 

preventing their ability to bind to the type II 

receptor 

(Kondas et al., 

2008) 
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Noggin BMPs including 

BMP2, BMP4 

and BMP7 

A homodimeric glycoprotein that prevents 

BMP ligands from interacting with their 

target receptors 

Binds to BMPs and masks the hydrophobic 

region required for receptor binding 

(Zimmerman et al., 

1996) 

BMP and 

activin-bound 

membrane 

inhibitor 

(BAMBI)  

BMPs including 

BMP2, BMP4 

and BMP7 

Pseudo-receptor that competes with actual 

receptors for BMP binding, subsequently 

decreasing SMAD phosphorylation and 

downstream signaling 

(Onichtchouk et al., 

1999) 

Gremlin BMPs including 

BMP2, BMP4 

and BMP7 

Glycoprotein that binds to and antagonizes 

BMPs 

(Hsu et al., 1998, 

Frank et al., 2006, 

Zanotti et al., 2008) 

Chordin BMPs including 

BMP2, BMP4 

and BMP7 

Similar antagonist to noggin, prevents BMPs 

from binding to their receptors 

(Sasai et al., 1994, 

Piccolo et al., 

1996) 

 

1.4 CONTRIBUTION TO DISEASE 

Many human diseases have been linked to altered TGF-β ligand activity, caused by either 

ligand hyper-activation or reduced activity. This can occur at the level of biosynthesis, 

ligand activation, or in the responsiveness of the target cell (e.g. changes to cell receptors or 

intracellular factors). Figure 1.3 highlights some of the organs frequently impacted by 

altered TGF-β signaling.  

 



Page | 15  
  
 

 
Figure 1.3 Schematic of the human body highlighting the involvement of some TGF-β ligands in 

tissue homeostasis. Alterations to the activity of these hormones are frequently associated with 

human diseases, outlined here in brackets. 

Pathologies linked to ligand-hyperactivation are well studied, and as such current 

therapeutic approaches to treating these diseases have made considerable progress. One 

such example is the disease cancer-cachexia. This disease is characterised by a loss of body 

mass, fatigue and anorexia (Tisdale, 2009). The loss of skeletal muscle mass in cachexia 

correlates with increased morbidity and mortality, and in advanced cancer patients, up to 

80% will develop cachexia (Acharyya et al., 2005, Fearon, 2008, Tisdale, 2009). 

Heightened expression of TGF-β ligands myostatin and activin have been implicated in this 

disease, with both growth factors able to bind to the same type I and II receptors, 

subsequently initiating the same downstream SMAD cascade (Matzuk et al., 1994, 

Zimmers et al., 2002, Zhou et al., 2010). Indeed, in inhibin deficient mice activin 

production in increased by as much as 500-fold, and associated with the development of 

gonadal tumors and rapid cachexia (Matzuk et al., 1992, Draper et al., 1998). Moreover, 

our laboraotry has proven that activins alone, in absence of tumour growth, are sufficient to 

promote whole body wasting in mice (Chen et al., 2015, Chen et al., 2017). Together these 
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results support that increased activation of the myostatin/activin pathway is deterimental to 

muscle health.  

One means of controlling TGF-β superfamily signaling to restore homeostasis is by the 

generation of agents that can either increase or decrease signaling to combat a variety of 

diseases. As most attention has been given to reducing TGF-β signaling, various 

antagonists have been developed. Some of these include soluble receptors and small 

molecule inhibitors, and their goal is to block a single ligand, or a combination of ligands, 

from signaling. Table 1.4 summarises the most relevant clinical examples briefly. 

 Table 1.4 Antagonists of TGF-β signaling, including ligands affected and mode of action. 

Antagonist Ligand(s) 

affected 

Mode of action and application Reference 

Soluble activin 

type II 

receptors 

(sActRIIA or 

sActRIIB) 

Activin A and 

B 

Myostatin 

GDF11 

Formed by fusion of the ActRIIA/B 

extracellular domains (ECDs) to the Fc-

chains of antibodies, which forces covalent 

linkage of two ActRIIA/B ECDs 

Binds to receptor-binding sites of target 

ligands, inhibiting their activity 

Developed to treat muscular dystrophy 

(Lee et al., 2005, 

Morrison et al., 2009, 

Pistilli et al., 2010, 

Zhou et al., 2010, 

Rahimov et al., 2011, 

Attie et al., 2013, 

Campbell et al., 

2017) 

Propeptides 

(propeptide-Fc 

fusion protein) 

Activin A and 

B 

Myostatin 

GDF11 

Formed by fusion of ligand pro-domains to 

the Fc region of immunoglobulin G (IgG) 

Binds to mature ligands, inhibiting their 

ability to bind to their receptors 

Developed to treat cancer cachexia 

 

 

(Chen et al., 2015, 

Chen et al., 2017) 
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Follistatin Activin A and 

B 

Myostatin 

GDF11 

BMPs 

Naturally-occurring antagonist  

Uses an alternatively spliced form of 

follistatin (follistatin 344) which undergoes 

post-translation modification to result in 

follistatin 315 

Developed to treat muscular dystrophy 

(Al-Zaidy et al., 

2015, Mendell et al., 

2015) 

 

 

Small molecule 

inhibitors (e.g. 

Galunisertib) 

TGF-β1 Block ligands from signaling by binding to 

their receptor-binding sites or binding to the 

receptors themselves 

Inhibits TGF-β1 signaling via blocking of 

the type I receptor 

Developed as an anti-cancer treatment 

(Sawyer et al., 2003, 

Fujiwara et al., 2015, 

Rodon et al., 2015) 

 

In contrast, several disease pathologies linked to suppressed ligand activity have been 

identified, however progress toward viable therapeutic approaches for these have been less 

successful. As such, the focus of the following section is on these diseases and the potential 

of TGF-β agonists to treat them. Some of the clinically relevant examples are detailed 

below.  

1.4.1 GDF5 AND OSTEOARTHRITIS 

Osteoarthritis affects one in two adults and is predominately observed in the aged 

population (over 65 years). It is a degenerative joint disease occurring when cartilage 

between joints breaks down and this leads to stiffness, swelling, and pain. It can affect any 

joint in the body but occurs mostly in knees, hips, lower back and neck, and fingers. 

Eventually, once the cartilage is worn away, bone is damaged from directly contacting 

bone, which leads to joint pain, swelling and permanent damage (Arden et al., 2014, What 

is Osteoarthritis, Arthritis Foundation, 2017). 
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Mutations in GDF5, which appear to reduce ligand biosynthesis, have been associated with 

osteoarthritis. GDF5 is a key factor in early joint formation in embryogenesis, and in adults 

maintains and repairs bone and cartilage (Luyten, 1997, Edwards and Francis-West, 2001). 

Mutations in GDF5 lead to chondrodysplasias, where normal skeletal development is 

prevented and instead severe articular abnormalities present (Polinkovsky et al., 1997). In 

humans, single nucleotide polymorphisms in the GDF5 gene have been identified using 

genome-wide association studies as a significant risk factor for osteoarthritis (Miyamoto et 

al., 2007, Chapman et al., 2008, Dai et al., 2008, Williams et al., 2011, Xiao et al., 2015). 

Animal studies have shown that treating rodents with exogenous GDF5 can stimulate 

tendon healing (Forslund and Aspenberg, 2001, Rickert et al., 2005), and positively impact 

degenerating intervertebral disks in bovine, rabbit, and mouse models (Walsh et al., 2004, 

Chujo et al., 2006, Liang et al., 2010).  

Parrish et al. (2016) examined whether intra-articular treatments of recombinant GDF5 into 

an osteoarthritic joint could prevent disease progression and encourage cartilage repair.  

They used a rat model of progressive degenerative osteoarthritis and found that treatment 

with GDF5 slowed and eventually arrested disease progression in a dose-dependent 

manner, whilst the highest dose encouraged cartilage repair (Parrish et al., 2017). Their 

results suggest that the protective and reparative effect GDF5 had on cartilage could be 

attributed to GDF5 directly, rather than as a result of secondary effects. This study clearly 

demonstrates the potential of GDF5 to be used in treating osteoarthritis by driving cartilage 

repair, and osteoarthritis sufferers would benefit from further development of this ligand. 

1.4.2 GDF9/BMP15 AND FEMALE FERTILITY 

Making a baby is an inefficient process in even the healthiest of couples, with only a 25% 

chance of conception each month. As such, it is not surprising that one in three women of 

reproductive age will have difficulty conceiving (Imler and Wilbanks, 2010). Many 

members of the TGF-β superfamily orchestrate female fertility, including GDF9, BMP15, 

inhibins, and the activins. Consequently, alterations to the activities of these ligands have 

been often linked to reproductive pathologies in women.  
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Ligands GDF9 and BMP15 are expressed almost exclusively within the oocyte, and as such 

are central to female fertility. GDF9 and BMP15 are expressed at all stages of follicular 

development and drive the proliferation of granulosa cells and the production of sex 

steroids (Juengel and McNatty, 2005). They are also required for primordial follicles to 

activate, develop and differentiate (Dong et al., 1996, Hanrahan et al., 2004, Yoshino et al., 

2006, Su et al., 2007, de Castro et al., 2016). The biological processes controlled by these 

ligands regulate female fertility in several mammalian species (Otsuka et al., 2011, Matzuk 

and Burns, 2012). The importance of GDF9 and BMP15 in folliculogenesis and oocyte 

maturation and ovulation is supported by animal models that have mutations or deletions of 

these genes that lead to reproductive defects (Galloway et al., 2000, Yan et al., 2001, 

Hanrahan et al., 2004, McNatty et al., 2004, Su et al., 2004, Peng et al., 2013). In humans, 

mutations of GDF9 and BMP15 are associated with disrupted ovulation, subfertility, and 

ovarian failure (Dixit et al., 2006, Laissue et al., 2006, Inagaki and Shimasaki, 2010).  

Premature ovarian failure (POF) is characterised by the early depletion of ovarian follicles 

and affects approximately 1-2% of women under 40 years of age (Persani et al., 2011). 

Human mutations in GDF9 have been discovered as the leading cause in at least 1.5% of 

idiopathic POF, while mutations in BMP15 have been found in 1.4% of idiopathic POF 

(Persani et al., 2011).  Reduced expression of GDF9 and BMP15 has also been observed in 

human women suffering from polycystic ovarian syndrome (PCOS) (Wei et al., 2014). This 

syndrome is a common endocrine disorder, characterised by infertility, chronic anovulation, 

and hyperandrogenism (March et al., 2010). Additionally, PCOS patients may be affected 

by metabolic problems, such as obesity (Teede et al., 2010). Serum expression of GDF9 

and BMP15 was significantly reduced in the oocytes of women suffering PCOS as opposed 

to controls. The reduction in expression in the oocytes indicates that follicular development 

in women with PCOS is interrupted, particularly in early stage folliculogenesis (Wei et al., 

2014).  

Most recently it has been shown that GDF9 and BMP15 can heterodimerise. The newly 

identified GDF9:BMP15 heterodimers have been named cumulin, based on their ability to 

promote cumulus cell expansion (cells surrounding the oocyte) (Mottershead et al., 2015). 
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Interestingly, cumulin has been shown to promote blastocyst (early embryo development) 

in animal models of IVF. Neither GDF9 or BMP15 alone is capable of inducing this affect, 

suggesting that the combined activity of both proteins is central to fertility (Mottershead et 

al., 2015). In support, work out of our laboratory has recently identified causal mutations in 

BMP15 in women suffering PCOS that leads to a reduction in cumulin formation (Patino et 

al., 2017).  

Together these studies emphasise the importance of preserving GDF9 and BMP15 activity 

in female fertility. Additionally, cumulin has proven to improve embryo production in 

animal models of IVF. This may offer much needed hope to the many couples facing 

difficulty conceiving, and cumulin is currently undergoing pre-clinical trials with the aim of 

improving embryo yield and quality.  

1.4.3 GDF11 AND AGEING 

Interestingly, recent studies have implicated GDF11 in the ageing process. Loffredo et al. 

(2013) assessed the effect of young mouse blood on the organs of old mice, following 

fusion of their circulatory systems (termed ‘parabiosis’). After four weeks of parabiosis, old 

mice exhibited a reversal of cardiac hypertrophy (enlarging of the heart) along with reduced 

cardiomyocyte size and molecular remodeling (Loffredo et al., 2013). A broad-spectrum 

proteomic analysis in young versus old mice revealed that serum GDF11 was reduced in 

the old mice, relative to the levels observed in young mice.  

To determine if GDF11 was responsible for the observed cardiac pathologies, aged mice 

were injected daily with recombinant GDF11 for thirty days. Aged mice receiving GDF11 

showed regression of cardiac hypertrophy, comparable to the aged mice in the parabiosis 

model (Loffredo et al., 2013). In addition to this, GDF11 treatment resulted in skeletal 

muscle regeneration and improved muscle structure and function (Sinha et al., 2014). Other 

studies have shown positive effects of GDF11 treatment including improving recovery 

from kidney injury in aged mice (Zhang et al., 2016), decreased hardening of the arteries in 

apolipoprotein E-deficient mice (Mei et al., 2016), and increasing osteoblastogenesis while 

decreasing body mass adipogenesis (Zhang et al., 2015). Taken together, these studies 
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indicate that GDF11 holds great potential to be used as an anti-ageing therapeutic in a 

variety of age-related diseases, including cardiac hypertrophy. 

1.4.4 BMP7 AND LIVER FIBROSIS 

Fibrosis of the liver results from increased deposition of extracellular matrix glycoproteins, 

collagens, and proteoglycans. These disrupt hepatic architecture by creating fibrous scars 

around nodules of regenerating hepatocytes, which eventually leads to cirrhosis. Liver 

fibrosis is therefore a precursor to cirrhosis, which in turn greatly increases the risk of liver 

cancer. In many developed countries, liver disease is now one of the top five causes of 

death for people of middle-age (Friedman, 2003, Griffiths et al., 2004, Bosetti et al., 2007, 

Rosenberg and Parkes, 2007).  

BMP7, originally identified by its ability to induce bone formation, has been shown to 

inhibit fibrosis in the kidney, liver, heart, and lungs. Hao et al. (2012) demonstrated that 

BMP7 could inhibit chemically-induced hepatic fibrosis in mice, using a viral delivery 

model. In this model, BMP7 also promoted hepatocyte proliferation (Hao et al., 2012). This 

indicates that BMP7 may promote liver regeneration, regulate mesenchymal regeneration, 

and extracellular matrix production in adults. The upregulation of BMP7 in the fibrotic 

liver may be indicative of a positive feedback mechanism to fibrosis and liver damage.  

A previous study by Sugimoto et al. (2007) used recombinant BMP7 to accelerate liver 

regeneration and improve liver function. This addition of exogenous BMP7 gives back 

protection to the liver against the development of fibrosis (Sugimoto et al., 2007). Though 

the regulatory mechanism of BMP7 in the adult liver is yet to be determined, its critical role 

in embryogenesis eludes to an important role in regulating liver health.  

1.4.5 TGF-β3 AND WOUND REPAIR 

Chronic wounds result in functional impairment and a large financial cost for both patients 

and the health care system, estimated at $2.85 billion AUD in 2010-2011 alone (Branski et 

al., 2009, Graves and Zheng, 2014, Frykberg and Banks, 2015). Impaired wound healing 

and the resulting fibrotic scarring are prevalent in diabetic ulcers, artery insufficiency 
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ulcers, and venous ulcers (Barbul, 2007). The TGF-β isoforms (TGF-β1/2/3) appear to play 

a predominant role, regulating cell proliferation and migration, differentiation and 

extracellular matrix production (Roberts et al., 1981, Massague, 1998). However, the 

various TGF-β isoforms appear to have differing activities in wound healing and fibrosis.  

Evidence now suggests that where TGF-β1 is thought to promote fibrosis when elevated, 

TGF-β3 has been reported to protect from fibrosis in some tissues, including the skin 

(Chang et al., 2014). The anti-fibrotic activity of TGF-β3 lead to the development of 

Avotermin (TGF-β3 analogue), which has been studied in the post-excision wound healing 

context (Lichtman et al., 2016, Occleston et al., 2011). Continuous delivery of TGF-β3 

during the early phase of wound healing improved both appearance and the process of 

repair as opposed to local administration at intervals (Samadikuchaksaraei et al., 2016). 

Unfortunately, this therapy has not advanced in the clinic, owing to a lack of ligand 

stability in vivo. Incorporating TGF-β3 into other effective therapies for wound healing, 

such as using bone-marrow derived mesenchymal stem cells which can be applied topically 

in a fibrin spray, may accentuate the anti-fibrotic potential. 

1.4.6 BMPs AND BONE GROWTH/REPAIR 

Skeletal integrity is compromised in several human disorders, and in the aging population 

(Lopez-Otin et al., 2013). Post-menopausal women suffer an accelerated loss of muscle and 

skeletal mass as a result of ovarian hormone withdrawal (Ebeling et al., 1996, Khosla et al., 

1997, Khosla et al., 1998, Riggs et al., 2002). Bone mass is regulated via the balance of 

bone formation (controlled by osteoblasts) and resorption (controlled by osteoclasts) (Frost, 

1986). Many of the TGF-β ligands are thought to contribute to bone health, including 

members of the BMP family and inhibins.  

BMP ligands are named for their critical role in bone development and maintenance, and as 

such recombinant BMP2 and BMP7 are used in treating bone-degeneration in the clinic 

(Khosla et al., 2008). BMP2 is involved in nearly all stages of the regeneration process of 

bone, including the deposition and resorption of cartilage and bone and recruiting local 

skeletal progenitor cells, while BMP7 is an important regulator of osteoblast differentiation 
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and proliferation (Knutsen et al., 1993, Yu et al., 2010, Arrabal et al., 2013). When used in 

clinical settings, recombinant BMPs are combined with a carrier. This mimics the way 

naturally-occurring BMPs are bound to the extracellular matrix (Arrabal et al., 2013). 

Recombinant BMP2 is currently used to promote bone formation in response to injury or 

ageing, and also to facilitate spinal fusion surgeries. BMP2 has also been applied in 

craniofacial, periodontal and orthopedic procedures in humans (Khan and Lane, 2004, 

Smith et al., 2012, Carreira et al., 2014, Oortgiesen et al., 2014). Recombinant BMP7 is 

currently used for treating non-union long bone fractions, a by-product of bone trauma. 

Despite their promising effect in bone, BMP treatment for osteoporosis is currently 

unavailable owing to the poor half-life of the mature BMPs (Khosla et al., 2008). BMP2, 

while approved for clinical use, can cause undesirable side effects at high doses (Vaidya et 

al., 2007, Zara et al., 2011).  

Toward this goal, a group in the U.S. has set-out to develop improved BMP2 analogues for 

bone therapy. Dr Senyon Choe and team created BMP2/activin chimeras in which regions 

of activin were swapped for corresponding regions of BMP2. The resulting chimera, 

AB204, can effectively promote bone growth and healing with greater potency that 

unmodified BMP2 (Kwiatkowski et al., 2014). Whilst promising, this agent can only be 

applied directly to the affected bone, as it also lacks suitable serum stability for systemic 

delivery.  

In post-menopausal women, bone loss is correlated with increased circulating follicle 

stimulating hormone (FSH), which is the key hormone in the reproductive axis. Initially, it 

was believed that declining levels of oestrogen and increasing concentrations of FSH were 

responsible for post-menopausal bone loss, but it is also postulated that inhibin may also 

contribute to this process (Perrien et al., 2006, Makanji et al., 2014). The rapid loss of 

inhibin during the peri-menopausal period is associated with an increase in markers of bone 

turnover (Perrien et al., 2006, Wilson, 2016). Importantly, serum concentrations of inhibin 

and bone loss occur prior to a reduction in oestrogen (Vural et al., 2005, Perrien et al., 

2007).  
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In animal models of bone disease, it has been shown that inhibin can restore bone growth 

when applied in excess (30-80 pg/mL) (Perrien et al., 2012). In support, an inhibin 

functional analogue (sActRIIA), which works by blocking the same degenerative pathways, 

can similarly promote bone growth in mouse models (Pearsall et al., 2008, Chantry et al., 

2010, Goh et al., 2017). Thus, blockade of the bone degenerative activin signals using 

inhibin-like proteins can protect and potentially restore bone health in models of bone 

disease. Furthermore, as inhibin is a naturally circulating hormone found in pre-menopausal 

women, restoration of function in post-menopausal women is unlikely to cause the side-

effects (such as nausea, headaches and swelling) associated with long-term usage of 

oestrogen hyper-therapy (Oestrogen Only Menopausal Hormone Therapy, Australasian 

Menopause Society, 2017). For women of reproductive age, however, inhibin 

supplementation is likely to decrease FSH production, and so may influence ovarian 

function and fertility. 

1.4.7 ANTI-MULLERIAN HORMONE AND OVARIAN CANCER 

Ovarian cancer is the sixth most common cause of cancer-related deaths in Australian 

women and survival rates have failed to improve. Ovarian cancer can be broken down into 

three distinct subtypes: cancer that arises from epithelial cells, germ cells, or stromal cells 

(Ovarian Cancer, Australian Cancer Council, 2017). In developing female embryos, the 

Mullerian duct gives rise to fallopian tubes, uterus, cervix, proximal vagina and surface 

epithelium of the ovaries, and thus epithelial cancers have been called Mullerian tumours 

(Scully, 1977). Epithelial ovarian cancer is more common in women over 50 years of age, 

however the survival rate is poor. TGF-β family member anti-Mullerian hormone (AMH) is 

secreted as an endogenous hormone of both fetal and adult gonads (Lee et al., 1997), and it 

holds the potential to be used to combat Mullerian tumours (Segev et al., 2000, Barbie et 

al., 2003, Gupta et al., 2005, Renaud et al., 2005, MacLaughlin and Donahoe, 2010, Pepin 

et al., 2015).  

Purified recombinant forms of AMH have been shown, both in vivo and in vitro, to inhibit 

ovarian cancer growth (Stephen et al., 2002, Wong et al., 2014). The AMH type II receptor 
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is expressed in both cell lines and ascites of ovarian cancer patients (Stephen et al., 2002). 

There is evidence that human ovarian ascites cells from a large percentage of patients with 

the later stages of ovarian epithelial cancer (stages III/IV) have their growth inhibited by 

binding to recombinant AMH (Lane and Donahoe, 1998). Current studies have utilized 

biodegradable mesh seeded with cells producing AMH, and this has shown to be effective 

in suppressing tumour growth in mice models (Stephen et al., 2002).. Conversely, other 

studies have found no significant correlation between the levels of AMH in serum of 

women with epithelial ovarian cancer and survival rates (Walentowicz et al. 2013). It is 

possible that supra-physiological levels of AMH can trigger signaling through a non-

canonical signaling cascade, and may explain why physiological levels of AMH are non-

protective for ovarian cancer progression. Future studies are needed to determine the 

therapeutic potential of AMH as an anti-cancer agent. 

1.5 CURRENT THERAPEUTIC APPROACHES AND LIMITATIONS 

While only a small number of TGF-β-linked disease pathologies have been mentioned, 

these examples highlight the need for effective TGF-β therapeutics, especially in the cases 

of those resulting from depletion of ligand activity. Diseases linked to decreased protein 

activity, due to inactivating mutations or reduced expression, would benefit greatly from 

the advancement of current research into generating viable forms of TGF-β ligands.  

Currently, the clinical use of TGF-β proteins is limited to only BMP2 and BMP7, used in 

the treatment of bone fractures. To understand why, a thorough examination of the 

literature was conducted on the potential of the ligands to be used as therapeutic agents, 

including what has been studied using animal models and clinical trials. From this, three 

factors have been identified as limiting the widespread use of TGF-β therapeutics.  

One such factor is ligand stability, which can be seen in the case of the BMP2/activin 

chimera (AB204) developed for promoting bone healing. While it exhibits greater potency 

that unmodified BMP2, it lacks the serum stability required for systemic delivery 

(Kwiatkowski et al., 2014). The same lack of serum stability is demonstrated by TGF-β3 

analogue, Avotermin, which has been developed for improved wound healing 
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(Samadikuchaksaraei et al., 2016) but requires continuous delivery to exhibit significant 

effects. To advance these treatments past clinical trials requires overcoming their poor 

serum stability, which is directly linked to ligand potency, as therapeutics that have low 

stability in serum also have low potency, and are not effective as a long-term treatment.  

The second limiting factor is ligand activation, a consequence of a subset of ligands being 

secreted in an inactive or latent form, such as GDF11 and TGF-β3. This means that to 

successfully convert these molecules into therapeutics requires the additional step of 

modifying their activation status. In vivo, this group of ligands utilises naturally-secreted 

co-factors for activation, and these are typically ligand and tissue-specific. In a therapeutic 

form, however, these would need to be already activated, owing to limited activity from 

endogenous proteases. 

Thirdly, ligand activity is also a limiting factor, as many TGF-β proteins have evolved to 

act in an autocrine or paracrine manner (often during embryogenesis) and hence their 

affinity for receptors and activation of downstream signaling pathways is often weak. This 

ensures that the correct developmental cues are received at the correct time, but it also 

restricts the potential therapeutic application of many ligands in the family. Ligands with 

weak receptor affinity will be less efficient at exerting their maximal biological effect. 

Across the entire family, one or more of these hurdles are observed, and so addressing these 

limitations in one or two ligands may provide a blueprint for developing all TGF-β ligands 

as effective therapeutics. Broadly, the limiting factors are ligand half-life, ligand activation 

status and ligand bioactivity. 

1.6 OVERCOMING LIMITATIONS 

1.6.1 HALF-LIFE OF TGF-β LIGANDS 

One of the major limitations in the therapeutic application of TGF-β ligands to human 

disease is the poor stability of these preparations following intravenous/systemic delivery. 

It has been shown for family members TGF-β1 and inhibin that the mature active forms of 

the protein are cleared by the liver almost immediately after intravenous delivery, with 
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serum half-lives of mere minutes (Coffey et al., 1987, Makanji et al., 2009). Early work 

with TGF-β1 by Coffey et al. (1987) found a short half-life of less than three minutes for 

the mature ligand (Graph 1.1). 

Graph 1.1 The half-life of TGF-β1, as measured by radioactive decay in minutes (Coffey et al., 1987). The 

experiment involved performing a hepatectomy (surgical resection of the liver) or a sham operation on rats 

and took serial blood samples from the femoral artery after administration of the radioactively labeled TGF-β 

peptide. These allowed for examination of the hepatic uptake of TGF-β and measure the disappearance of the 

labeled ligand from the plasma. (Republished with permission of American Society for Clinical Investigation, 

from Hepatic processing of transforming growth factor beta in the rat. Uptake, metabolism, and biliary 

excretion. Coffey, R. J., Jr. Kost, L. J. Lyons, R. M. Moses, H. L. LaRusso, N. F. 80; 3; 1969; permission 

conveyed through Copyright Clearance Center, Inc.) 

 

Similarly, Makanji et al. (2009) examined the clearance of inhibin A and B mature ligands 

and, like that of TGF-β1, found it to be less than ten minutes (Graph 1.2).  
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Graph 1.2 The half-life of Inhibin A and Inhibin B, as measured by immunoactivity, decline in minutes 

(Makanji et al., 2009). Using a catheter inserted into the jugular, female mice were treated with inhibin A or 

B, and blood samples were taken at time points between half an hour and 4 hours. 34 and 31 kDa inhibins are 

isoforms found in humans, due to differential glycosylation. The dotted lines represent the fast (F) and slow 

(S) components as determined from rate constants (k fast or k slow) for the plasma clearance of 31-kDa 

inhibin A. (Makanji, Y., Temple-Smith, P. D., Walton, K. L., Harrison, C. A., Robertson, D. M. Inhibin B Is a 

More Potent Suppressor of Rat Follicle-Stimulating Hormone Release than Inhibin A in Vitro and in Vivo. 

Endocrinology, 150, 4784-93. by permission of Oxford University Press)

 

 
There are many approaches available for increasing protein retention in serum, including 

PEGylation, fusion to Fc domains or albumin, and N-glycosylation and polysialylation. 

While the latter approaches have yet to be trialed on TGF-β ligands, PEG-related methods 

have been applied with some success. PEGylation involves the attachment of a flexible 

hydrophilic molecule, such as carbohydrates or polyethylene glycol (PEG), to a protein to 

increase its size and volume (Kontermann, 2011). It was developed for the purpose of 

extending the half-life of proteins, and is used in various commercially available drugs, 

including human growth hormone (hGH) (Veronese and Mero, 2008). PEG hydrogels can 

be used as matrices or scaffolds for the controlled release of biomolecules (Drury and 

Mooney, 2003), and this has been used to improve the delivery of TGF-β1 and BMP2 

(Yang et al., 2013, Sridhar et al., 2014). 

 

The chemical coupling of PEG to a protein can be done using a site-directed or random 

approach, while the site of PEGylation coupled with the size and number of chains must be 
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done carefully to avoid affecting the protein itself (Fishburn, 2008).  While PEG hydrogels 

have been used as a method for the slow-release of TGF-β proteins, the process of 

PEGylation introduces non-native features into the target ligands. This can impede their 

immunogenicity, and in the case of applying these methods to all TGF-β ligands with the 

aim of improving half-life, may negatively alter their structure and bioactivity.  

In an attempt to overcome the poor serum stability of TGF-β1 using a less invasive 

approach, Wakefield et al. (1990) postulated that co-isolation of the mature active TGF-β 

protein along with its naturally occurring pro-domain would extend the half-life of the 

molecule significantly. If true, this would result in significant serum retention of TGF-β1, 

and could be applied across the TGF-β family. Every TGF-β ligand is synthesised initially 

with large N-terminal pro-domains, which wrap around the mature active regions to drive 

folding and dimerisation. Following folding, a protease cleaves the molecule between the 

pro- and mature domains. Figure 1.4 demonstrates the process of synthesis and secretion of 

a TGF-β ligand, with activin as a model. 
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Figure 1.4 An example of the synthesis and secretion of TGF-β ligands, using activin as a model. (A) 

Activins are synthesised from large precursor proteins, with an N-terminal pro-domain and C-

terminal mature domain. (B) Pro-domains mediate the folding and dimerisation of the mature dimers. 

(C) The pro-domains are cleaved from the mature dimer by proprotein convertases (site 1), but 

remain non-covalently associated with the mature growth factors. (D) The mature ligand has high 

affinity binding to its type II receptors and upon contact, the pro-domain is displaced and signalling 

occurs via the SMAD 2/3 pathway. This model is based on the model from Harrison et al., 2011. 

There is increasing evidence to suggest that following the processing event, the pro-

domains remain non-covalently attached to the mature dimeric ligand. Pro-domain co-

association is thought to offer several benefits to the mature protein: (i) facilitating 

localisation of the mature ligand to the extracellular matrix, (ii) aiding with target cell 

docking, (iii) limiting the activity of the mature protein by preventing receptor activation, 

and (iv) conferring bulk (~50 kDa) to the mature ligand. Figure 1.5 shows the crystal 

structure of prototype TGF-β family member, TGF-β1, which gives insight into the 

interactions between the pro- and mature domains. 
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Figure 1.5 The crystal structure of Pro-TGF-β1 (adapted from Shi et al., 2011). The pro-domain 

dimer is shown in red and green and can be seen shielding the mature dimer, shown in yellow and 

blue. The crystal structure of Pro-TGF-β1 can be described as a straight-jacket, with two pro-

domains forming the upper arms, shoulders and neck, then connecting at the elbows to the crossed 

forearms of TGF-β1 monomers. The α1 and α2 helices, coupled with the latency lasso, encircle the 

fingers of each TGF-β1 monomer and factor into directing the folding of the mature domain. The 

cysteines located within the α1 helix form a region that non-covalently interacts with latent-

transforming growth factor β-binding proteins (LTBPs), which are important in activating those 

TGF-β ligands that are secreted in a non-active state. Interestingly, the Pro-TGF-β1 structure reveals 

that pro-domains don’t form contacts with their own mature subunits, instead interacting with the 

opposite monomer. This structural discovery has important implications for ligands that form 

heterodimers, such as inhibin and cumulin.  

The pro-domain portion of TGF-β ligands accounts for approximately 80% of the total 

amino acid content of the pro:mature TGF-β complex. As such, its coverage of receptor 

binding sites is sufficient to block receptor interactions mediated by the mature regions. 

Some pro-domains bind their mature ligands with such high affinity that an activation 

mechanism is required to release the mature growth factor for receptor binding. These 
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ligands are classed as ‘latent’ TGF-β ligands (e.g. TGF-β1, TGF-β2, TGF-β3, myostatin, 

GDF11 and GDF9) (Gentry et al., 1988, Munger et al., 1997, Wolfman et al., 2003, Ge et 

al., 2005, Anderson et al., 2008, Harrison et al., 2011, Shi et al., 2011) and are considered 

inactive in the absence of an activation mechanism. For other ligands (e.g. activin, inhibin, 

BMPs, GDF5), the pro-mature association is much weaker, and the pro-domains are 

displaced in favour of a high affinity interaction with their target receptors. Pro-domain 

affinity is dictated by a conserved amino acid sequence within the pro-domain and ligands 

comprising these motifs exhibit latency, whereas those lacking this sequence are more 

likely to be classed as non-latent.   

An emerging role of the pro-domains has been their ability to enhance ligand bioactivities, 

by facilitating mature ligand docking onto the cell surface. It achieves this by mediating 

interactions with extracellular matrix proteins (ECM proteins). For BMPs this is via 

fibrillin-containing microfibrils (Sengle et al., 2008), for activin it’s via perlecan (Li et al., 

2010), and for TGF-β1 it’s via latent-transforming growth factor β-binding proteins 

(LTBPs) (Miyazono et al., 1991, Flaumenhaft et al., 1993). These interactions effectively 

direct the mature ligands to their target tissues and cells. This has been shown for BMP9 

(Mi et al., 2015, Kienast et al., 2016), for the GDF9:BMP15 heterodimer cumulin 

(Mottershead et al., 2015) and even inhibin (Walton et al., 2016).  

In the case of cumulin, the pro-domains interact with the specialised extracellular matrix of 

cumulus granulosa cells, allowing the ligand to access its receptors (Mottershead et al., 

2015). It has also been shown that Pro-cumulin exerts a greater biological effect than the 

mature heterodimers alone (Mottershead et al., 2015). For inhibin and BMP9, pro-domain 

retention appears to improve mature ligand bioactivity via increased affinity for target 

receptors (Mi et al., 2015, Kienast et al., 2016, Walton et al., 2016).  

Despite the importance of the pro-domain in regulating ligand stability and activity, almost 

all commercial preparations of TGF-β ligands lack their pro-domains. When Wakefield et 

al. (1990) examined the half-life of mature TGF-β1 alone, similar to the findings of Coffey 

et al., they observed that mature TGF-β1 ligand had a half-life of only two to three minutes 
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(Graph 1.3). However, when they examined the half-life of TGF-β1 in complex with its 

pro-domains, (pro:mature complex) they found the inclusion extended the half-life of TGF-

β1 by 50-fold (approaching 100 minutes) (Wakefield et al., 1990). 

Graph 1.3 The half-life of mature vs Pro-TGF-β1, as measured by radioactive decay in minutes (Wakefield et 

al., 1990). Male rats were anaesthetised and a catheter introduced into the right iliac artery. Samples of either 

mature or Pro-TGF-β1 were injected into the contralateral femoral vein. Blood samples were taken at time 

points across 90 minutes using the catheter. Mature TGF-β1 is plotted as black dots, while Pro-TGF-β1 is 

plotted as white dots. (Republished with permission of American Society for Clinical Investigation, from 

Recombinant latent transforming growth factor beta 1 has a longer plasma half-life in rats than active 

transforming growth factor beta 1, and a different tissue distribution. Wakefield, L. M. Winokur, T. S. 

Hollands, R. S. Christopherson, K. Levinson, A. D. Sporn, M. B. 86; 6; 1969; permission conveyed through 

Copyright Clearance Center, Inc.) 

 

As previously observed, mature TGF-β1 was rapidly taken up by the kidneys, liver, and 

spleen, and degraded. In contrast, latent TGF-β1 was readily detected in circulation and 

exhibited minor degradation (less than five percent after 90 minutes) (Wakefield et al., 

1990). The work by Wakefield et al. (1990) supports that retention of the pro-domains is 

likely to increase serum stability of the accompanied mature ligand, and potentially 

increase its signaling capacity. Table 1.5 highlights the different biological activities and 

signaling ranges for various TGF-β forms. 
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Table 1.5 In vivo biological activities and signaling ranges for both latent and active TGF-β ligands, in their 

various forms. Precursor TGF-β does not have activity, nor does the processed complex. Only the mature 

TGF-β ligand has activity and signaling range, although this is quite short. While activin also has no activity 

or signaling range when in precursor and unprocessed forms, in contrast to latently secreted TGF-β, the 

processed activin complex has activity comparable to (or potentially greater than) the mature active dimer. Its 

range is predicted to be longer than the mature ligand also. This model is based on the model from Harrison et 

al., 2011. 

 

The actions of TGF-β pro-domains in driving the mature ligand to its target receptors is a 

highly specialised form of targeted protein delivery. As this occurs naturally, taking 

advantage of this ability would allow the production of targeted naturally-derived 

therapeutics, where the inclusion of the pro-domain could potentially result in a longer half-

life and efficient tissue localisation.    

1.6.2 LATENCY OF TGF-β LIGANDS 

Extracellularly, TGF-β ligand activity is governed by their respective pro-domains. For 

those ligands with vast tissue target ranges, a strong hold between the pro- and mature 

domains limits the signaling potential. For these ligands, the affinity between the pro- and 

mature domains is such that the ligands are considered ‘inactive’ whilst within the grasp of 

their pro-domains. Upon an activation mechanism, mediated by proteases and/or a 
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conformation change, the mature active ligand is released and able to bind to its target 

receptors (Figure 1.6). Conversely, for those TGF-β ligands that act in a more paracrine 

manner (i.e. act back on the same tissues or cells from which they are made), the 

pro:mature domain hold is weaker. For these ligands, their pro-domains are readily 

displaced in favour of a high affinity association with their target receptors. An activation 

mechanism is not required for the non-latent ligands, and ligand activity is instead limited 

by tissue specific expression of the ligands and their receptors, and other extracellular 

antagonists (such as follistatin).  

 

Figure 1.6 Overview of biosynthesis and activation for latent TGF-β1. (A) TGF-β1 is synthesised 

from large precursor proteins, with an N-terminal pro-domain and C-terminal mature domain. (B) 

Pro-domains mediate the folding and dimerisation of the mature dimers. (C) The pro-domains are 

cleaved from the mature dimer by proprotein convertases (site 1), but remain tightly bound together 

and are localized to the extracellular matrix. (D) The complex is activated via actions of Bone 

Morphogenetic Protein 1 (BMP1) or tolloid-like proteases (TLD), which cleave the pro-domain so 

that it can release the mature active dimer. The mature ligand has high affinity binding to its type II 

receptors and upon contact, the pro-domain is displaced and signalling occurs via the SMAD 1/5/8 

pathway. This model is based on the model from Harrison et al., 2011. 
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The affinity of a pro-domain for its mature growth factor is determined by key regions 

within the pro-domain. Some TGF-β ligands have had their structures solved, including 

activin, TGF-β, myostatin and BMP9, and these are valuable sources of information about 

the pro:mature interactions. They also inform our understanding of the different receptor 

interfaces and conformational changes between latent and active ligands. Using the crystal 

structures of Pro-TGF-β1 and Pro-activin A, key differences are highlighted between active 

and latently secreted ligands (Figures 1.7 and 1.8).  

 

Figure 1.7 Comparison of the crystal structures of Pro-activin A and Pro-TGF-β1 (Wang et al., 2016). 

Pro-activin A is shown in green (pro-domain) and orange (mature domain), while Pro-TGF-β1 is 

shown in blue (pro-domain) and orange (mature domain). One monomeric unit (a single pro-domain 

and mature domain) dimerises with another. The differences between the interactions of the 

monomeric subunits can be seen in the unique conformations each monomer has, leading to distinct 

dimerisation patterns. Just like with TGF-β1, the α-helices and β-sheets are structural important 

motifs, creating links between chains. The two cysteines in activin A’s pro-domain form an intra-

chain disulphide bond, as opposed to the inter-chain bonds found in Pro-TGF-β1. β-hairpins and 

connecting α-helices run over the mature domain, generating a ‘cross-armed’ configuration. This 

also indicates a domain-swap, as the Pro-activin A forearm region is connected by a long α-helix to 

the shoulder domain that sits atop the opposing mature domain. This conformation is different from 

the closed-ring conformation of TGF-β1. 



Page | 37  
  
 

Figure 1.8 Comparison of the interactions between the pro and mature domains across the latency 

lasso region (Wang et al., 2016). In actively secreted ligands, this region has weak affinity binding 

across the pro:mature complex, while in latent ligands the affinity between the pro:mature complex 

is much stronger. 

The forearm region of Pro-activin A that contains the latency lasso may confer stability to 

the mature domain of the same polypeptide, thus allowing it to remain in a conformation 

suitable for dimerisation while also protecting the mostly hydrophobic surfaces of the 

mature domain that bind to its receptors (Figure 1.8 (Wang et al., 2016)). The weaker 

affinity interactions between the pro and mature domains, however, contribute to the lack 

of latency this region confers to activin. In the case of TGF-β1, this latency lasso interacts 

with high affinity to the mature domain, and thus both stabilizes and confers latency to the 

ligand. In both cases, the pro-domains can be seen to shield the mature dimers (Wang et al., 

2016). 

Understanding which regions of TGF-β ligands are important in determining whether a 

family member is active or latent gives rise to the possibility of altering their latency status.  

This can be done by targeted modification of the key domains that confer latency, and early 

mutagenesis work has examined TGF-β1’s method of activation. Brunner et al. (1989) 

showed that two cysteine residues in the pro-domain form interchain disulphide bonds and 

by using site-directed mutagenesis to alter these to the amino acid serine (C33S), generated 
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more mature active TGF-β1 than latent precursor. Cells transfected with the mutant TGF-

β1 constructs produced only monomeric precursor and released bioactive TGF-β1 (Brunner 

et al., 1989). Along with this study, Shi et al. (2011) tested the importance of pro-domain 

unfastening for activation via non-conservative substitutions of the fastener residues. 

Residues Y74 and Y75 were mutated to a variety of different amino acids and all except 

one resulted in integrin independent, spontaneous activation. An additional mutation at K27 

(to alanine) allowed the release of active TGF-β1 (Shi et al., 2011). Both of these studies 

support that interruption to the interchain bonds of the pro-domain allows release of active 

TGF-β1. 

An additional examination of latency-conferring regions by Walton et al. (2010) identified 

a stretch of 24 amino acids in TGF-β1 as a conserved hydrophobic motif. This stretch, 

previously implicated in binding the mature dimer, was mutated one amino acid at a time 

into alanine using site-directed mutagenesis. One particular mutation, arginine to alanine, 

improved the amount of mature active TGF-β1 produced (~22%) (Walton et al., 2010). In 

combination, these mutational studies identified two different regions that could be 

manipulated to achieve actively secreted TGF-β1. By interrupting the interactions between 

the pro-domain monomers, the resulting conformational changes also disrupt interactions 

between mature TGF-β1 and its precursor that would normally encourage latency (Shi et 

al., 2011, Brunner et al., 1989). Additionally, by altering a high-affinity binding motif 

between the pro-domain and mature, TGF-β1 latency is also disrupted, despite the complex 

remaining as a dimer (Walton et al., 2010).  

Reversing latency while maintaining the ligand in a complex form with its pro-domain is 

desirable in a therapeutic agent. While studies to date using latent TGF-β proteins have 

only used the recombinant mature forms, overcoming latency by an activating mechanism 

(i.e. a point mutation) would allow for the use of the complex in clinical trials. Engineering 

TGF-β ligands to have both a longer serum retention and improved activation would go a 

long way to producing effective therapeutic agents.  
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1.6.3 BIOLOGIAL ACTIVITY OF TGF-β LIGANDS 

While the pro-domain governs correct folding, dimerisation and serum half-life, ultimately 

the biological activity of TGF-β ligands is determined by their interactions with their 

receptors. The shared biological roles of TGF-β ligands are attributed to conserved 

structural features and receptor binding activities. All TGF-β ligands have an ‘open hand’ 

or ‘butterfly’ configuration (Figure 1.9), owing to conserved disulfide patterning (Daopin et 

al., 1992, Vitt et al., 2001)  The structural conservation results in overlapping receptor 

binding for ligands sharing the highest structural homology (Greenwald et al., 2004). 

Receptor preferences are dictated by slight sequence variations in the ligands at the contact 

sites, and in the unique combination of mature monomers that form the final dimeric ligand.  

 
Figure 1.9 The crystal structure of TGF-β family member activin A (Walton et al., 2012).  The dimer 

is comprised of two pairs of anti-parallel β-sheets, which first form short ‘fingers’ and then long 

‘fingers’. These finger-like projections stretch out from the cysteine-knot core of the molecule (red), 

creating surfaces for monomer and receptor interactions. An α-helix forms the ‘wrist’ region and 

resides in the contralateral concave surfaces generated by the ‘fingers’. (Reprinted from Molecular 

and Cellular Endocrinology. Vol. 359. Walton, K. L., Makanji, Y. & Harrison, C. A. New insights 

into the mechanisms of activin action and inhibition. Pages 2-12 Copyright (2012), with permission 

from Elsevier) 

Four of the seven type I receptors and four of the five type II receptors have been 

structurally characterised (Hinck et al., 2016). Type I and II receptors all share a common 

set of four disulphide bonds, regardless of which ligands they bind. Type II receptors bind 

at the distal ends of the dimer, either the fingertips (TβRII) or the knuckle (ActRIIA and 
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IIB), and this means that the residues within a monomeric unit determine the specificity of 

type II receptor binding. Type I receptors bind across the dimer interface at the wrist, and 

this translates to selectivity for either open or closed homodimers or heterodimers. An 

example of the differences in binding of type II receptors for activin A and TGF-β3 can be 

seen in Figure 1.10 (A) and (B). 

(A)

 

Figure 1.10 (A) Crystal structure of dimeric mature activin A bound to the extracellular domains of ActRIIB 

(Walton et al., 2012). Mature activin A is shown in purple and orange, while ActRIIB is shown in blue and 

green. Activin A binds to two type II receptors, the act of which restrains the internal flexibility of activin’s 

structure. ActRIIB binds to the convex finger domains of activin A. (Reprinted from Molecular and Cellular 

Endocrinology. Vol. 359. Walton, K. L., Makanji, Y. & Harrison, C. A. New insights into the mechanisms of 

activin action and inhibition. Pages 2-12 Copyright (2012), with permission from Elsevier) 
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(B)

 

Figure 1.10 (B) Crystal structure of mature activin A bound to the extracellular domain of ActRIIB, 

and mature TGF-β3 bound to the extracellular domain of TβRII (Hinck et al., 2016). Mature activin 

A is shown in pink and blue, while ActRIIB is shown in green. Mature TGF-β3 is shown in blue, 

while TβRII is shown in green. Activin A binds to its type II receptor, ActRIIB, across the knuckles 

of the mature dimer, which restrains the internal flexibility of activin’s structure. Conversely, TGF-

β3 binds to its type II receptor, TβRII , across the fingertips of the mature dimer, allowing internal 

flexibility to be maintained (Hink et al., 2016). 

A key region of significant structural difference between ligands is the pre-helix loop, 

located in the mature domain of TGF-β ligands. Differences between ligands in this region 

are thought to be responsible for the differing signalling and binding capacities to the type I 

receptors. Activin A binds to the type I receptor ALK4, whilst activin B can bind both 

ALK4 and ALK7 via differing amino acids in this key region. Myostatin can bind to both 

ALK4 and the TGF-β type I receptor ALK5. Cash et al. (2009) examined the differences in 

the pre-helix loop between myostatin and activin A, and while the overall conformation of 

this region is similar between the two, there is deviation that significantly affects the 

flexibility of the region. Activin A contains serine and glycine residues that allow for 

flexibility, while myostatin contains large hydrophobic regions which would constrain 

movement (Cash et al., 2009). In fact, myostatin’s pre-helix loop most closely resembles 

that of the TGF-β class of ligand, which may explain its ability to bind to ALK5 (Cash et 
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al., 2009). When comparing GDF11’s pre-helix loop with that of myostatin, it adopts a 

similar configuration (Padyana et al., 2016). However, there are residues differing between 

the two that would result in slight conformation changes, and may explain why GDF11 can 

signal through ALK4, ALK5 and ALK7.  

Type II receptors ActRIIA and IIB are considered to be promiscuous as they bind a large 

number of ligands, and this is due to the similarity in both receptor structures and knuckle 

regions of mature ligands, which indicates that both regions are structurally conserved 

(Hinck et al., 2016). In contrast, TβRII is structurally different to the other type II receptors 

and it has more in common with type I receptors. The TβRII binding site on TGF-β ligands 

doesn’t overlap with those of either ActRIIA or IIB, and the ability of it to bind ligands is 

due to the differences in its structure, which leads to a change in overall shape of the 

binding surface (Hinck et al., 2016). TGF-β1/2/3 exhibit sequence and loop shape 

differences in the finger regions relative to other ligands, and this allows for specificity. 

Figure 1.11 highlights the structural differences across ActRIIA, ActRIIB and TβRII 

receptors, in particular the loop formed by beta sheets β4 and β5. 

 

Figure 1.11 Comparison of the crystal structures of ActRII(A), ActRIIB and TβRII (Hinck et al., 

2016). ActRIIA and ActRIIB exhibit similar structures, with the same loops observed for sheets β1, 

β2, β4, and β5. TβRII, however, differs from these across its structure, most prominently at sheets 

β3, β4, and β5, where the loops are in a different orientation compared to both ActRII receptors. This 

highlights how differences across the structure of type II receptors plays a crucial role in ligand 

specificity (Hink et al., 2016). 
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Slight differences in the receptor binding contacts on the ligands, and in the combination of 

hetero-/homo-dimer chains in the mature ligand, dictate which receptors a mature ligand 

will bind, and subsequently, the intracellular pathway activated. Additionally, tissue 

specific expression of the receptors and ligands determines the potential of the pathways to 

be activated. Understanding the differences between ligands, in particular ligands that 

utilise the same receptors, and ligand:receptor interactions allows manipulation of affinities 

for certain receptors. Ligands that share receptors and act upon common tissues and cells 

are competing for binding, and in disease models this competition can be skewed in an 

adverse direction (e.g. hyper activation of myostatin in cancer cachexia).  

Towards the generation of improved TGF-β therapeutics, both half-life and bioactivity need 

to be addressed. The fact that only 12 receptors are shared across over 30 TGF-β 

superfamily members means that understanding the key amino acids that interact with each 

receptor opens up the possibility of improving activity. Where ligands have differing amino 

acid sequences across their binding sites, residues can be swapped and ligand bioactivity 

improved. Targeting these key areas will create longer lasting, more potent proteins, 

superior to what is currently commercially available. 

1.7 IMPROVING TGF-β LIGANDS FOR THERAPEUTIC PURPOSES  

Understanding how TGF-β ligands are regulated, and how dysregulation can lead to 

disease, is important for developing effective treatments. With a variety of pathologies 

linked to both hyper-activated and reduced expression of these proteins, many strategies 

have been devised to target these and restore homeostasis. These methods have targeted 

ligand:receptor interactions and isolation and sequestering of the mature ligand, all with the 

aim of reducing supra-physiological ligand levels. Methods to improve diminished ligand 

expression via use of exogenous ligand treatments have, however, been less successful.  

Assessing the literature around generating clinically relevant TGF-β therapeutics reveals 

common hurdles faced across all ligands. These hurdles must be addressed if these ligands 
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are to reach their therapeutic potential. The three key areas requiring further work are 

ligand half-life, ligand activation (to overcome latency) and ligand bioactivity. By 

overcoming these hurdles, using targeted strategies that aim to introduce minimal 

alterations, these ligands can be engineered into useful therapeutics. Because the 34 TGF-β 

ligands are conserved structurally and functionally, the knowledge gained from studying 

one can then be applied to others.  

In selecting example ligands, I have focused my research on two proteins that can be 

readily modified and tested both in vitro and in vivo. Activin A is a ligand that my research 

group has substantial experience with, including the development of assays that are used to 

measure activin concentrations in serum. GDF11 is a ligand which has the potential to 

become a treatment for age-related cardiac hypertrophy, as well as other physiological 

effects related to ageing. These ligands are prototypes for the production of potent TGF-β 

therapeutics, toward the end goal of engineering this family of ligands such that they can be 

used as effective therapeutic agents. 
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RESEARCH AIMS 

STUDY 1: INCREASING LIGAND STABILITY IN VIVO BY 

RETENTION OF PRO-DOMAINS 

The major limitation in the therapeutic application of TGF-β ligands is that they are rapidly 

cleared from the circulation, with half lives of mere minutes (Coffey et al., 1987, Wakefield 

et al., 1990, Makanji et al., 2009). This is owing to the small size of the mature ligands (20-

40 kDa). Thus, the goal of this study was to increase the stability of a mature active ligands, 

so that its’ in vivo half-life and activity could be extended. Toward this aim, I proposed that 

retention of the large pro-domain on TGF-β ligands would increase the stability of the 

mature active protein in vivo. In general, the pro-domains add bulk to the mature protein by 

increasing the size of the ligand complex up to 100 kDa, which should prevent rapid 

clearance through the liver. Additionally, the pro-domains are thought to facilitate 

localisation to target tissues via interactions with receptors or the ECM (Harrison et al., 

2011).  

For the purpose of this study, I sought to examine the ability of pro-domains to extend 

ligand in vivo stability using activin A as a model. This ligand has been extensively studied 

by our laboratory, and all the necessary measures are available to track activin stability in 

vivo. The aim of this study was to generate a Pro-activin A complex (in which activin is 

non-covalently associated with its pro-domains), and assess the protective potential of the 

pro-domain on the in vivo stability and activity of mature activin A (in rats). The outcomes 

of this study will determine if pro-domain retention can extend ligand stability in vivo.  
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STUDY 2: INCREASING LIGAND POTENCY BY IMPROVED 

RECEPTOR AFFINITY 

For a TGF-β based agonist to be clinically relevant, it must have high potency (i.e. evoke a 

response at low concentration). Though most TGF-β ligands can bind to their receptors 

with respectable affinities (Kd range 36pM – 200pM) (Lin et al., 1995, Sako et al., 2010), 

improving these initial cell contacts will enhance bioactivity and mean that less protein will 

need to be delivered therapeutically. Additionally, many of the ligands require a secondary 

receptor or co-receptor to enable a high affinity receptor complex formation. Finally, as 

many ligands compete for the same receptors, there is preferential activation of signaling 

pathways upon exposure to the more potent ligands.  

The goal of this study was to improve the potency of TGF-β ligands by strengthening their 

receptor interactions. To model this approach, I first sought to improve activin A’s binding 

affinity for its receptors, ActRIIA/B and ALK4/7. In vitro mutagenesis was used to modify 

activin A with the hope of improving its bioactivity via enhanced receptor contacts. The 

findings of this study will provide a blueprint for enhancing receptor affinity of TGF-β 

ligands, so that they have greater potency as therapeutic agents.  
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STUDY 3: INCREASING LIGAND ACTIVATION BY TARGETED 

MODIFICATION OF PRO-DOMAINS 

Latent TGF-β ligands bind their pro-domains with very high affinity, such that an 

activation mechanism is required to release the mature growth factors prior to receptor 

binding. To improve the bioactivity of these ligands in vivo, affinity of the pro-domain for 

its mature growth factor must be reduced.   

For the purpose of this study, I aimed to improve the activation of the latent TGF-β ligand, 

GDF11, so that it could exert activity in the absence of an activation mechanism. This study 

involved disruption of the pro-domain hold on mature GDF11 activity using in vitro 

mutagenesis, effectively decreasing the latency of GDF11. GDF11 was selected for this 

study as it is a potential rejuvenation factor, reversing age-associated cardiac hypertrophy 

and promoting neural stem cell proliferation in the brain. The outcomes of this study will 

determine if disruption to the pro-domain hold on a latent TGF-β ligand can increase 

biological activity in vitro. 
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STUDY 1:  INCREASING LIGAND STABILITY IN VIVO BY 

RETENTION OF PRO-DOMAINS  

 

BIOLOGICAL ACTIVITY AND IN VIVO HALF-LIFE OF PRO-

ACTIVIN A IN MALE RATS 
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ADDITIONAL CONSIDERATIONS 

This work formed the basis for further research examining the potential for the pro-domain 

to improve TGF-β ligand bioactivity. This was further examined in Study 2, Improving 

TGF-β Ligand Potency Using Activin A as a Model, and in the published work, A Novel, 

More Efficient Approach to Generate Bioactive Inhibins. As this study (Study 1) was 

published in 2016, it is worth considering the experimental design and findings with respect 

to subsequent research.  

The introduction of the supercut mutation enabled the generation of Pro-activin A, which 

could subsequently be purified using an antibody to the pro-domain. The supercut 

mutations are unlikely to cause any structural changes to activin A, as the same mutation 

has been reported not to disturb inhibin folding (Walton et al. 2016).  

The in vivo experimental method used for blood sampling involved taking repeat samples 

from one animal across a period of four hours. It was difficult and unethical to keep these 

animals alive past four hours whilst under gas anesthesia, however sampling past four 

hours was desirable. A new IV model for assessing TGF-β ligand clearance in mice has 

since been adopted by our research group, which involves post-operative blood sampling 

on conscious mice, to overcome this limitation. However, Pro-activin A is yet to be tested 

using this model. Ideally, sampling past four hours would clarify any differences in ability 

to induce FSH secretion. 
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STUDY 2:  INCREASING LIGAND POTENCY BY IMPROVED 

RECEPTOR AFFINITY  

 

IMPROVING TGF-β LIGAND POTENCY USING ACTIVIN A AS 

A MODEL 
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INTRODUCTION 

Activins, integral members of the transforming growth factor-beta (TGF-β) superfamily, 

are homo- or heterodimeric proteins of related β-subunits. Four β-subunit genes have been 

identified in humans, but only two (βA- and βB-subunits) have been extensively 

characterised. The most prominent pairings are the βA- and βB-homodimers, which form 

activin A and activin B respectively. Though activins were initially recognised for their key 

roles in inducing follicle stimulating hormone (FSH) production from the pituitary (Vale et 

al., 1986), emerging evidence suggests that these growth factors also contribute to 

processes such as bone formation (Stern et al., 1995, Merino et al., 1999, Ball and 

Risbridger, 2001), erythropoiesis (Yu et al., 1987) and skeletal muscle mass (Chen et al., 

2015). 

Activins A and B share approximately 60% amino acid sequence identity, but appear to 

have non-overlapping roles in vivo (Thompson et al., 2004). To demonstrate this, Brown 

and colleagues generated mice that expressed the mature βB subunit gene from the βA 

locus, to determine if the overexpression of activin B could rescue βA null mice. Though 

some mice survived, they were found to have defects including hypogonadism, decreased 

body mass, reduced female fertility and hair loss, which were attributed to the non-

overlapping functions of the βB and βA subunits (Brown et al., 2000, Thompson et al., 

2004). This mouse model suggests that activin A plays a more important role than activin B 

during development. Indeed, mice lacking activin A die during the neonatal period due to 

craniofacial defects (Matzuk et al., 1995). Mice lacking activin B, however, are viable and 

suffer from eyelid defects and females suffer from reproductive abnormalities (Schrewe et 

al., 1994). 

Activins A and B initiate their biological activity upon binding to type II receptors, 

ActRIIA and ActRIIB. Though these receptors are encoded by distinct genes, they share 

sequence homology, allowing them to bind the activins with similar affinities (Kd of 

310pM and 100pM respectively) (Attisano et al., 1992, Walton et al., 2012). Additionally, 

these receptors serve as docking sites for activin related ligands myostatin and GDF11, and 
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can even bind some members of the BMP family, albeit weakly, including BMP7. This 

shared requirement for the activin type II receptors causes related ligands myostatin and 

GDF11 to induce SMADs 2/3 downstream activity. In models of overexpression, these 

ActRII ligands trigger activin-like activity when in abundance, in particular in skeletal 

muscle (Zimmers et al., 2002, Reisz-Porszasz et al., 2003, Zimmers et al., 2017, Hammers 

et al., 2017).  

The propensity for ligands in the TGF-β family to exert a biological response is entirely 

dependent on their ability to contact and activate their target receptors. Where a receptor, 

like ActRIIA/B, can bind several TGF-β ligands, it becomes preferentially activated. This is 

based on local ligand concentration and the binding affinity of that ligand for the shared 

receptors. Receptor affinities for ActRIIB differ slightly across ligands, with activin A 

having a Kd of 36pM, GDF11 having a Kd of 30pM and myostatin having a Kd of 94pM 

(Sako et al., 2010). Receptor preference and affinity of the ligands is determined by their 

unique receptor binding epitopes. 

Examining the binding interface across members of the TGF-β family that utilise 

ActRIIA/B, but don’t necessarily share the same type I receptors, highlights the nature of 

this interface. Key amino acids are highly conserved in the ActRIIA/B binding sites of 

activin A, activin B, myostatin and GDF11 (Figure 3.1 below). However, there are some 

sequence differences amongst these ligands, which likely account for the varied affinities 

for ActRIIA/B. For example, key residues K412 and R397 in activin A are instead Y412 

and N397 in both GDF11 and myostatin.  
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               310         320       330       340    350       360 

ACTIVIN A     RRGLECDGKVN--ICCKKQFFVSFKDIGWNDWIIAPSGYHANYCEGECPSHIAGTSGSSL 

ACTIVIN B     KRGLECDGRTN--LCCRQQFFIDFRLIGWNDWIIAPTGYYGNYCEGSCPAYLAGVPGSAS 

GDF11 NLGLDCDEHSSESRCCRYPLTVDFEAFGW-DWIIAPKRYKANYCSGQCEYMFMQKYP--- 

MYOSTATIN     DFGLDCDEHSTESRCCRYPLTVDFEAFGW-DWIIAPKRYKANYCSGECEFVFLQKYP--- 

 

       370       380       390       400       410       420 

ACTIVIN A     SFHSTVINHYRMRGHSPFANLKSCCVPTKLRPMSMLYYDDGQNIIKKDIQNMIVEECGCS 

ACTIVIN B     SFHTAVVNQYRMRGLNPGT-VNSCCIPTKLSTMSMLYFDDEYNIVKRDVPNMIVEECGCA 

GDF11  --HTHLVQQANPRGS-----AGPCCTPTKMSPINMLYFNDKQQIIYGKIPGMVVDRCGCS 

MYOSTATIN     --HTHLVHQANPRGS-----AGPCCTPTKMSPINMLYFNGKEQIIYGKIPAMVVDRCGCS 

 

Figure 3.1 Type I/II receptor binding sites in activin A, activin B, GDF11 and myostatin. 

The residues across the type I receptor binding interface are highlighted in blue, while the 

residues across the type II receptor binding interface are highlighted in red. Differences 

across these regions likely contribute to the differing binding affinities of the ligands for 

their receptors. 

The crystal structure of mature activin A bound to its type II receptor ActRIIB revealed that 

the extracellular domain of ActRIIB is bound to the outer edges of the finger regions of 

activin. The flexibility and compact conformation of activin A bound to ActRIIB suggested 

that the binding sites for the type I receptor would become available only once the type II 

receptor had bound, indicating an organized mode of activation. The interface between 

activin A and ActRIIB encompasses mostly hydrophobic residues from activin (residues 

F327, I340, A341, P342, P398, L402, Y404, I410) and ActRIIB (residues Y60, V73, W78, 

L79, F82, V99, F101), as seen in Figure 3.2. 
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Figure 3.2 Crystal structure of one mature activin A unit bound to one ActRIIB extracellular 

domain (Walton et al., 2012). Key hydrophobic and hydrophilic residues involved in activin 

binding to ActRIIB are labelled. Key contacts in activin include I410, L402, and A341, 

which are conserved across ActRII-binding ligands. Residues K412, R397, and E421 are 

important for activin binding to ActRIIB but are not conserved. (Reprinted from Molecular 

and Cellular Endocrinology. Vol. 359. Walton, K. L., Makanji, Y. & Harrison, C. A. New 

insights into the mechanisms of activin action and inhibition. Pages 2-12 Copyright (2012), 

with permission from Elsevier) 

Few studies have explored the activin A and ActRII binding interface at the amino acid 

level. Wuytens et al. (1999) performed a structure-function analysis of activin A, using the 

crystal structure of TGF-β2 as a guide, by mutating individual amino acids across the 

mature domain that differed from TGF-β2. Bioactivity assays revealed that a D337K 

activin A mutant had a 2-fold higher affinity for ActRIIA/ALK4 complex and increased 

FSH stimulation than wildtype activin A, while a K412E mutant abolished activity 

(Wuytens et al., 1999). This study highlights the contribution of residue 337 in binding to 

ActRIIA/ALK4 and the essential nature of residue 412, as altering this amino acid was 

sufficient for inactivation of activin A. 

Further studies by our laboratory used in vitro mutagenesis to map the type II receptor 

binding sites on activin A (Harrison et al., 2006). By mutating key residues across the type 

I and II receptor interface, mature activin’s ability to bind to the type II receptor was 
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examined via induction of FSH. Mutation of D405A improved affinity for ActRII, and it 

was estimated that this mutant would have at least a 2-fold higher potency than wildtype 

activin in vivo. Another activin A mutant, S400A, revealed opposing results, with a low 

affinity for ActRII (Harrison et al., 2006). This study revealed that residue 400 is important 

for activin A mediated activity via ActRIIA/B, as mutating it to an alanine decreased 

activin A’s binding affinity. 

The goal of this study was to improve the potency of TGF-β ligands by strengthening their 

receptor interactions. To model this approach, I first sought to improve activin A’s binding 

affinity for its receptors, ActRIIA/B and ALK4/7. In vitro mutagenesis was used to modify 

activin A with the hope of improving its bioactivity via enhanced receptor contacts. The 

findings of this study will provide a blue print for enhancing receptor affinity of TGF-β 

ligands, so that they may evoke a higher biological/physiological response at a lower ligand 

concentration.  
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MATERIALS AND METHODS 

Selection of amino acid residues on Pro-activin A for mutagenesis 

Study 1 showed that HEK 293 cells secrete functional, dimeric mature activin A non-

covalently associated with its pro-domain when transfected with the Pro-activin A cDNA. 

In this study, mutations were introduced within the mature region of the Pro-activin A 

construct, with the goal of identifying Pro-activin A mutants that exhibit improved affinity 

for ActRIIA/B. As ActRIIA/B is a promiscuous receptor, also binding to activin B, GDF11 

and myostatin, a sequence alignment was performed to identify residues across this region 

that differ between ligands. Several of these residues were selected and used to perform 

site-directed mutagenesis to Pro-activin A’s mature domain. Residue D337 was mutated to 

lysine based on previous observations that this mutation resulted in a 2-fold increase in 

bioactivity, as a result of improved binding to ActRIIA and ALK4 (Wuytens et al., 1999). 

Residue H346 was mutated to tyrosine based on its identification as a key ActRIIB binding 

residue in the first finger region of mature activin A (Harrison et al., 2005). This residue is 

also not conserved across other ActRII ligands activin B, GDF11 and myostatin. Residue 

R397 was mutated to serine based on its identification as a key hydrophilic residue within 

the ActRIIB binding region on the second finger region of mature activin A (Walton et al., 

2012). This residue, like H346, is also not conserved across ActRII binding ligands. 

Residue S400 was mutated to asparagine based on both its identification as a key 

hydrophilic residue within the ActRIIB binding region and previous mutational studies that 

identified it as important in conveying bioactivity to activin A (Harrison et al., 2006).  

Generating Pro-Activin A Mutants 

Using the previously generated Pro-activin A as a template, with improved processing 

capacity (described in Study 1), target mutations were introduced via site-directed 

mutagenesis. The mutations introduced involved a direct amino acid substitution with the 

corresponding residues from activin B, GDF11 or myostatin.  
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Constructs carrying mutated activin A sequences were used for transient transfection 

experiments in human embryonic kidney (HEK) 293 cells to generate mutated activin A 

proteins. Activin A variants were purified from conditioned media using FLAG immuno-

affinity and activity was tested in both an activin-responsive HEK 293 luciferase assays and 

an activin-induced FSH bioassay in LβT2 cells.  

Site-directed mutagenesis of Pro-activin A sequence: 

Four activin A mutants were initially generated with amino acid substitutions from activin 

B, GDF11 or myostatin. The residues that were substituted were all in the mature domain 

of activin A; D337K, H346Y, R397S, and S400N (activin A numbering where the first Met 

in the signal peptide is 1). These mutations were introduced with the aim of increasing 

activin A affinity for ActRII, such that it resembled that of latent ligands, myostatin and 

GDF11. Residue D337 was replaced with lysine based on previously published data 

(Wuytens et al., 1999). Table 3.1 highlights the residues that were swapped during site-

directed mutagenesis. 

Table 3.1 Residues swapped across the ActRII binding site on activin A. 

RESIDUE    SUBSTITUTION 

Activin A Activin B GDF11 Myostatin 

 

 

D337 D337 D337 D337 D337K 

H346 Y346 K346 K346 H346Y 

R397 S397 S397 S397 R397S 

S400 S400 N400 N400 S400N 

 

The mutations were introduced using QuickChange Lightning site-directed mutagenesis kit 

(Agilent). Primers were diluted to 10µM and constructs to 50ng/µL with water. A master 

mix of buffer, dNTPs, quick solution reagent, water, and enzyme was mixed thoroughly 

and distributed across all samples. PCR was run for 18 cycles at 95°C (melting 

temperature) and 68°C (annealing temperature). After PCR, template DNA was removed 

using Dpn1 restriction enzyme provided. Reactions were then transformed into XL-Gold 
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Ultra Competent E.coli cells (Agilent) and plated onto 2YT (yeast/tryptone nutrient 

enriched media) plates with ampicillin as the selective agent. Surviving colonies were 

selected and grown up in 2YT media containing ampicillin. Plasmid DNA was extracted 

from cultured E.coli using a DNA purification kit (Wizard Plus SV Minipreps DNA 

Purification Systems) and the resultant DNA sequenced using Sanger Sequencing at the 

Gandel Charitable Trust Sequence Centre. 

Additionally, activin A variants carrying multiple mutations in ActRII binding sites were 

generated. The activin A variant with the R397S mutation served as the template in this 

round of mutagenesis, after initial bioactivity assessments. Table 3.2 lists these mutant 

variants. 

Table 3.2 Multiple mutations introduced across the ActRII binding site on activin A. 

RESIDUE    SUBSTITUTION 

Activin A Activin B GDF11 Myostatin 

 

 

H346/R397 Y346/S397 K346/S397 K346/S397 H346Y/R397S 

R397/P398 S397/T398 S397/P398 S397/P398 R397S/P398T 

R397/Y404 S397/F404 S397/F404 S397/F404 R397S/Y404F 

R397/P398/Y404 S397/T398/F404 S397/P398/F404 S397/P398/F404 R397S/P398T/Y404F 

 

Mutations P398T and Y404F were selected as these were predicted to improve bioactivity 

when in combination with R397S. The mutations were introduced as described previously, 

with template DNA removed using Dpn1 restriction enzyme. Reactions were transformed 

into XL-Gold Ultra Competent E.coli cells (Agilent) and plated onto 2YT (yeast/tryptone 

nutrient enriched media) plates with ampicillin as the selective agent. Surviving colonies 

were selected and grown up in 2YT media containing ampicillin. Plasmid DNA was 

extracted from cultured E.coli using a DNA purification kit (Wizard Plus SV Minipreps 

DNA Purification Systems) and the resultant DNA sequenced using Sanger Sequencing at 

the Gandel Charitable Trust Sequence Centre. 
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Expression analysis of Pro-activin A mutant variants: 

The expression of Pro-activin A wildtype and mutants was examined by transient 

transfection in HEK 293-F cells. Cells were plated at 8x10⁵ cells per well in a six-well 

plate. At 24 hours post-plating, each activin construct was combined with Lipofectamine 

2000 (Thermo Fischer) and then added directly to each well (three wells per construct) and 

left for 48 hours. OPTI-MEM (Gibco) was used for the expression stage. The media was 

then collected for processing.  

For Western blot analysis, conditioned media containing the activin variants was combined 

with 2x loading dye (Thermo Fischer) and then boiled for three minutes. Samples were then 

loaded onto a 10% SDS-PAGE gel. After electrophoresis, samples were transferred onto 

Nitro-cellulose membranes (Bio-Rad) and then blocked for at least one hour in 1% Bovine 

Serum Albumin (BSA) in TBS/Tween. Monoclonal antibodies specific to activin A (either 

to the pro- or mature domain) were used to assess the expression of activin A (activin A 

mature antibody, E4, used at 1:10,000 , and activin A pro-domain antibody, Activin A 

Precursor, used at 1:4000). These antibodies were bought commercially and have been 

independently validated. The membranes were left in primary antibody diluted in 1% 

BSA/TBS/Tween overnight. Blots were washed with 1xTBS multiple times and then a 

secondary antibody was added (anti-mouse IgG-HRP, GE Healthcare, concentration 

1:10,000) for at least an hour. Blots were washed again and Lumi Light developer (Sigma 

Aldrich) was added for five minutes. Chemiluminescence was detected using the Bio-Rad 

ChemiDoc system (Bio-Rad).  

Scaled-up production of Pro-activin A wildtype and mutants: 

HEK 293-F cells were plated at 11x10⁶ cells/20 cm plate. Poly-d-lysine (Thermo Fischer) 

was used to coat the plates before plating to increase cell adhesion to the plates. At 24 hours 

post-plating, each activin construct was combined with Lipofectamine 2000 (Thermo 

Fisher) and then added directly to each plate (two or three plates per construct) and left for 

48 hours. OPTI-MEM (Gibco) media was used as production media to minimise the 
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interference of serum proteins. Following production, the media was collected and 

centrifuged in a benchtop centrifuge to remove cell debris.  

Purification of Pro-activin A wildtype and mutants: 

Pro-activin A wildtype and mutant variants were purified by immuno-affinity using the 

FLAG tag previously introduced into the activin pro-domains. Using agarose beads coupled 

with the FLAG M2 monoclonal antibody (Sigma Aldrich), FLAG-tagged activin was 

isolated from 15 mL batches of conditioned media following an overnight incubation. 

Unbound protein was allowed to flow through the column, the column was washed with 

filtered 1xTBS, and finally the protein was eluted off the column using a competing peptide 

(100 µg/mL, 3xFLAG peptide, Sigma Aldrich) in a 5mL volume.  Final activin A 

recoveries were determined relative to the starting materials.  

Determining concentration of Pro-activin A wildtype and mutants using Western blot: 

Conditioned media containing the activin variants was combined with 2x loading dye 

(Thermo Fischer) and then boiled for three minutes. Samples were then loaded onto a 10% 

SDS-PAGE gel alongside a Pro-activin A standard of known concentrations. After 

electrophoresis, samples were transferred onto Nitro-cellulose membranes and then blocked 

for at least one hour in 1% Bovine Serum Albumin (BSA) in TBS/Tween. A monoclonal 

antibody specific to the activin A pro-domain was used to assess the expression of activin 

A (Activin A Precursor, R&D Systems, concentration 1:4000). Blots were washed with 

1xTBS multiple times and then a secondary antibody was added (anti-mouse IgG-HRP, GE 

Healthcare concentration 1:10,000) for at least one hour. Blots were washed again and 

Lumi Light developer (Sigma Aldrich) was added for five minutes. Chemiluminescence 

was detected using the Bio-Rad ChemiDoc system (Bio-Rad). Quantification was 

performed using ChemiDoc software, ImageLab, based on a standard curve generated by 

the Pro-activin A standard. 
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In Vitro Testing of Pro-Activin A Mutants 

The activities of mutant Pro-activin A preparations relative to wild-type Pro-activin A were 

assessed in both an activin-responsive luciferase assay in HEK 293 cells, and an activin-

induced FSH bioassay in LβT2 cells. These particular assays have been optimised and are 

validated approaches for studying activin activity (Harrison et al., 2006, Makanji et al., 

2009, Chen et al., 2015).  

For the luciferase assay, HEK 293-F cells were plated at 75,000 cells/well in a 48-well 

plate. At 24 hours post-plating, an activin-responsive luciferase specific reporter and 

transcription factor (A3/FAST2) were transfected into the cells using Lipofectamine 2000 

(Thermo Fisher) according to the manufacturer’s instructions. Four hours post-transfection, 

cells were treated with increasing doses of purified wildtype or mutant Pro-activin A 

variants in triplicate and incubated overnight. The next day the media was removed, the 

cells lysed and luciferase activity was measured using a CLARIOstar Plate Reader (BMG 

LabTech). 

For the FSH bioassay, mouse gonadotrope LβT2 cells were employed. The LβT2 cells 

secrete FSH in response to activin A stimulation. Cells were plated at 250,000/well in 48-

well plates. The following day, cells were stimulated with increasing doses of purified Pro-

activin wildtype or mutant variants (dose range of 6.25-100pM, in triplicate) and incubated 

overnight. The next day the media was collected and activin-induced FSH production 

measured using an in-house FSH immunofluorometric assay (IFMA) (assay range of 20-

2000pg).  

Statistical Analysis of In Vitro Bioactivity of Pro-Activin A Mutants 

Bioassay data are the mean ± SD of triplicate determinations from representative 

experiments, relative to an adjusted value of 1.0 for the mean of the control wells. The 

experiments were repeated at least 3 times, with each treatment applied to three replicate 

wells in each experiment. The data was analyzed using GraphPad Prism v.7. The biological 

activity of the activin isoforms were analyzed using the area under the curve. For 
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bioactivity, one-way ANOVA analysis of variances was used to assess statistical 

differences across doses, with the Tukey’s multiple comparisons test used for comparisons 

between the specific group means. Data columns with stars achieved significance of P < 

0.05. Data are presented as the means ± SD. 
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RESULTS 

Production and purification of Pro-activin A wildtype and mutants 

Using the Pro-activin A backbone, several activin A variants were generated with targeted 

mutations in their ActRII binding domains. Activin A constructs were transiently expressed 

in HEK 293-F cells (in triplicate), and resultant expression in conditioned media examined 

by Western blotting.  

The activin A antibody specific to the mature regions (E4, amino acids 401-413, Beckman 

Coulter/Oxford Brookes University, Oxford, UK) was used in Study 1 to detect and semi-

quantify levels of Pro-activin A via Western blot. However, in this study mutations were 

introduced near or within the epitope for this antibody on activin A, including residues 

S400N and R397S. These amino acid substitutions disrupted E4 antibody binding, and as a 

consequence an alternate antibody was sourced. This new antibody bound to the activin A 

pro-domain (Activin A precursor, binds to an epitope in the pro-domain that is removed 

when the protein is processed, R&D Systems, Minneapolis, MN), which remained 

unaffected by the mutations introduced into the mature domain. Figure 3.3 (A) and (B) 

highlights the differences in detection across all mutations using both antibodies. 
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(A)  Pro-activin A precursor 

 

          Pro-activin A mature dimer 

 

Figure 3.3 (A) Western blot analysis of Pro-activin A ActRII mutant variants (in triplicate). 

Samples were transfected in HEK 293-F cells, with three wells/construct. Two different 

antibodies were used for detecting protein expression, one that binds to the activin A pro-

domain (Pro-activin A mAb, binds to a region of the precursor that is removed when 

processed into the mature form) and one that binds to the mature (activin A mAb, binds to 

residues 401-413). Western blot analysis of conditioned media indicated that expression of 

the D337K mutant was reduced significantly compared to wildtype (Pro-activin A WT), and 

this was observed using both antibodies.  
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(B) Pro-activin A precursor 

 

         Pro-activin A mature dimer 

 

Figure 3.3 (B) Western blot analysis of Pro-activin A ActRII mutant variants (in triplicate). 

Samples were transfected in HEK 293-F cells, with three wells/construct. Two different 

antibodies were used for detecting protein expression, one that binds to the activin A pro-

domain (Pro-activin A mAb, binds to a region of the precursor that is removed when 

processed into the mature form) and one that binds to the mature (activin A mAb, binds to 

residues 401-413). Western blot analysis of conditioned media indicated that expression of 

the H346Y R397S mutants was reduced significantly compared to wildtype (Pro-activin A 

WT), and this was observed using both antibodies.  
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Western blot analysis of protein expression for Pro-activin A and mutant variants in the 

conditioned media of transfected cells revealed differences in both expression levels of 

variants and antibody detection. Figure 3.3 (A) revealed that expression for wildtype and 

H346Y are comparable, with similar detection levels across both antibodies, suggesting that 

this mutation did not affect Pro-activin A expression. The D337K mutation resulted in 

decreased protein expression, and this was observed with both antibodies. For mutations 

across or flanking the E4 antibody binding site, R397S and S400N, protein detection using 

E4 was hindered by the introduced mutations, and as such the detected expression levels 

were low.  

Figure 3.3 (B) revealed that, like the R397S single mutation, the protein expression levels 

of the double and triple variants (R397S/P398T, R397S/Y404F and R397S/P398T/Y404F) 

were detected poorly using the E4 antibody. When the same samples were probed with the 

pro-domain antibody, their expression levels were reduced compared to wildtype, however 

this difference was not as pronounced as that observed when using the E4 antibody. For the 

H346Y/R397S variant, protein expression levels were significantly lower than wildtype, 

regardless of the antibody used for detection. As each individual mutation did not exhibit 

this effect, the combination may be detrimental to protein expression.  

To determine if any differences observed between mutant variants were due to loading 

errors, a control assay examining total protein concentration (BCA assay) was performed. 

Graph 3.1 summarises these findings.  
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Graph 3.1 The average quantified amounts of total protein in conditioned media samples for activin A mutant 

variants. The total protein concentration across all samples was relatively consistent. Some variation between 

individual conditioned media samples for the same mutant was observed, however each mutant was examined 

in triplicate to account for any variation. 

 

Once it was established that the pro-domain antibody accurately detected activin A variants 

present in conditioned media, densitometry was used to estimate concentrations. Graph 3.2 

summarises the estimated concentrations for activin variants as determined by densitometry 

with the two antibodies.  
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Graph 3.2 The average quantified amounts of Pro-activin A protein expressed via Western blot, relative to 

WT (precursor only). This graph represents the average quantified amounts of precursor Pro-activin A levels 

for each mutant variant, as determined using two different activin A antibodies. Data is mean ± SD. N=3 

repeated experiments. 

 

To enable activity assessment of the newly generated activin A variants, they were first 

isolated from conditioned media using FLAG-immunoaffinity. Protein recoveries were 

estimated using Western blotting. Although the Pro-activin A antibody doesn’t detect 

mature activin A, my previous work determined that the ratio of pro:mature activin A 

expression was 1:1 (Study 1). The purification of activin A wildtype and mutant variants 

resulted in retention of at least 50% of mature activin A present in the starting material. 

This was co-purified with the FLAG-tagged pro-domain, providing further evidence of the 

non-covalent association between the mature and the pro-domain, and indicating the 

mutations made were non-disruptive to this. Additionally, as the mutant variants were 

purified in the same manner as Study 1, using an antibody to the pro-domain, it can be 

concluded that there is at least one pro-domain per isolated mature activin A dimer. 



Page | 81  
  
 

Good recoveries (80%) were observed for Pro-activin A wildtype while moderate 

recoveries (50-70%) were observed for the mutant variants (Table 3.3). The differences are 

likely due to lower starting concentrations for some of the variants, including S400N and 

R397S/P398T, and this contributed to the recoveries. It is also possible that the mutations 

introduced a conformational change in the Pro-activin protein, which restricted presentation 

of the introduced FLAG tag and purification efficiency.  

Table 3.3 Percentage recovery table of FLAG purified Pro-activin A and mutants. 

Variant Starting 

concentration 

(ng/µL) 

Final 

concentration 

(ng/µL) 

% 

recovered 

Activin A supercut 1.44 1.8 80% 

Activin A supercut D337K 0.42 0.6 70% 

Activin A supercut H346Y 0.845 1.3 65% 

Activin A supercut S40N 0.65 1.3 50% 

Activin A supercut R397S 0.3 0.6 50% 

Activin A supercut R397S P398T 0.1 0.2 50% 

Activin A supercut R397S Y404F 0.1 0.2 50% 

Activin A supercut R397S P398T 

Y404F 

0.2 0.4 50% 

Activin A supercut H346Y R397S 0.275 0.5 55% 

 

 

Figure 3.4 Example silver stain gel of 
purified protein. FLAG-purified samples 
were examined for purity using a silver stain 
blot. This example includes three samples: 
R397S/P398T, R397S/Y404F, and 
R397S/P398T/Y404F.  
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Examining the purified Pro-activin A samples via silver stain gel reveals that, although 

recoveries may have been poor for some mutant variants, purity levels are high and the 

samples lack detectable contaminating proteins (Figure 3.4).  

In vitro bioactivity of Pro-activin A wildtype and mutants 

Using an activin A-responsive luciferase reporter in HEK 293-F cells, the biological 

activity of the activin A variants with mutations in their ActRII binding domains was 

compared alongside wildtype activin A. 

  

Figure 3.5 Luciferase bioactivity response in HEK 293-F cells. Cells were transfected with 

A3-luciferase reporter and then treated with increasing doses of Pro-activin A, mature 

activin A or a Pro-activin A mutant variant (0.064-200pM). Luciferase activity was 

measured and plotted as fold change. Mature activin A has been excluded from this graph as 

Study 1 demonstrated that mature activin A and Pro-activin A are equally potent in this 

assay system. Data is mean ± SD. N=3 assays. 
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Wildtype Pro-activin A induced a dose-dependent increase in luciferase activity (EC50 of 

15.3 pM) (Figure 3.5) compared to untreated cells. The Pro-activin A S400N variant had no 

detectable activity, indicating that this mutation likely ablates receptor binding. Conversely, 

the Pro-activin A R397S (EC50 of 1.7 pM, p<0.01) and H346Y (EC50 of 6.1 pM, p<0.01) 

variants showed 9-fold and 2.5-fold higher activity than wildtype pro-activin A. However, 

the D337K variant revealed reduced activity in this system relative to wildtype Pro-activin 

A (EC50 of 47 pM). 

With the end goal of increasing activin potency, the Pro-activin R397S mutant was selected 

for further analyses. This mutant had enhanced bioactivity (approximately 9 times higher) 

compared to Pro-activin A in the luciferase assay. Multiple mutations were introduced on 

the background of the R397S mutation with the hope of enhancing activin potency.  
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Figure 3.6 Luciferase bioactivity response in HEK 293-F cells. Cells were transfected with 

an activin-responsive luciferase reporter and then treated with increasing doses of Pro-

activin A or a mutant variant (0.064-200pM). Luciferase activity was measured and plotted 

as fold change. Data is mean ± SD. N=3 assays. 

The addition of extra mutations onto the Pro-activin A R397S backbone did not result in a 

further improvement in bioactivity (Figure 3.6). Compared to wildtype, all mutants had 

increased potency, however this did not reach the same levels as R397S alone (EC50 of 1.7 

pM compared to a range between 4.7 pM and 11.8 pM). Statistically, the R397S/Y404F 

variant had higher bioactivity compared with Pro-activin A (p<0.01), while the 

R397S/P398T variant had higher bioactivity compared to the R397S alone (p<0.05).  

Table 3.3 summarises the luciferase bioactivity assay findings across the panel of mutant 

variants tested. The EC50 value for Pro-activin A in this study, differs notably relative to 

that of Study 1, (EC50 of 15pM compared to 55pM) and this may be the result of different 

methods used to determine protein concentration. In Study 1, Pro-activin A levels were 
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determined by a validated activin A ELISA, whereas this could not be applied to this study 

due interfering nature of the mutations, and so Pro-activin A levels were determined by 

densitometry and Western blot using a different antibody.  

Table 3.4 Summary table of EC50 values determined by luciferase activity. 

Variant EC50 value 

(pM) 

Significance 

compared to 

wildtype 

Pro-activin A (wildtype) 15 N/A 

Pro-activin A D337K 47 p>0.05 

Pro-activin A H346Y 6 p<0.01 

Pro-activin A S400N N/A p<0.01 

Pro-activin A R397S 2 p<0.01 

Pro-activin A R397S P398T 10 p>0.05 

Pro-activin A R397S Y404F 5 p<0.01 

Pro-activin A R397S P398T Y404F 11 p>0.05 

Pro-activin A H346Y R397S 8 p>0.05 

 

Selected Pro-activin A variants were next tested for their ability to induce FSH production 

in mouse LβT2 pituitary gonadotrope cells. This bioassay mimics the biological actions of 

activin in vivo and is a direct measure of bioactivity.  
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Figure 3.7 Pro-activin A induced FSH release in LβT2 cells. Cells were treated with 

increasing doses of Pro-activin A or a mutant variant (6.25-100pM). D5 corresponds to 

6.25pM, D4 to 12.5pM, D3 to 25pM, D2 to 50pM, and D1 to 100pM. FSH release was 

measured by ELISA and plotted as fold-change. One asterisk refers to significance of 0.05 

or less (p<0.05), while two asterisks refers to significance of 0.01 or less (p<0.01). Data is 

mean ± SD. N=2 assays. 

As anticipated, Pro-activin A induced a dose-dependent increase in FSH release in the 

LβT2 cells (Figure 3.7). The D337K and H346Y R397S variants induced FSH production 

to a comparable degree as unmodified Pro-activin A. The S400N variant had no detectable 

activity, consistent with luciferase bioactivity results. Interestingly, both the H346Y and 

R397S Pro-activin A variants exhibited enhanced potency (1.7-1.85 times higher, 

respectively) compared to wildtype at 100 pM. Statistically, R397S (p<0.01) induced a 

more potent FSH response than H346Y (p<0.05) when compared to wildtype. The R397S 

Y404F variant was not tested in this assay as the improved activity was mostly attributed to 

the R397S change alone, rather than in combination with the Y404F. 

 



Page | 87  
  
 

DISCUSSION 

Previously, our laboratory has shown that isolating Pro-activin A (mature activin with its 

pro-domain still attached) improved the half-life of activin A by 2.5-fold (Study 1). Here 

we aim to increase the activity by enhancing activin A binding to ActRII. Point mutations 

were made across the type II receptor interface, and their effect on activin A expression and 

activity determined in vitro.  

               310         320       330       340    350       360 

ACTIVIN A     RRGLECDGKVN--ICCKKQFFVSFKDIGWNDWIIAPSGYHANYCEGECPSHIAGTSGSSL 

ACTIVIN B     KRGLECDGRTN--LCCRQQFFIDFRLIGWNDWIIAPTGYYGNYCEGSCPAYLAGVPGSAS 

GDF11 NLGLDCDEHSSESRCCRYPLTVDFEAFGW-DWIIAPKRYKANYCSGQCEYMFMQKYP--- 

MYOSTATIN     DFGLDCDEHSTESRCCRYPLTVDFEAFGW-DWIIAPKRYKANYCSGECEFVFLQKYP--- 

 

       370       380       390       400       410       420 

ACTIVIN A     SFHSTVINHYRMRGHSPFANLKSCCVPTKLRPMSMLYYDDGQNIIKKDIQNMIVEECGCS 

ACTIVIN B     SFHTAVVNQYRMRGLNPGT-VNSCCIPTKLSTMSMLYFDDEYNIVKRDVPNMIVEECGCA 

GDF11  --HTHLVQQANPRGS-----AGPCCTPTKMSPINMLYFNDKQQIIYGKIPGMVVDRCGCS 

MYOSTATIN     --HTHLVHQANPRGS-----AGPCCTPTKMSPINMLYFNGKEQIIYGKIPAMVVDRCGCS 

 

Figure 3.8 Mutations studied across the type I/II receptor binding sites in activin A, activin 

B, GDF11 and myostatin. The residues mutated in this study are highlighted in green. 

From a panel of nine mutants, we determined that a S400N mutation disrupted Pro-activin 

A activity (24-fold reduction in activity), and also appeared to reduce activin A expression 

by 20%. The asparagine at position 400 is observed in both GDF11 and myostatin, while 

both activin A and B have a serine at this position. Previous work has shown that mutating 

this residue to an alanine depletes affinity for ActRII (Harrison et al., 2006). Even though 

serine and asparagine are both polar uncharged amino acids, this residue must be vital for 

activin to induce activity via ActRIIB.  

Interestingly, H346Y and R397S mutations did not hinder activin A biosynthesis but 

significantly increased bioactivity up to 9-fold relative to Pro-activin A. Activin A is the 

only ligand with a histidine at position 346, as activin B has a tyrosine, while GDF11 and 

myostatin both have lysine. Arginine at position 397 is also unique to activin A, as serine is 

observed in activin B, GDF11 and myostatin. The conservation of serine across activin B, 
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GDF11 and myostatin implies that the bioactivity of these ligands may be higher with this 

amino acid at position 397, as activin A shows significant improvement when this arginine 

is substituted for serine.  

When examining the amino acids across ActRIIB that contact with histidine and arginine, 

these residues are phenylalanine (F82) and aspartic acid (D80) respectively. Phenylalanine 

is hydrophobic while aspartic acid is hydrophilic. The introduction of tyrosine in place of 

histidine may introduce a hydrophobic bond between it and phenylalanine, and the 

observed increase in bioactivity could be attributed to the strength and affinity of this bond, 

over that which forms between histidine (a hydrophilic amino acid) and phenylalanine. The 

introduction of serine in place of arginine induces a polar hydrophilic bond between it and 

aspartic acid, and the observed increase in bioactivity could be attributed to the strength and 

affinity of this bond, over that which forms between arginine (a basic hydrophilic amino 

acid) and aspartic acid. 

Substitution of either H346Y or R397S alone was sufficient to improve Pro-activin A 

potency. Using an activin A-induced luciferase response as a measure of activity, these 

variants achieved a 2.5 and 9-fold higher activity compared to wildtype. Using activin A-

induced FSH secretion as a measure of activity, these variants achieved a 1.7-1.85-fold 

higher induction of FSH at top dose of 100 pM compared to wildtype. Subsequent 

introduction of both tyrosine and serine in combination (H346Y/R397S) resulted in a 

reduction in protein expression (around 80% less) and minimal improvement in activity. 

This indicates that the ability of these individual mutations to improve bioactivity is 

reduced when combined. This may be because Pro-activin A tolerates a single point 

mutation at either position, but in combination it is detrimental for synthesis and activity. 

In some instances, the presence of multiple substitutions in the ActRII binding site 

improved Pro-activin A bioactivity. In particular, the introduction of R397S/Y404F 

mutations in combination resulted in a 3.3-fold increase in Pro-activin A activity. Activin A 

is the only ligand with tyrosine at position 404; activin B, GDF11 and myostatin have 

phenylalanine. Both these amino acids are hydrophobic and so the introduction of 
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phenylalanine should be minimally disruptive to overall charge and protein conformation of 

Pro-activin A, however tyrosine has an additional hydroxyl group. The removal of this 

group, which is absent in phenylalanine, likely alters the ability to create a hydrogen bond 

across the receptor interface. Subsequently, the addition of this amino acid onto the R397S 

backbone may have been mildly disruptive to its ability to bind to ActRII and induce a 

bioactivity as high as R397S alone (EC50 of 4.5 pM as opposed to EC50 of 1.7 pM).  

The βA- and βB-subunits of activin do not only form homodimers but can also interact with 

a unique α-subunit to form the heterodimeric TGF-β ligands inhibin A and inhibin B. 

Inhibin is made in the Sertoli cells in the testes of males and the granulosa cells in the 

ovaries of females, and acts in an endocrine manner. Inhibin acts as an antagonist of 

activin, regulating FSH secretion from the pituitary by inhibiting activin’s actions (Wiater 

and Vale, 2003). However, recently it has been shown that the loss of ovarian inhibins at 

menopause may contribute to the decrease in bone mass during this period of a woman’s 

life. Indeed, serum levels of inhibin A and B inversely correlate with the presence of bone 

resorption and bone formation markers in women undergoing the transition to menopause, 

and initial bone loss occurring in this period may be driven by a decrease in inhibin levels 

(Perrien et al., 2006). Inhibin itself has also been shown to improve bone growth in animal 

models of bone degeneration (Perrien et al., 2007, Perrien et al., 2012).  

Previously unpublished work done in our laboratory, by Monica Goney, sought to generate 

a form of inhibin with improved bioactivity (Figure 3.9). The R397S mutation was 

introduced into the β-subunit of inhibin A and found that, in an inhibin-responsive 

luciferase assay, inhibin activity was increased 17-fold relative to wildtype inhibin A. 

Additionally, when this mutation was combined with an S343I mutation, inhibin activity 

increased 22-fold, relative to wildtype.  This is one example of how selectively mutating 

the ligand:receptor interface can benefit the bioactivity of TGF-β ligands, in this case 

improving inhibin’s affinity for ActRIIB.  
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Figure 3.9 Luciferase bioactivity response in HEK 293-F cells. The ability of Pro-inhibin A 

and mutant variants to suppress activin bioactivity was examined using a luciferase assay. 

Cells were treated with a single dose of activin A, and then treated with increasing doses of 

Pro-inhibin A or a mutant variant (0.001-1.0nM). Data is mean ± SD. N=3 assays (Monica 

Goney, unpublished data). 

One potential application for a more potent form of Pro-activin A, such as the R397S 

variant, is in the differentiation of embryonic stem cells. Embryonic stem cells derive from 

undifferentiated mice or human embryonic cells (Evans et al., 1981, Thomson et al., 1998, 

Wobus et al., 2005) and are capable of extensive proliferation and differentiation into 

almost any cell type. In a laboratory environment, embryonic stem cells form aggregates, 

defined as embryonic bodies, which further differentiate into the primary germ cell layers 

(ectoderm, mesoderm, and endoderm). One important factor in this differentiation is activin 

A-mediated activity, which has been shown initially to induce endoderm cell formation 

(Smith et al., 1990, Gurdon et al., 1994) in Xenopus studies, and later in mouse embryonic 

stem cells (Kubo et al., 2004, Tada et al., 2005).  
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Crucial to this activin A-induced differentiation of embryonic stem cells is the 

concentration of activin A. Previous studies have demonstrated that activin A’s ability to 

induce endoderm differentiation is concentration-dependent (Tada et al., 2005, Yasunaga et 

al., 2005). In addition, low levels of activin A applied to human embryonic stem cells 

resulted in their ability to maintain an undifferentiated pluripotent state, aiding in the long-

term culture of these cells (Kubo et al., 2004, Shi et al., 2005, Gouon-Evans et al., 2006, 

Soto-Gutierrez et al., 2006, Nakanishi et al., 2007). A more potent form of activin A, such 

as modified Pro-activin A with high biological activity, would allow for the use of lower 

concentrations of activin A in culturing such embryonic stem cells.  

This study has identified which amino acids are essential or dispensable for activin A 

binding to ActRIIB. Residue S400 is crucial to activin A’s activity via binding to ActRIIB, 

as substitution of this for asparagine abolishes activity in both luciferase and FSH assays. 

Residues H346 and R397, while important for binding to ActRIIB, can be altered to 

improve affinity between ligand and receptor. It is unknown how important residues D337, 

P398 and Y404 are, however altering these was not detrimental to Pro-activin A 

bioactivity, and in the case of incorporating P398 and Y404 on the R397 backbone, 

marginally improved ligand:receptor contacts and downstream bioactivity. Overall, the 

targeted mutagenesis of Pro-activin A’s receptor binding sites is evidence that this approach 

can be used to improve the receptor binding interactions between TGF-β ligands and their 

receptors, resulting in improved biological activity.  
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STUDY 3: INCREASING LIGAND ACTIVATION BY 

TARGETED MODIFICATION OF PRO-DOMAINS 
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INTRODUCTION 

Growth differentiation factor 11 (GDF11) is one of the few transforming growth factor-beta 

(TGF-β) proteins that are made in a latent form. The mature GDF11 dimer shares 90% 

sequence identity with fellow latent ligand myostatin (GDF8), suggesting that they may be 

functional homologues. However, knock-out models for myostatin and GDF11 imply that 

they are functionally distinct. Whilst myostatin knock-out mice (GDF8-/-) exhibit a double 

muscle phenotype (McPherron et al., 1997), highlighting myostatin’s role as the major 

negative regulator of muscle mass, mice deficient in GDF11 do not. Instead, GDF11 knock-

out mice (GDF11-/-) resemble the type II receptor knock-out mice, ActRIIA and ActRIIB 

(Oh and Li, 1997, McPherron et al., 1999) with defective skeletal patterning. The most 

prominent phenotype in the GDF11 knock-out mice is their anteriorly directed homeotic 

transformations throughout the axial skeleton and posterior displacement of hind-limbs. 

These mice also exhibit a shorter or absent tail, a range of palate and renal abnormalities, 

and rib cage expansion. Though they appear functionally divergent, myostatin and GDF11 

signal through the same type I and II receptors (ALK4/5 and ActRIIA/B) and similarly 

activate SMAD 2/3 signalling cascades (Lee and McPherron, 2001, Oh et al., 2002, 

Rebbapragada et al., 2003, Lee et al., 2005, Andersson et al., 2006, Sako et al., 2010, 

Egerman et al., 2015). Additionally, GDF11 is able to utilise type I receptor ALK7 while 

myostatin cannot (Andersson et al., 2006). The ligand specific signals could be attributed to 

tissue restricted expression of myostatin and GDF11, as well as ligand concentration. 

Figure 4.1 shows the expression profile of both proteins in mammalian tissue. 
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(A) 

 

 (B) 

 

Figure 4.1 Protein expression profile of GDF11 (A) and myostatin (B). Organs that express both include the 

cerebral cortex, adrenal gland, liver, stomach, epididymis, and placenta. Obtained from ProteinAtlas 

(https://www.proteinatlas.org/ENSG00000135414-GDF11/tissue and 

https://www.proteinatlas.org/ENSG00000138379-MSTN/tissue). 

Intriguingly, recent evidence suggests that GDF11 may have opposing activity to myostatin 

in various tissues and organs. Loffredo et al. (2013) used a parabiosis model, whereby the 

circulatory systems of juvenile (2 months) and aged (23 months) C57BL/6 mice are fused, 

to assess the effect of circulating young blood on the health of old mice. Four weeks after 

parabiosis, the old mice displayed improved cardiovascular health, and a proteomic screen 

suggested that this was attributed to an influx of GDF11 from the young blood. In support, 

daily injections of GDF11 into old mice (0.1 mg/kg/day for 30 days) attenuated 
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cardiovascular disease progression, suggesting that GDF11 is cardio-protective (Loffredo et 

al., 2013). In addition to this, in both the parabiosis model and GDF11 treatment models, 

skeletal muscle growth was renewed, accompanied by an increase in muscle integrity and 

functional capacity (Sinha et al., 2014). 

In 2015, Egerman et al. published contrasting evidence suggesting that GDF11 levels 

actually increase with age and inhibit muscle regeneration and satellite cell expansion in 

mice (Egerman et al., 2015). Several follow-up studies have since corroborated this; Smith 

et al. (2015) found that daily injection of recombinant GDF11 in mice results in 

significantly raised blood levels of GDF11 but no reduction in heart or myocyte size were 

observed (Smith et al., 2015), while Rodgers and Eldridge (2015) found that reduced 

circulating GDF11 is unlikely responsible for age-dependent changes in heart, muscle and 

brain, and that circulating levels increase (rather than decrease) with age and inhibit 

myogenesis (Rodgers and Eldridge, 2015). Interestingly, when Poggioli et al. (2016) further 

elaborated on the findings of Loffredo et al. (2013) and Sinha et al. (2014) by increasing the 

dose of recombinant GDF11 given to both young and old C57BL/6 mice (0.5-1.0 

mg/kg/day) they observed a significant loss of body mass in both groups of mice (Poggioli 

et al., 2016). Most recent evidence suggests that attempting to systemically overexpress 

GDF11 in mice (using viral vectors or tumour implants) causes myostatin-like skeletal and 

cardiac wasting effects (Hammers et al., 2017, Zimmers et al., 2017). Poggioli et al. 

observed this similar skeletal and cardiac wasting driven by recombinant GDF11. 

One reason for the varying results across animal models treated with GDF11 may be due to 

ligand availability. As activin, GDF11, and myostatin bind to ActRIIB with similar 

affinities (30.3-93.5pM) (Sako et al., 2010), their ability to exert a biological response 

depends on bioavailability. It is known that activin levels in circulation are typically higher 

than GDF11 levels (Welt et al., 2002) and activin functions in an autocrine and paracrine 

manner. If GDF11 levels in circulation are typically low, then competition between 

GDF11, myostatin, and activin for binding to shared receptors would preferentially result in 

myostatin and activin binding. It is probable that inducing supra-physiological levels of 

GDF11 in animal models forces atypical cell and tissue responses, and is unlikely to reflect 
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the primary homeostatic functions of this protein. Studies where GDF11 is overexpressed 

would overwhelmingly result in favourable binding of GDF11, and so observed 

physiological changes in these animal models results from hyper-activation of the mutual 

SMAD 2/3 pathway.  

As in vivo studies to determine GDF11’s biological role have produced markedly different 

results, the question still remains as to whether GDF11 and myostatin are indeed 

functionally distinct in adults. One of the major limitations impeding this research goal is 

an ability to make sufficient levels of the biologically relevant GDF11 form for in vivo 

characterisation. GDF11, like myostatin, is secreted as a latent complex, where its pro-

domain limits the ability of the mature domain to bind to its type I and II receptors and 

initiate signaling (Lee and McPherron, 2001, Thies et al., 2001, Ge et al., 2005). As such, to 

enable characterisation of GDF11 activity, studies generally employ the purified mature 

GDF11 dimers. Whilst active, mature GDF11 does not likely represent the circulating form 

of GDF11. Like all TGF-β proteins, GDF11 is predicted to occur as a pro:mature complex, 

and so to fully understand the activity of GDF11 in adult tissues it would be pertinent to 

utilise the Pro-GDF11 form. 

For the purpose of this study, I aimed to develop a methodology that would produce highly 

purified Pro-GDF11. I used in vitro mutagenesis and structural models to guide me in 

targeted modification of the GDF11 protein. I then aimed to improve the activation of 

GDF11, so that it could exert activity in the absence of an activation mechanism. This 

involved reducing the affinity of the pro-domain for mature GDF11 using in vitro 

mutagenesis (i.e. effectively reversing the latency of GDF11). Together, these sequence 

modifications were aimed to improve GDF11 production and reduce GDF11 latency, 

thereby enabling the generation of a spontaneously active Pro-GDF11 form. The outcomes 

of this study will determine if modifying pro-domains can overcome latency in a subset of 

TGF-β ligands. Additionally, the actions of modified Pro-GDF11 were examined in vivo (in 

mice).  
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MATERIALS AND METHODS 

Generating GDF11 wildtype (WT) and FLAG-tag Constructs 

A mammalian expression construct (pCDNA plasmid) comprising the wildtype human 

GDF11 sequence (Accession number HOY130) was generated as a template for in vitro 

mutagenesis (GeneScript). To facilitate purification, a FLAG tag was incorporated at the N-

terminus of the pro-domain.  The resulting construct was used to generate Pro-GDF11 in 

mammalian cells. Detailed methodology is described below. 

Inserting a FLAG tag into native GDF11 sequences: 

A GDF11 expression vector was purchased from GeneScript, consisting of the complete 

coding sequence of the GDF11 protein within a mammalian expression vector, pCDNA3.1. 

This construct was subsequently used as GDF11 wildtype (WT).  

The N-terminal FLAG tag (DYKDDDDK) was introduced into the native GDF11 sequence 

via overlap extension PCR (Forward primer 5’CTAGGAATTCATGGTGCTCGCGGCCC 

CGCTGCTGC3’, reverse primer 5’CTAGAAGCTTTTAAGAGCAGCCACAGCGATCC 

AC3’, FLAG forward primer 5’GACTACAAAGACGACGACGACAAAGGGGTCGGC 

GGGGAGCGCTCCAGCCGGCCAG3’, FLAG reverse primer 5’TTTGTCGTCGTCGTC 

TTTGTAGTCCGCCTCCCCCCGGGGCCGCAGCTCCAGGGCGAGGAGC3’) and 

cloned into the EcoRI and HindIII restriction sites of the pCDNA3.1 vector. This method 

uses four primers in three separate reactions to generate a final mutated GDF11 sequence. 

The final construct comprised human GDF11 with an N-terminal FLAG-tag in place of the 

poly-alanine stretch (GDF11 residues A29-A41).  

Plasmids carrying mutated GDF11 sequences were transformed into XL-Blue Competent 

E.coli cells, and expanded and selected on LB agar plates with ampicillin (100 µg/mL). 

Plasmid DNA was extracted from overnight cultures following colony isolation, using a 

DNA purification kit (Wizard Plus SV Minipreps DNA Purification Systems). The 

resulting GDF11-FLAG construct was confirmed by DNA sequencing using Sanger 

Sequencing at the Gandel Charitable Trust Sequence Centre. 
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Expression analysis of GDF11 WT and FLAG: 

The expression of both WT GDF11 and FLAG-GDF11 was examined by transient 

transfection in HEK 293-F cells. Cells were plated at 8x10⁵ cells per well in a six-well 

plate. At 24 hours post-plating, each GDF11 construct was combined with Lipofectamine 

2000 (Thermo Fischer) and then added directly to each well (three wells per construct). 

OPTI-MEM (Gibco) was used for the expression stage. After 48 hours, the media was 

collected and expression measured via Western blot. 

For Western blot analysis, conditioned media containing the GDF11 variants was 

concentrated using Nanosep micro-concentration devices with a 3K cut off (Pall Life 

Sciences). Once 500µL was concentrated down to 10µL, it was then combined with 2x 

loading dye (Thermo Fischer) and boiled for three minutes. Samples were then loaded onto 

a 10% SDS-PAGE gel. After electrophoresis, samples were transferred onto Nitro-cellulose 

membranes (Bio-Rad) and then blocked for at least one hour in 1% Bovine Serum Albumin 

(BSA) in TBS/Tween. A monoclonal antibody specific to GDF11 (human GDF11/GDF8 

antibody, R&D Systems, concentration 1:4000) was used to assess expression. Blots were 

washed with 1xTBS multiple times and then a secondary antibody was added (anti-mouse 

IgG-HRP, GE Healthcare concentration 1:10,000) for at least one hour. Blots were washed 

again and Lumi Light developer (Sigma Aldrich) was added for five minutes. 

Chemiluminescence was detected using the Bio-Rad ChemiDoc system (Bio-Rad).  

Testing GDF11 Expression in Alternate Cell Lines 

The expression of both WT GDF11 and FLAG-GDF11 was examined by transient 

transfection in alternate cell lines to determine if HEK 293-F cells were the best option for 

expression. Cell lines CHO, HepG2, and COS7 were tested. For CHO cells, cells were 

plated at 8x10⁵ cells per well in a six-well plate. For HepG2 and COS7cells, cells were 

plated at 4x10⁵ cells per well in two six-well plates. At 24 hours post-plating, each GDF11 

construct was combined with Lipofectamine 2000 (Thermo Fischer) and then added 

directly to each well (three wells per construct). OPTI-MEM (Gibco) was used for the 



Page | 99  
  
 

expression stage. After 48 hours, the media was collected and expression measured via 

Western blot. 

For Western blot analysis, conditioned media containing the GDF11 variants was 

concentrated using Nanosep micro-concentration devices with a 3K cut off (Pall Life 

Sciences). Once 500µL was concentrated down to 10µL, it was then combined with 2x 

loading dye (Thermo Fischer) and boiled for three minutes. Samples were then loaded onto 

a 10% SDS-PAGE gel. After electrophoresis, samples were transferred onto Nitro-cellulose 

membranes (Bio-Rad) and then blocked in 1% Bovine Serum Albumin (BSA) in 

TBS/Tween. A monoclonal antibody specific to GDF11 (human GDF11/GDF8 antibody, 

R&D Systems) were used to assess expression. Blots were washed with 1xTBS multiple 

times and then a secondary antibody was added (anti-mouse IgG-HRP, GE Healthcare). 

Blots were washed again and Lumi Light developer (Sigma Aldrich) was added. 

Chemiluminescence was detected using the Bio-Rad ChemiDoc system (Bio-Rad).  

Improving GDF11 Expression 

To rescue the poor expression of GDF11, we fused the mature GDF11 sequence to the 

myostatin pro-domain. Myostatin shares the highest sequence homology with GDF11 and 

is readily expressed in mammalian cells. A series of myostatin/GDF11 chimeras were 

generated with varying lengths of the myostatin pro-domain. The resulting 

myostatin/GDF11 chimeras were generated by transient transfection methods (described 

above) in HEK 293 cells, and analysed via Western blot. Detailed methodology is 

described below. 

Generating the myostatin/GDF11 chimeras: 

A mammalian expression construct (pCDNA plasmid) comprising the wildtype human 

myostatin sequence (Accession number O14793.1) was provided by the laboratory (Chen et 

al., 2014).  

The myostatin/GDF11 chimeras were generated via overlap PCR, using primers 

designed to incorporate the myostatin sequence into the GDF11 sequence. For the 
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full chimera (myostatin/GDF11 chimera), the PCR reactions generated a myostatin 

pro-domain (with myostatin cleavage site) and a GDF11 mature domain (Forward 

primer 5’CTAGGAATTCATGCAAAAACTGCAACTCTGTGTTTAT3’, reverse 

primer 5’CTAGGGATCCTTAAGAGCAGCCACAGCGATCCAC3’, 

myostatin/GDF11 cleavage site forward 5’ CCAAAAAGATCCAGAAGGAACCT 

GGGTCTGGACTGC3’, myostatin/GDF11 cleavage site reverse 5’CAGGTTCCT 

TCTGGATCTTTTTGGTGTGTCTGTTAC3’). The final product was generated 

using the primers for the extreme ends of the sequence, where the cleavage site 

joins the two halves. 

For the partial chimeras (33AA myostatin/GDF11, 45AA myostatin/GDF11, 64AA 

myostatin/GDF11, and 87AA myostatin/GDF11), sections of the myostatin pro-

domain replaced the corresponding residues in the GDF11 pro-domain, and for 

these the PCR reactions generated a pro-domain of partial myostatin and GDF11 

sequence and a mature GDF11 domain. The final products were generated in the 

same manner as the full chimera. Primers are described below (Table 4.1). 
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Table 4.1 Primers used to generate myostatin/GDF11 chimeras.  

Variant Primers 

Overall forward (full sequence) 5’CTAGGAATTCATGCAAAAACTGCAACTCTGTG 

TTTAT3’ 

Overall reverse (full sequence) 5’CTAGGGATCCTTAAGAGCAGCCACAGCGATCC 

AC3’ 

33AA myostatin/GDF11 (forward) 5’AATGTGCCCGAGCCGGACGGCTGCCCCGTGTG 

CGTTTGGCGG3’ 

33AA myostatin/GDF11 (reverse) 5’GCAGCCGTCCGGCTCGGGCACATTTTCTTTTTG 

CTCACTGTTCTCATT3’ 

45AA myostatin/GDF11 (forward) 5’AATGCATGTACTTGGCGGCAGCACAGCCGCGA 

GCTG3’ 

45AA myostatin/GDF11 (reverse) 5’GCTGTGCTGCCGCCAAGTACATGCATTACACA 

GCCC3’ 

64AA myostatin/GDF11 (forward) 5’CAAATCCTCAGTAAACTTCGGCTCAAGGAGGC 

GCCCAACATCAGCCGCG AGGTG3’ 

64AA myostatin/GDF11 (reverse) 5’CTTGAGCCGAAGTTTACTGAGGATTTGTATCTT 

AATGGCTTCTATTCTTGAAGA3’ 

87AA myostatin/GDF11 (forward) 5’CCCAAAGCTCCTCCACTCCAGCAGATCCTGGAC 

CTACACGACTTCCAGGGCGAC3’ 

87AA myostatin/GDF11 (reverse) 5’GATCTGCTGGAGTGGAGGAGCTTTGGGTAAAA 

GTTGTCTTATAACATCTTTGCT3’ 

 

The myostatin/GDF11 chimeras were then digested with EcoRI and BamHI enzymes and 

ligated into pCDNA 3.1 vector, then expanded for purification and sequence analysis as 

described above.  

Expression analysis of the myostatin/GDF11 chimeras: 

The expression of the various myostatin/GDF11 chimeras was initially examined by 

transient transfection in HEK 293-F cells. Cells were plated at 8x10⁵ cells per well in a six-

well plate. At 24 hours post-plating, each construct was combined with Lipofectamine 2000 
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and then added directly to each well (three wells per construct). After 48 hours, the media 

was collected and expression measured via Western blot, as previously described. 

Generating Active GDF11 

GDF11 is secreted in a latent complex form and as such, requires a maturation step to 

release the mature active dimer from the surrounding pro-domains. For GDF11 and other 

latent ligands, this is a limiting factor in the translation of these into therapeutic agents. It 

would be most advantageous to generate forms of these ligands that are secreted active, 

removing the need for the maturation step. Using previously published crystal structure 

data from latent TGF-β superfamily member TGF-β1 (Shi, et al., 2011), key residues in the 

pro-domain were identified as conferring latency to the complex. Targeted residues were 

mutated to alanine using in vitro mutagenesis.  

Primers were designed to incorporate single or multiple alanine substitutions, using GDF11 

FLAG and 45AA myostatin/GDF11 as the template. The mutations were introduced using 

the QuickChange Lightning site-directed mutagenesis kit (Agilent). In brief, mutagenic 

primers were diluted to a final concentration of 10uM and constructs to 50ng/µL with 

water. A master mix of buffer, dNTPs, quick solution reagent, water, and enzyme was 

mixed thoroughly and distributed across all samples. PCR was run for 18 cycles at 95°C 

(melting temperature) and 68°C (annealing temperature). After PCR, template DNA was 

removed using Dpn1 restriction enzyme provided. The mutants were then transformed into 

XL-Gold Competent E.coli cells, plated onto LB agar plates with ampicillin (100 µg/mL) 

and colonies isolated for plasmid expansion. The DNA was extracted from this using a 

DNA purification kit (Wizard Plus SV Minipreps DNA Purification Systems) and the final 

DNA constructs sequenced.  
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In Vitro Testing of GDF11 and Mutant Variants 

The in vitro activity of the GDF11 variants was assessed using a SMAD2/3-responsive 

luciferase reporter assay (Makanji et al., 2009, Chen et al., 2015).  

HEK 293-F cells were plated at 75,000 cells per well in a 48-well plate. At 24 hours post-

plating, a GDF11-responsive luciferase specific reporter (A3/FAST2) was transfected into 

the cells using Lipofectamine 2000 (Life Technologies). The following day, cells were 

treated with increasing doses of media containing GDF11 variants (in triplicate) and 

incubated overnight. Commercially obtained GDF11 (R&D Systems, 200 pM) was used as 

a positive control and empty vector conditioned media as the negative control.  

The next day the treatments were removed, the cells lysed and luciferase activity was 

measured using a CLARIOstar Plate Reader (BMG LabTech). 

Generating GDF11 and Myostatin AAV Constructs 

To facilitate in vivo studies, adeno-associated viral vectors (AAV6 serotype) expressing 

WT GDF11, the full myostatin/GDF11 chimera, and 45AA myostatin/GDF11 chimera 

were generated. A myostatin AAV6 had previously been generated by this laboratory 

(Chen et al., 2014). The generation of these vectors and subsequent animal work was done 

at the Baker IDI with collaborators (Dr Paul Gregorevic and laboratory group).  

Recombinant AAV lacks viral DNA and is a protein-based nanoparticle that can traverse 

the membrane of cells, resulting in the delivery of any DNA it carries into the cell nucleus. 

This makes it an ideal vector for examining the localised biological effect of a specific 

protein. The AAV6 vector is a muscle specific small virus vector that can infect non-

dividing cells and integrates into the host cell genome stably and at a specific target site. 

When delivered intramuscularly, AAV6 produces robust transgene expression in the 

injected muscle, resulting in a localized effect. Because recombinant episomal DNA is not 

integrated into the host genome, the AAV plasmid will decrease in concentration over time 

as muscle cells are replenished by new myofibres (Wang et al., 2014, Naso et al., 2017). 
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Briefly, cDNA constructs encoding for GDF11, myostatin/GDF11, and 45AA 

myostatin/GDF11 were cloned into an AAV6 expression plasmid that contained a 

cytomegalovirus (CMV) promoter/enhancer and an SV40 poly-A region bordered by 

AAV2 terminal repeats using standard cloning techniques. AAV vectors are produced via 

co-transfection using several different plasmid vectors that carry the transgene of interest 

(known as the transfer plasmid) and helper genes required for successful AAV vector 

replication and packaging (known as helper plasmids). In the case of AAV6, pDGM6 

packaging is required for successful production of complete AAV6 plasmids. 

HEK 293 cells are cultured in 15cm dishes until optimum density is reached (4x107 

cells/15cm dish), upon which these cells are seeded into roller bottles. The roller bottles are 

preincubated with DME growth medium prior to the addition of cells, and incubated with 

cells for 48 hours, after which the DME growth medium is changed. New roller bottles are 

preincubated with DME growth medium before the original seeded roller bottles are 

trypsonised and the cells transferred to the new roller bottles. The final concentration of 

cells for each roller bottle needs to be 4x108 cells per initial roller bottle seeded. 24 hours 

later, AAV6 plasmids were transfected into the cells with pDGM6 packaging and 1.25M 

CaCl2 solution by removing 50mL of media and replacing with 20mL of DNA transfection 

solution. A further 24 hours later, the media is replaced with serum-free media. 

48 hours later, the cells are harvested and resuspended in a small amount of DMEM media. 

The final AAV6 plasmids are collected and purified as previously described (Blankinship et 

al., 2004, Halbert et al., 2018). Final AAV6 donor plasmids were verified by restriction 

digests and DNA sequencing, to ensure generation of type-6 pseudotyped viral vectors. 

Final concentration of vector genomes was determined by qPCR. 

In Vivo Testing of GDF11 and Myostatin AAV Constructs 

Male C57BL/6 mice (6-8 weeks old) were obtained from the Alfred Medical Research and 

Education Precinct (AMREP) and Baker IDI. Animals were housed in 12 hours light, 12 

hours dark conditions, and had free access to food and water. All animal experiments were 

approved by AMREP Animal Ethics Committee (E/1164/2011/B) in accordance with the 
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relevant codes of practice for care and use of animals for scientific purposes (National 

Health and Medical Research Council of Australia, 2013). Three vector doses were used: 

1x10^9, 1x10^10, and 1x10^11 vector genomes. These doses were determined to be the 

most relevant based on previously published work using myostatin and activin AAV6 

expression vectors (Chen et al. 2014). The right tibialis anterior (TA) muscle of all mice 

were injected with rAAV6 containing the transgene of interest, while injections of the left 

TA used a vector lacking a functional gene as a control. Three weeks later, both TA 

muscles were excised, weighed and divided up between cryomoulds for histology and 

eppendorf tubes for later Western blot analysis, all snap-frozen and stored at -80⁰C. Serum 

was also collected, snap-frozen and stored at -80⁰C.  

Histology of in vivo samples: 

Harvested muscles were placed in optimal cutting temperature (OCT) cryoprotectant 

(Sakura Finetek) and frozen in liquid nitrogen-cooled isopentane. The frozen samples were 

cryosectioned at 8-10 µm thickness and stained with either hematoxylin and eosin (H&E, 

Thermo Fisher) to examine morphology or wheat germ agglutinin (WGA; Alex Fluor 555 

conjugate, Thermo Fisher) to count fibre size. Sections were mounted using SlowFade 

Diamond mountant and images of stained sections were captured at room temperature 

using a U-TV1X-2 camera mounted to an IX71 microscope and an Olympus PlanC 

x10/0.25 objective lens (Olympus). DP2-BSW acquisition software (Olympus) was used to 

capture images. 

Assessment of fibre size: 

The same section of TA muscle was used for fibre size analysis across all control and 

treatment groups. A minimum of 300 individual myofibres were analysed per TA muscle 

(control and treatment) using ImageJ software to determine their average size. The same 

standard unit of measure and objectivity was applied across all samples. The averages of 

these were graphed to determine if any differences were statistically significant. 
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Statistical Analysis of In Vitro and In Vivo Bioactivity of GDF11 and Myostatin 

Bioassay data are the mean ± SD of triplicate determinations from representative 

experiments, relative to an adjusted value of 1.0 for the mean of the control wells. The 

experiments were repeated at least 3 times, with each treatment applied to three replicate 

wells in each experiment. The data was analyzed using GraphPad Prism v.7. The biological 

activity of the GDF11 isoforms were analyzed using one-way ANOVA in GraphPad Prism. 

For bioactivity, one-way analysis of variances was used to assess statistical differences 

across doses, with the Tukey’s multiple comparisons test used for comparisons between the 

specific group means. The TA fibre sizes were also analyzed using one-way ANOVA in 

GraphPad Prism. For fibre size data, one-way analysis of variances was used to assess 

statistical differences across treatments, with the Tukey’s multiple comparisons test used 

for comparisons between the specific group means. Data columns with stars achieved 

significance of P < 0.05. Data are presented as the means ± SD. 
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RESULTS 

Expression of wildtype GDF11 

In its native form, human GDF11 is poorly made and processed, limiting its structural and 

functional characterization. Thus, the first step in this study was to confirm the expression 

of wildtype GDF11 and then improve its expression for downstream analyses. HEK 293-F 

cells were transiently transfected and the conditioned media examined by Western blotting 

using an antibody to the mature domain.  

  

Western blot analysis of WT GDF11 protein expression in the conditioned media of 

transfected cells revealed evidence of un-cleaved GDF11 dimers (termed high molecular 

weight; approx. 105kDa) and monomeric GDF11 subunit (approx. 55kDa) forms (Figure 

4.2). Notably, there is a lack of secreted dimeric mature GDF11 (approx. 25kDa), possibly 

indicating that cleavage between the pro and mature domains is not sufficient for the 

release of active GDF11. The inclusion of a commercially bought mature GDF11 standard 

(10ng in concentration) highlights the marked lack of mature protein expression in WT 

Figure 4.2 Western blot analysis of wildtype 

GDF11 expression in HEK293 cells. A 

commercial recombinant GDF11 standard 

(R&D Systems; 10ng concentration) was 

included for comparison. 
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monomeric 
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mature GDF11 
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GDF11. These results suggest in its native form, GDF11 is poorly processed to its mature 

bioactive form in these mammalian cells.  

Toward the goal of improving expression, sequence analysis was conducted. The sequence 

of human GDF11 was aligned with related ligands myostatin and activins, which all signal 

through shared receptors (ActRIIA/B). As our laboratory has previously shown that the N-

terminus of pro-domains is essential for the correct folding and dimerisation of mature 

TGF-β ligands (Walton et al., 2009), I initially focused on this region.   

 

Figure 4.3 Sequence alignment of GDF11 N-terminus. GDF11, myostatin, activin A and B 

all utilise the same type II receptors, ActRIIA/B. Asterisks indicate where amino acids are 

the same for all ligands, a single dot indicates that two amino acids are either hydrophobic 

or hydrophilic, while two dots indicate that at least three amino acids are hydrophobic or 

hydrophilic. Note that the signal peptides are excluded here. Every tenth amino acid is 

labeled.  

Sequence analysis revealed some distinguishable features for GDF11 that were not 

apparent in related ligands (Figure 4.3). In particular, GDF11 contains a long poly-alanine 

stretch (13 amino acids) at the extreme N-terminus of the pro-domain. The role of this poly-

alanine stretch has not been defined. Unsurprisingly, GDF11 exhibited the highest sequence 

homology (52%) in its pro-domain to functionally related myostatin. Despite small residue 

differences, the nature of the amino acids was highly conserved among GDF11 and 

myostatin. 
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Modification of wildtype GDF11 for improved expression 

Toward the goal of improving GDF11 expression, targeted modifications were first made 

through the pro-domains. The first of these changes involved substitution of the long 

hydrophobic poly-alanine stretch with a charged FLAG tag (DYKDDDDK). The reason for 

choosing a FLAG insertion was to firstly determine if the hydrophobic nature of this poly-

alanine tail was essential for GDF11 formation, and secondly, to aid downstream 

purification of Pro-GDF11 using FLAG immunoaffinity. Several TGF-β ligands have been 

shown to tolerate tags through this section of their pro-domains (Study 1 and (Walton et al., 

2016)). 

 

Western blot analysis revealed that replacement of the poly-alanine stretch with a FLAG-

tag rescued the production of mature GDF11 (25 kDa) (Figure 4.4). This was evidenced by 

increased levels of mature GDF11 (25kDa) along with reduced levels of unprocessed 

GDF11 dimer (105 kDa) in the FLAG-tagged form. The enrichment of the mature GDF11 

form supported that GDF11 processing had likely been improved by the replacement of the 

alanine stretch with the FLAG-tag. 

high molecular 
weight precursor 

monomeric 
precursor 

mature GDF11 
dimer 

Figure 4.4 Western blot analysis of WT and 

FLAG-tagged GDF11 expression in HEK293 

cells. Concentrated conditioned media was 

examined by Western blotting under non-

reducing conditions. GDF11 reactive forms 

were identified using a GDF11 antibody 

specific to the mature domain (R&D 

Systems). Additional bands observed 

represent partially processed forms of GDF11. 
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The inserted FLAG-tag in the GDF11 pro-domain rescued production of mature GDF11 

likely via improved ligand maturation (processing). To see if processing could be further 

enhanced, amino acid refinement was undertaken at the processing site. Asparagine (N) 

was substituted with aspartic acid (D) immediately after the cleavage site (N301D) based 

on established optimal cleavage sites. 

 

Figure 4.5 Western blot expression of GDF11 WT and GDF11 FLAG-tag with a modified 

processing site in HEK293 cells. Concentrated conditioned media was examined by 

Western blotting under non-reducing conditions. GDF11 reactive forms were identified 

using a GDF11 antibody specific to the mature domain (R&D Systems). Additional bands 

observed represent partially processed forms of GDF11. 

The effect of these mutations of GDF11 expression/processing was determined following 

transient transfection in human cell lines. Western blot analysis revealed that the N301D 

mutation did result in a slight improvement in the expression of untagged GDF11 (Figure 

4.5), but this mutation did not enhance the expression of FLAG-tagged GDF11. 
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Cell-based strategies for improved wildtype and FLAG-tagged GDF11 expression 

It was possible that the chosen HEK 293 cells were not the best candidates for GDF11 

production, and so cells of ovarian (CHO), kidney (COS7) and liver (HepG2) origin were 

also trialed.  

     

Figure 4.6 Western blot expression of GDF11 WT and GDF11 FLAG-tag in different cell 

lines. From left to right: GDF11 WT and GDF11 FLAG-tag expression in HEK 293, 

Chinese hamster ovarian (CHO), monkey kidney tissue (COS7) and human liver carcinoma 

(HepG2) cell lines.  

However, Western blot analysis revealed that none these alternate lines resulted in superior 

expression of GDF11, relative to the HEK 293 cells (Figure 4.6). For all three cell lines, 

both WT and FLAG-tagged GDF11 protein expression was very poor, with minimal levels 

of precursor expressed and no mature dimer. As such, the HEK 293 cells were used for all 

subsequent experiments. It is more likely the restricted expression of GDF11 is owing to an 

inherent sequence anomaly, and so efforts were focused on sequence modifications to 

improve production.  
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As FLAG-tagged GDF11 was expressed more readily than WT GDF11, potentially as a 

result of the pro-domain modification, it was postulated that the limiting factor to GDF11 

processing and secretion levels was its pro-domain. While TGF-β pro-domains act as 

regulators of activity for latent ligands, they also aid in correct folding and dimerisation of 

the mature ligand. As a next step, the pro-domain of GDF11 was modified. 

Generation and expression of myostatin/GDF11 chimeras 

To further improve the production of the mature bioactive GDF11 dimer, additional 

changes were introduced through the pro-domains. GDF11 and myostatin share 

approximately 90% homology across their mature domains, but share far less homology 

(52%) through their pro-domains (Figure 4.7). Significantly, myostatin is expressed at 

reasonable levels from mammalian cells (Walker et al., 2018), and the subtle differences in 

the myostatin pro-domain may account for this, relative to GDF11. These differences can 

be found in the α1, α2 and α3 helices (amino acids 60-87, 111-121 and 166-172), β2 sheet 

(159-164), α4 helix (241-248), β5 sheet (208-224), and β8 sheet (263-268).  
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Figure 4.7 Full amino acid sequence alignment between GDF11 and myostatin. The signal 

peptide for both is highlighted in green, the pro-domain is highlighted in blue (GDF11) and 

pink (myostatin), and the mature domain is highlighted in dark purple (GDF11) and dark 

red (myostatin). The α1, α2, α3, and α4 helices are indicted by red arrows, while the β2, β5 

and β8 sheets are indicated by blue arrows. Every tenth amino acid is labelled. Asterisks 

indicate where amino acids are the same for both ligands. 

Armed with this knowledge, the N-terminus of the GDF11 pro-domain was mutated to 

resemble the myostatin pro-domain. The first approach, involved complete replacement of 

the GDF11 pro-domain with that of myostatin (termed “full length myo/GDF11 chimera”). 

Subsequent changes involved incorporating progressively shorter stretches of the myostatin 
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prodomain in GDF11, so as to identify the minimal myostatin stretch required to rescue 

GDF11 expression. The goal was to retain as much native GDF11 expression as possible, 

whilst improving expression of the GDF11 mature form.  

A total of five myostatin/GDF11 chimeras were generated (Figure 4.8). These were 

a full myostatin/GDF11 chimera, with the entire myostatin pro-domain fused to the 

GDF11 mature domain, and a further four myostatin/GDF11 chimeras with partial 

GDF11 pro-domain replacements. The latter chimeras were labelled according to 

the amount of myostatin amino acids incorporated into the GDF11 pro-domains. 

These were 33AA myostatin/GDF11, 45AA myostatin/GDF11, 64AA 

myostatin/GDF11, and 87AA myostatin/GDF11.  

 

Figure 4.8 Diagram representation of myostatin/GDF11 chimeras, with the regions of 

myostatin incorporated into GDF11 highlighted. The pro-domain is highlighted in blue 

(GDF11) and pink (myostatin), and the mature domain is highlighted in purple (GDF11). 

The sequence of myostatin incorporated into the GDF11 pro-domain is also shown.  

The propensity of these myostatin stretches to rescue GDF11 expression was determined by 

Western blot following transient expression in HEK293 cells, by comparison to native 

GDF11. 
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Figure 4.9 Western blot expression of myostatin/GDF11 chimeras in HEK293 cells. 

Concentrated conditioned media was examined by Western blotting under non-reducing 

conditions. GDF11 reactive forms were identified using a GDF11 antibody specific to the 

mature domain (R&D Systems). 

It was found that all myostatin substitutions through this region of the GDF11 pro-domain 

were effective at rescuing the production of mature GDF11, as evidenced by marked 

increases in 25 kDa GDF11 dimer (Figure 4.9). The greatest improvement in mature 

GDF11 expression was observed for the 45AA and 33AA variants, which contained the 

shortest portion of the myostatin sequence. This indicates that the inclusion of this N-

terminal portion of the myostatin pro-domain rescued the production of GDF11. This also 

supports that it is this region (amino acids 25-68) of the GDF11 pro-domain limiting the 

production of bioactive GDF11.  
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To determine if any differences observed between myostatin/GDF11 variants were due to 

loading errors, a control assay examining total protein concentration (BCA assay) was 

performed. Graph 4.1 summarises these findings.  

Graph 4.1 The average quantified amounts of total protein in conditioned media samples for 

myostatin/GDF11 variants. The total protein concentration across all samples was relatively consistent.  

 

The GDF11 variant comprising 45AA of myostatin was then combined to contain the N-

terminal FLAG-tag, as these changes appeared to improve the production of mature GDF11 

the most. This construct was used for all subsequent experiments.  

Generation and expression of activating mutant variants in FLAG-tagged 45AA 

myostatin/GDF11 

The modifications at the N-terminus of the GDF11 pro-domain had effectively rescued the 

in vitro production of GDF11. However, the resulting GDF11 was still inactive (made in a 

latent form). To facilitate bioactivity analysis, modifications were attempted to rescue the 

activation status of GDF11. This firstly involved identification of key residues in the 

structures of related latent ligands, myostatin and TGF-β1. 
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Using the crystal structure of Pro-TGF-β1 as a guide, as this was the only structure of a 

latent ligand to be solved at the time, regions of structural importance were mapped. Two in 

particular, the latency lasso and fastener region, are believed to be responsible for confering 

latency to this ligand, and this structural domain is conserved across myostatin and GDF11 

(Figure 4.10). Within these latent domains, key residues K86, Y135 and H136 are 

conserved between GDF11 and myostatin, and predicted to be essential to the latency of 

these ligands.  

 

Figure 4.10 Amino acid sequence alignment between GDF11, TGF-β and myostatin across 

the latency lasso and fastener region. For latent ligands, this region is highly conserved. The 

amino acids targeted for modification were K86, Y135 and H136 as these three residues are 

conserved across GDF11 and myostatin, while residues K86 and Y135 are conserved across 

all three ligands. Asterisks indicate where amino acids are the same for all three ligands, 

while two dots indicate that the properties of the amino acids for at least two ligands are the 

same, either hydrophobic or hydrophilic. Every tenth amino acid is labelled. 

Indeed the crystal structure of Pro-myostatin, which was solved late last year, supports the 

notion that modifications to this region would activate latent ligands (Figure 4.11). 
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(A) 

       

(B)       (C) 

   

Figure 4.11 Pro-myostatin structure with the fastener region highlighted (Cotton et al., 

2018). This is similar to the Pro-TGF-β1 structure (B) and different to the Pro-activin A 

structure, which is secreted active (C). The conformation of the latency lasso in Pro-

myostatin takes on a double helical form (α1 helix and lasso helix) as opposed to the single 

helix in Pro-TGF-β1. Regardless, the residues in myostatin that form the fastener region 

correspond with the residues described for TGF-β1, and this feature stabilises the latency 

interface. 

Site-directed mutagenesis was used to introduce single and double alanine mutations at 

residues K86, Y135 and H136 in FLAG-tagged 45AA myostatin/GDF11. These mutant 

variants were transiently transfected into HEK 293-F cells and the resulting protein 

expression examined by Western blot (Figure 4.12). 



Page | 119  
  
 

 

Figure 4.12 Western blot expression of native and mutated FLAG-tag 45AA 

myostatin/GDF11 constructs in HEK293 cells. Concentrated conditioned media was 

examined by Western blotting under non-reducing conditions. GDF11 reactive forms were 

identified using a GDF11 antibody specific to the mature domain (R&D Systems). 

Expression analysis revealed that none of the introduced alanine mutations disrupted the 

production of mature 25 kDa protein, relative to GDF11 control. This enabled the 

production of sufficient GDF11 protein for subsequent in vitro activity testing. 

To determine if any differences observed between 45AA myostatin/GDF11 mutant variants 

were due to loading errors, a control assay examining total protein concentration (BCA 

assay) was performed. Graph 4.2 summarises these findings.  
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Graph 4.2 The average quantified amounts of total protein in conditioned media samples for 45AA 

myostatin/GDF11 mutant variants. The total protein concentration across all samples was relatively 

consistent.  

 

Bioactivity of activating mutant variants in FLAG-tagged 45AA myostatin/GDF11 

Following expression analysis, the ability of the GDF11 variants to stimulate the SMAD 

2/3 signalling pathway was examined in a GDF11-responsive luciferase assay. Cells were 

first transfected with a SMAD 2/3-responsive luciferase reporter, and then treated with 

increasing doses of conditioned media containing either the GDF11 reference preparation 

(45AA Myo/GDF11+FLAG) or mutant variants. GDF11 bioactivity was assessed directly 

by the ability of these preparations to induce luciferase activity. The activity of wildtype 

myostatin was not examined in this assay as any activity induced by this ligand would be 

the result of the myostatin mature domain, which is different to the GDF11 mature domain, 

and therefore the two cannot be compared to each other. Wildtype GDF11 was not 

examined in this assay as insufficient protein levels were consistently produced via 

transfections.  
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Figure 4.13 Bioactivity of FLAG-tagged 45AA myostatin/GDF11 mutants as measured via 

luciferase assay in HEK293 cells. Cells were transfected with A3-luciferase reporter and 

then treated with increasing doses of either FLAG-tagged 45AA myostatin/GDF11 or the 

mutant variants (2.3-62.5pM). Luciferase activity was measured and plotted as fold change. 

Data is mean ± SD. N=3 assays.  

For the reference preparation, luciferase activity was not induced until 62.5pM, whereas for 

the activating mutants, activity was detected at a minimum dosage of 20.8pM. Low levels 

of activity were observed for the reference preparation at 2.3pM and 6.9pM, which may be 

due to improved GDF11 expression, resulting in an increase in production of the mature 

active dimer. At 62.5pM, the activating mutants were at least 2-fold more active than the 

reference preparation (1.97-2.3 fold range). At top dose (62.5pM), all mutants induced 

significant bioactivity compared to the reference preparation (p<0.01). Double and triple 

mutant variants were also generated and tested for their ability to induce luciferase activity 

but these did not improve upon the activity induced by the single mutant variants. These 

results support that these residues (K86, Y135, H136) are important for restricting the 
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activation of GDF11, and that alanine substitution of these residues can overcome GDF11 

latency, resulting in a spontaneously activated growth factor.  

In support to this work, collaborators at the University of Cincinnati found that mutation of 

the corresponding residues in myostatin (Y111 and H112) to alanine enhanced activation of 

myostatin compared to wildtype (Walker et al., 2018). This recently published data 

supports that destabilising the fastener region of latent ligands is sufficient for them to exert 

activity in the absence of an activation mechanism. 

In vivo activity of GDF11 and myostatin 

Having successfully developed an approach to improve the production of bioactive GDF11, 

we next sought to assess the in vivo activity of GDF11. To achieve this, an adeno-

associated viral (AAV) expression model was employed to assess the consequences of 

locally elevated GDF11 in the hindlimbs of mice. Viruses containing the modified GDF11 

form (45AA myostatin/GDF11) or wildtype myostatin were injected into the right tibialis 

(TA) anterior muscle of otherwise healthy male C57Bl/6 mice. Control AAV (empty 

vector) was injected into the left TA. Three weeks after injection, mice were culled and TA 

muscles assessed by mass and histology. 
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Figure 4.14 In vivo action of GDF11 and myostatin. The right TA muscles of male 

C57BL/6 mice were injected with AAVs encoding 45AA myostatin/GDF11 and myostatin 

alone, while left TA muscles were injected with equivalent doses of empty AAV. Three 

weeks post injection, the TA muscles were harvested and weighed. Local expression of both 

45AA myostatin/GDF11 and myostatin resulted in loss of muscle mass three weeks post 

injection at the highest viral concentration (1.00E+11). Data is mean ± SD. 

Mice treated with the virus containing the modified GDF11 form experienced significant 

muscle loss compared to controls (p<0.01) (Figure 4.14). As confirmation of this 

methodology, mice treated with the myostatin expressing virus also experienced a marked 

(but not significant) loss of muscle mass at the injection site. This experiment supports that, 

when over-expressed, GDF11 can induce a similar muscle wasting effect to that of related 

ligand myostatin. It is unlikely that unmodified GDF11 could achieve this physiological 

effect, owing to its restricted production of bioactive GDF11. Supporting this, histology 

was used to determine the effect of modified GDF11 on the muscle fibres (Figure 4.15).  
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Figure 4.15 Fibre analysis of the in vivo action of GDF11 and myostatin. The right TA 

muscles of male C57BL/6 mice were injected with AAVs encoding 45AA 

myostatin/GDF11 and myostatin alone, while left TA muscles were injected with equivalent 

doses of empty AAV. Three weeks post injection, the TA muscles were harvested, frozen, 

cryosectioned and stained with hematoxylin and eosin (H&E). Muscle hypertrophy 

observed in mice treated with modified GDF11 was a result of decreased muscle fibre size, 

as represented by H&E stained cryosections (A) and quantification of myofibre diameter 

(B). Data is mean ± SD. 
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Examination of the pathology of TA myofibres for both control and treated groups revealed 

that loss of muscle mass is correlated with a reduction in myofibre diameter, determined by 

calculating the average fibre size across sections of myofibres. Mice treated with the virus 

containing the modified GDF11 form presented with significant smaller myofibres 

compared to controls (p<0.01). Mice treated with the myostatin-expressing virus also 

exhibited this pathology, but this was not significan 
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DISCUSSION 

While evidence supports that GDF11 has protective activity in the heart (Loffredo et al., 

2013), other research indicates that too much GDF11 is bad for the body. Research by 

Hammers et al. (2017) and Zimmers et al. (2017) suggests that GDF11 can promote tissue 

degeneration when in excess (Hammers et al., 2017, Zimmers et al., 2017). With the aim of 

clarifying the observed discrepancies in GDF11 bioactivity, we sought to generate a 

recombinant form of GDF11 that could be used for in vivo testing. My goal was to 

overcome the inability to generate sufficient GDF11 for functional characterisation. To 

address, sequence analysis was first undertaken, and revealed that GDF11 differs mostly in 

the N-terminal region of its pro-domain. Accordingly, substitutions were made throughout 

this region to firstly characterize this domain, which would later enable targeted 

mutagenesis for improved production of GDF11. It was found that replacement of the 

extreme N-terminal poly-alanine stretch with a charged FLAG-tag rescued GDF11 

production, and apparent protein maturation. Thus, it appears that it is the N-terminal poly-

alanine tail that acts to limit GDF11 expression. This extended poly-alanine tail likely 

evolved over time as a method of controlling GDF11 expression. In support, research has 

shown that the propensity for alanine stretches to form helices increases with the length of 

the alanine stretch (Rohl et al., 1999, Uthayakumar et al., 2012). This propensity may 

restrict the expression of GDF11. 

Identifying the poly-alanine tail as inhibitory flagged this region for targeted mutagenesis to 

improve GDF11 expression. I used myostatin, the closest related TGF-β ligand, to generate 

myostatin/GDF11 chimeras. Significantly, by substitution of the GDF11 pro-domain with 

segments from the myostatin pro-domain, the expression of mature GDF11 was rescued. 

These myostatin/GDF11 chimeras comprised between 262AA (full length myostatin pro-

domain) and 33AA of myostatin sequence. Though all chimeras resulted in marked 

expression of mature GDF11, the chimera with the second shortest portion of myostatin (45 

amino acids) was chosen for subsequent experiments. This chimera comprised a high 

percentage of GDF11 native sequence. These results further affirm that GDF11 production 

is restricted by its pro-domains.  
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The sequence modifications were effective at improving the production of GDF11, but had 

not addressed the activation hurdle. GDF11 is among a small subset of the TGF-β 

superfamily that are made as latent or inactive ligands, requiring a protease mediated 

activation step for activity to occur. To address this, I used structural analysis to identify 

key residues likely important for the latency of GDF11. In the aim of releasing GDF11 

activity, I used in vitro mutagenesis to substitute key residue for alanines. I then examined 

the resultant effect of these mutations on GDF11 production and importantly, bioactivity. 

None of the introduced mutations disrupted GDF11 expression. However, analysis of 

GDF11 mediated SMAD 2/3 luciferase activity revealed that mutation of several key 

residues (K86A, Y135A, H136A) resulted in improved GDF11 signalling. These findings 

identified key residues that govern the activation status of GDF11 and provided a means to 

overcome the latency status of GDF11. This will enable the generation of a GDF11 form 

with spontaneous activity in vivo, which will aid functional characterisation. 

Lastly, we sought to obtain some functional data for our improved GDF11 form. To do this, 

I generated an AAV vector expressing our most encouraging myostatin/GDF11 chimera. 

Healthy mice were injected in the right hindlimb with AAV:45AA myo/GDF11, and in the 

left hindlimb with empty AAV. Three weeks post injection, it was found that TA muscles 

treated with the myostatin/GDF11 chimera exhibited a significant reduction (30%) in 

muscle mass. The loss of muscle mass mirrors that caused by related ligand myostatin. 

Along with this, there was a significant reduction in fibre size for treated TA muscles, 

compared with controls (33.7%). This reduction in fibre size contributed to the loss of 

muscle mass observed in the treated mice. 

Though this study elucidated a role for GDF11 expression in regulating muscle mass, it 

does have limitations. As expression of wildtype GDF11 from mammalian cells is poor, 

characterising GDF11 with its unaltered pro-domain is difficult. Incorporating portions of 

the myostatin pro-domain into GDF11 allowed for the in vitro and in vivo characterisation 

of a more biologically representative form of GDF11. As outlined previously, the majority 

of GDF11 studies have utilised mature-only GDF11 and this is not the form that is 

produced and circulating in the body. However, the incorporation of myostatin into GDF11 
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may have induced atypical activity for GDF11. The in vivo stability of the chimeric protein 

was not examined in this study but should be determined and taken into consideration if 

this form of GDF11 is to be pursued as a therapeutic agent. 

The fact that GDF11 is synthesised and secreted so poorly in mammalian cells, and yet 

results in such strong phenotypical changes when knocked-out, indicates that it is crucial to 

embryonic development and maintenance of homeostasis. Thus, normal in vivo protein 

production must be enough for GDF11 levels to be functional, and so studies performed in 

vitro may be missing a key protease or chaperone that GDF11 requires for synthesis and 

secretion. 

Research into the importance of TGF-β pro-domains has found that they can improve 

receptor contacts by targeting the mature ligands to the cells they act upon. Thus, it is 

plausible that by modifying GDF11’s pro-domain, the resulting bioactivity is 

uncharacteristic of GDF11. The initial introduction of myostatin sequence into the GDF11 

pro-domain was sufficient to induce higher activity in a luciferase assay at top dose 

(62.5pM) compared to FLAG-tagged GDF11. This could be attributed to improved 

targeting of mature GDF11 to its receptors by the modified pro-domain, not just improved 

expression and processing of GDF11. Myostatin, like GDF11, is a latent ligand and so it is 

unlikely that the incorporation of portions of its pro-domain were sufficient to significantly 

activate GDF11 alone. This is supported by the significant increase in bioactivity when 

mutations are introduced to disrupt latency, compared to the unmutated chimera.   

When examining all the evidence for GDF11’s in vivo biological role, it is clearly difficult 

to elucidate where it differs from that of myostatin. The sequence homology between 

GDF11 and myostatin, combined with their shared receptor use, only complicates the 

ability to differentiate between the two ligands. Indeed, at supra-physiological levels in 

animal models, the actions of GDF11 and myostatin are indistinguishable. The results of 

this work have furthered our understanding of GDF11, from synthesis to biological activity, 

and suggests that the pro-domains of GDF11 and myostatin play a crucial role in regulating 

their expression, and that this is a major point of difference between the two ligands. 
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Replacing portions of GDF11’s pro-domain with that of myostatin was enough to rescue 

expression of mature GDF11, indicating that the differences in amino acids across this 

region contribute to the differences in their expression levels from mammalian cells.  

One method that could be used for further study of GDF11’s actions would be the 

generation of a spontaneously activated GDF11 mouse. Introducing a mutation, such as 

H136A, into a mouse model would result in increased activity of GDF11, but only in 

tissues that naturally make this protein. This would avoid the use of high levels of GDF11 

in circulation, which often induce physiological changes that better represent the 

consequences of GDF11 hyper-activity and not the true biological role of the ligand.  

If GDF11 is to be pursued as a therapeutic agent, it is of great benefit to produce a form of 

the ligand that has serum stability and targeted activity. This work has identified the regions 

important for controlling GDF11 production, processing and latency. GDF11’s pro-domain 

was found to be responsible for the restricted production and processing of the mature 

ligand, while the fastener region was found to confer latency to the ligand. By targeting 

these, GDF11 biosynthesis and activation could be altered toward a more favourable 

outcome. Ultimately, this study suggests that the form most advantageous to use for further 

work is the 45AA myostatin/GDF11 chimera with activating mutations, as it is as close to 

native GDF11 as may be possible, with the additional benefit of being secreted in an active 

form. The identification of a method by which latent ligands can be activated, regardless of 

external factors, is applicable across all latent TGF-β proteins. 
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INTEGRATIVE DISCUSSION AND CONCLUSION 

The large family of TGF-β proteins play crucial roles in embryonic development, and 

broadly regulates body-wide tissue and organ homeostasis in adults. Due to their important 

role in maintaining adult tissue homeostasis, the disrupted activities of TGF-β ligands are 

frequently linked to human pathologies. For example, genetic mutations in ligands GDF9 

and BMP15 are affiliated with reproductive disease and compromised fertility (Dixit et al., 

2006, Laissue et al., 2006, Inagaki and Shimasaki, 2010). As such, there is a pressing 

medical need to develop reagents that can restore TGF-β ligand homeostatic control. The 

ideal approach would be to correct the natural levels of the appropriate TGF-β ligands in 

the affected disease pathology. However, the development of TGF-β based therapeutics is 

not without its challenges: the bioactive forms of TGF-β ligands have poor longevity 

following administration, some of the TGF-β ligands are made in inactive or latent forms, 

and many do not have sufficient potency to be clinically relevant.  

All TGF-β ligands are synthesised with an N-terminal pro-domain and C-terminal mature 

domain. The pro-domain drives folding and dimerisation of the mature ligand, and 

proteases cleave at a consensus site between the pro and mature domains (RXXR). The pro-

domain remains non-covalently associated with the mature growth factor until the mature 

ligand contacts its high-affinity binding receptors, at which point the pro-domain is 

displaced. Based on their sequence conservation and downstream signaling pathways, the 

superfamily is divided into two groups. BMPs are one group, traditionally signaling 

through receptors ALK 1/2/3/6 and inducing phosphorylation of SMADs 1/5/8, while the 

TGF-βs, inhibins and activins form the other group, signaling through receptors ALK 4/5/7 

and inducing phosphorylation of SMADs 2/3. The size of the family (over 30 members) 

outnumbers the receptors available and consequently, multiple ligands signal through the 

same receptors.  

The aim of this research project was to address the restrictions around the advancement of 

clinically applicable TGF-β based therapies. Towards this, two ligands were chosen as 

models for the family as a whole: activin A and GDF11. Activin A was used as the basis 
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for improving half-life and bioactivity, while GDF11 was used as the basis for altering 

activation status. Across these three studies, the entire regulatory process of TGF-β ligands 

was examined. This was achieved using in vitro mutagenic approaches that aimed to 

increase the stability, synthesis, activation, and bioactivity of these example ligands. 

For my first study, I sought to examine the protective potential of the pro-domains using 

activin A as a model. I generated a form of activin A which remained in complex with its 

pro-domain (termed Pro-activin A). The in vitro bioactivity of Pro-activin A was 

comparable to that of mature activin A, and was not impaired by pro-domain retention, 

suggesting the pro-domain does not act to limit activin bioactivity. Rather, inclusion of the 

pro-domain was sufficient to improve serum retention of mature activin A by 2.5-fold 

across a period of four hours. In addition, there was a trend towards increased in vivo 

activity for Pro-activin A, as observed by induction of FSH. 

These findings support that TGF-β pro-domains play an important role in preserving 

stability of the mature ligands. Previous work examining related Pro-TGF-β ligands have 

drawn similar inferences. For example, Wakefield et al. (1990) found that the serum half-

life of TGF-β1 was drastically enhanced in the context of Pro-TGF-β1 (50-fold increase) 

relative to mature TGF-β1 (Wakefield et al., 1990). One of the most important roles of the 

pro-domain is to localise the mature ligand to its target receptors, and this is achieved by 

interacting with various extracellular and cell surface proteins. Mottershead et al. (2015) 

observed this with the pro-form of the GDF9:BMP15 heterodimer cumulin (pro-cumulin), 

which has higher proliferative activity on cumulus granulosa cells than the mature 

heterodimer form (Mottershead et al., 2015). This action has also been observed for Pro-

inhibin A in vitro bioactivity in LβT2 gonadotrope cells, which is 20-fold more potent at 

suppressing FSH production relative to mature inhibin A (Walton et al., 2016). The 

increased bioactivity for Pro-inhibin A appears to at least in part be driven by increased 

receptor affinity, emphasising the importance of pro-domain retention for physiological 

activity (Walton et al., 2016). 
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Structurally, the inclusion of the pro-domain in these examples mimics the native form of 

all TGF-β proteins, as they are secreted as a complex. Commercial forms of the proteins 

consist of the mature ligand only, as this is the part that confers activity, however in this 

form they have very short half-lives. By isolating the ligands in their complex form, serum 

stability can be improved, as observed with Pro-activin A and TGF-β1. In addition, the 

improved bioactivity for ligands retaining their pro-domain, as observed in cumulin and 

inhibin A, indicates that the pro-domain plays an important role in the delivery of the 

mature ligand to its receptors. This directed protein delivery could be mimicked by various 

means with the aim of improving serum retention (as with the use of PEG hydrogels to 

improve delivery of TGF-β1 and BMP2 (Yang et al., 2013, Sridhar et al., 2014)) but as the 

pro-domain is naturally occurring and does not interfere with the mature ligand, isolating 

and improving TGF-β ligands as complexes is most advantageous.  

Though the inclusion of the pro-domain resulted in an improved half-life for Pro-activin A, 

this improvement was significantly less than that observed for Pro-TGF-β1, and so further 

modifications are necessary. One reason for the longer serum retention is that the 

interactions between the pro- and mature-domains for TGF-β1 are very strong, and the 

ligand is secreted latent. While this would impact on the activity of the protein, 

understanding the interactions responsible for the tight bond between the pro and mature 

domains would generate key modifications that could be applied to Pro-activin A (and 

other ligands) to improve pro:mature binding.  

In addition to modifying pro:mature interactions, there are a variety of external 

modifications that can be undertaken to further improve serum stability. Previous work 

done in our laboratory involved the fusion of pro-domains to the Fc region of 

immunoglobulin G (IgG), resulting in pro-domains that could be used as antagonistic 

agents (Chen et al., 2015). Using this approach to generate Fc-fusion pro:mature complexes 

may improve the half-life of TGF-β proteins, in particular due to the very long half-life of 

IgG (Kontermann, 2009), while still retaining their native conformation. Alternatively, 

PEGylation can be employed to further increase the size and volume of TGF-β proteins, 

although this modification may alter their structures and should be done with care. This 
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particular approach has been used successfully for human growth hormone (hGH) 

(Veronese and Mero, 2008).  

Toward the goal of making TGF-β therapeutics, this study has further elucidated the 

importance of the pro-domain with respect to TGF-β half-lives and bioactivity. The 

improvement in serum stability and trend towards heightened bioactivity, as a result of the 

retention of the pro-domain, establishes a method by which ligands such as BMP2 and 

BMP7, used clinically to treat bone injuries but unable to be applied to other bone-related 

disorders owing to their poor half-life, can be improved.  

For my second study, the goal was to improve the potency of TGF-β ligands by 

strengthening their receptor interactions, again using activin A as a model. I made site-

directed modifications across the type II receptor binding interface, using fellow ActRII-

binding ligands activin B, myostatin and GDF11 as references. Amino acids that differ 

across this interface between these ligands and activin A were swapped and their in vitro 

biological activity was examined. Two mutations in particular resulted in a 9-fold and 2.5-

fold improved biological response (R397S and H346Y) in vitro. This was supported by a 

1.85-fold and 1.7-fold improved ability to induce FSH secretion in mouse gonadotroph 

cells. Although these activin A variants were not tested in vivo, these results indicate that 

they would most likely evoke higher production of pituitary FSH.  

These findings suggest that selectively mutating the receptor binding interfaces of TGF-β 

proteins can improve ligand potency. Previous work done to examine this, using activin A 

as an example, also found that single mutations were effective enough to increasing 

receptor affinity. Harrison et al. (2006) found that substituting aspartic acid for alanine at 

position 405 also improved affinity for ActRII, and this mutant would potentially have at 

least a 2-fold higher potency than wildtype in vivo (Harrison et al., 2006). Additionally, 

improved biological activity may overcome serum clearance issues by speeding up receptor 

binding kinetics. 

Structurally, the receptor binding interfaces of TGF-β ligands are conserved, which results 

in overlapping receptor binding for ligands that share the highest structural homology 
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(Greenwald et al., 2004). The nature of the ligand:receptor interaction is such that 

numerous factors impact the final outcome, including receptor availability, ligand 

availability, competition between ligands for the same receptors, and potential differences 

across receptors in their affinity for ligands. One way of altering this interaction in favour 

of a particular protein is to examine the binding sites of all ligands that utilise the same type 

I and II receptors. As TGF-β proteins act in an autocrine or paracrine manner, and often act 

upon the same tissues or organs, competition for receptors frequently occurs. Altering 

residues across the binding interface would generate a more potent protein that can 

outcompete other ligands for the same receptors.   

While improving TGF-β ligand:receptor interactions results in improved activity, it can 

also result in unintentional cellular responses. By inducing a stronger bond between the 

mature ligand and its type I and II receptors, downstream signaling is increased and in some 

cases, this can mimic the physiological responses caused by overexpression of these or 

related ligands. Where competition and affinity for shared receptors would normally keep 

downstream signaling in check, increasing ligand potency could result in overstimulation of 

the signaling pathway and lead to negative side-effects. One such example is the 

overexpression of GDF11 and myostatin, which results in skeletal and cardiac wasting 

effects (Hammers et al., 2017, Zimmers et al., 2017) due to potent stimulation of the 

SMAD 2/3 pathway. To ensure this does not occur when generating TGF-β based 

therapeutics, these ligands need to be expressed or constrained (via ECM affinities) to only 

the cells and tissues in which they are both naturally made and target.  

Toward the goal of making TGF-β therapeutics, this study and others have shown a single 

amino acid change is capable of markedly increasing ligand bioactivity. Application of this 

technique to ligands in competition for receptors, such as GDF11 for ActRIIA/B, TGF-β3 

for TβRII, and BMP2 and BMP7 for BMPRII, will go a long way to improving their 

therapeutic uses. 

For my third study, I aimed to improve the activation of latent TGF-β ligands so that they 

can exert activity in the absence of an activation mechanism, using GDF11 as a model. 
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GDF11 is poorly made in mammalian cells, and so I incorporated sections of closely 

related ligand myostatin’s pro-domain into GDF11, which effectively rescued GDF11 

expression. The substitution of a long poly-alanine stretch in GDF11’s pro-domain with a 

FLAG tag also improved expression levels of mature GDF11, albeit to a lesser extent. 

Further modifications (K86A, Y135A, and H136A) in the pro-domain of GDF11 resulted 

in spontaneous activation of GDF11 at low concentrations, and provides evidence for a 

means to overcome the latency of GDF11.  

Additionally, as the role of GDF11 in vivo is an area of contention in the research field, this 

study set out to examine if indeed GDF11 and myostatin have overlapping degenerative 

activities in muscle. Viral delivery of the 45AA myostatin/GDF11 chimera into the 

hindlimb TA muscles resulted in reduced muscle weight and fibre size, indicating that 

exogenous GDF11 may indeed have myostatin-like activity in skeletal muscle.  

In terms of GDF11’s limited expression and activity, these findings suggest that GDF11’s 

pro-domain is responsible for its restricted expression and maturation. Previous research 

has determined that GDF11 expression is poor, as despite having comparable affinity for 

ActRIIB as myostatin, it is present nearly 500 times less in circulation (Sako et al., 2010, 

Rodgers and Eldridge, 2015). The control exerted by GDF11’s pro-domain over the mature 

ligand has likely evolved over time, and may be a direct consequence of the critical role 

GDF11 plays in embryonic skeletal patterning. In terms of altering latency status, these 

findings suggest that disrupting the bonds between the pro- and mature domains of latent 

TGF-β proteins is sufficient to activate them, independent of other factors. In support, 

recent work done by our collaborators to examine this used myostatin as a model. The same 

point mutations introduced into GDF11 were introduced into the fastener region of 

myostatin and these were then tested in vitro and in vivo for their ability to induce 

biological activity. It was found that these mutations activated latent myostatin, 

demonstrated by a reduction in TA muscle fibre size (Walker et al., 2018).  
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Structurally, the bonds between the pro-domain and the mature in latent TGF-β proteins are 

stronger than the affinity the mature ligands have for their receptors. To allow the mature 

ligand to bind to its receptors, this bond must be released. This study supports the notion 

that targeting the fastener region alone enables activation of latent ligands, primarily 

because this structural feature is highly conserved. The ability to do this using only a single 

amino acid point mutation, which was non-disruptive for expression of both myostatin and 

GDF11, means this is a viable method for activating other latent TGF-β ligands. By 

eliminating the need for external factors to disrupt the pro:mature complex, latent TGF-β 

ligands can be readily secreted as “active” complexes. 

To definitively determine whether GDF11 is a rejuvenation factor, or simply a potent 

inducer of muscle wasting, requires further work. The strict control over GDF11’s 

expression is a major hindrance to its biological characterisation, as commercially available 

mature GDF11 does not represent the form in circulation. One reason for GDF11’s poor 

expression from mammalian cells may be that other unknown co-factors are required for 

GDF11 to be processed, and these are absent when it’s expressed in vitro. In fact, previous 

AAV work using the livers of mice to produce circulating GDF11 may have taken 

advantage of this, as native GDF11 is found in the liver. In contrast, we used human 

embryonic kidney cells as our primary expression vehicle, an organ where GDF11 

expression is not detected. 

Generating activated TGF-β ligands is a critical step towards generating TGF-β 

therapeutics, however by interrupting the pro:mature interactions the serum stability may be 

compromised. In the case of Pro-TGF-β1, latency contributed to its potent serum stability 

(Wakefield et al., 1990). Identifying mutations that can disrupt the strong bonds between 

the pro-domain and the mature, but maintain the pro-domain association, is crucial, 

allowing for the release of the mature ligand upon contact with its receptors. It’s likely that 

these alterations will be different depending on whether a ligand is secreted active or latent.   

Toward the goal of making TGF-β therapeutics, this work and others have shown that a 

single mutation within key latent domains can effectively overcome latency. Dispensing 
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with the need for additional activating factors, this method can be utilised across latently 

secreted ligands. 

Combined, this research has identified alterations that can be made to TGF-β ligands to 

overcome the obstacles that prevent their therapeutic development. By comprehensively 

analysing the distinct family branches and observing sequence and structure conservation, 

other ligands can benefit from these findings, despite not being examined specifically in 

this study. Table 5.1 summarises these from synthesis to signaling.  
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Table 5.1 Summary of improvements made to activin A and GDF11 in this study, from synthesis to biological 

activity.  
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My work has generated a method by which (i) ligand expression can be improved by 

targeted modification of the pro-domain, as shown by GDF11 in Study 3; (ii) maturation 

can be improved, as shown by both activin A and GDF11 in Studies 1 and 3; (iii) 

bioactivity can be enhanced by either retaining the pro-domain, as shown by activin A in 

Study 1, interrupting the strong association between the pro-domain and the mature, as 

shown by GDF11 in Study 3, or selectively mutating the receptor binding interface, as 

shown by activin A in Study 2; and (iv) ultimately toward extended TGF-β ligand stability 

in vivo. 

Manipulating the structures of TGF-β proteins at the amino acid level garners 

improvements in synthesis, secretion, activation, and receptor binding. In the application of 

this across the TGF-β superfamily, however, it is important to consider potential hurdles 

faced at each stage of protein production and signaling. The expression of TGF-β ligands is 

a vital consideration when undertaking their production, as this work has shown how 

drastically different expression levels can be between family members. As exhibited by 

GDF11, overcoming this is possible, however it runs the risk of producing atypical 

biological characteristics. The use of commercially available mature ligands in advancing 

TGF-β therapeutics is done to circumvent this, but at the detriment of in vivo stability, as 

this is not the biologically relevant forms of the proteins in circulation. 

Maturation of ligands is also an important consideration. It is possible to encourage greater 

production of the mature ligand by altering the native cleavage site, as done with Pro-

activin A and the introduction of a ‘supercut’ site, however this requires some caution. 

When the same cleavage site was applied to GDF11, it had a detrimental effect on 

maturation, and so not every ligand will respond to the same altered cleavage site in the 

same manner. Modifications to amino acids either side of the cleavage site can also result in 

improved maturation, though in the case of GDF11 this improvement was ineffective. It 

would be prudent to consider which proprotein convertase enzymes are expressed in the 

cells and tissues that produce specific TGF-β ligands, and selectively modify the cleavage 

sites accordingly. This could also allow tissue specific maturation, whereby only tissues 
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naturally primed to secrete these ligands would have the capacity to process them to their 

bioactive forms.  

Signaling of TGF-β ligands can be greatly enhanced by improving their bioactivity, 

whether by isolating the proteins in their pro:mature complex forms, reducing the strength 

of their pro:mature interactions or manipulating their type I and II receptor binding sites to 

produce a higher ligand:receptor affinity. These actions result in a ligand capable of 

producing a stronger biological response at a lower therapeutic dose, making them more 

clinically attractive.   

Overall, our understanding of the broader TGF-β superfamily has been enhanced by these 

studies. The future of TGF-β therapeutics lies within the ability to produce and purify forms 

of these proteins that can act upon their target cells effectively and sustain their bioactivity 

for a significant period of time. By controlling their improved potency, off-target effects 

should be limited. Further research should focus on isolating these proteins as complexes, 

as this will bring much-needed stability and potency to the mature ligands, combatting one 

of the main hurdles to their application in a clinical setting. Generating versions of these 

with increased receptor affinity will also go a long way toward increasing their therapeutic 

efficacy. Finally, being able to produce active versions of those ligands that were 

previously latent creates the possibility of their use in treating disease. The impact of this 

work will likely be seen in the further development and acquisition of new therapies for 

human diseases associated with disrupted TGF-β activities.  
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and their respective officers, directors, employs and agents, from and against any and all 
claims arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 
12. Other Terms and Conditions: 
v1.4 
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OXFORD UNIVERSITY PRESS LICENSE 
TERMS AND CONDITIONS 

Mar 13, 2018 
 

This Agreement between Swinburne University of Technology -- Katharine Johnson 
("You") and Oxford University Press ("Oxford University Press") consists of your license 
details and the terms and conditions provided by Oxford University Press and Copyright 
Clearance Center. 

License Number 4287421168035 

License date Feb 13, 2018 

Licensed content publisher Oxford University Press 

Licensed content publication Endocrinology 

Licensed content title A Novel, More Efficient Approach to Generate Bioactive 
Inhibins 

Licensed content author Walton, Kelly L.; Kelly, Emily K. 

Licensed content date Jul 1, 2016 

Type of Use Thesis/Dissertation 

Title of your work Engineering TGF-beta proteins to restore tissue 
homeostasis 

Expected publication date Mar 2018 

Requestor Location Swinburne University of Technology 
John St 
Hawthorn 
Victoria, 3122 
Australia 

 
STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL 

FROM AN OXFORD UNIVERSITY PRESS JOURNAL 
1. Use of the material is restricted to the type of use specified in your order details. 
2. This permission covers the use of the material in the English language in the following 
territory: world. If you have requested additional permission to translate this material, the 
terms and conditions of this reuse will be set out in clause 12. 
3. This permission is limited to the particular use authorized in (1) above and does not 
allow you to sanction its use elsewhere in any other format other than specified above, nor 
does it apply to quotations, images, artistic works etc that have been reproduced from other 
sources which may be part of the material to be used. 
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4. No alteration, omission or addition is made to the material without our written consent. 
Permission must be re-cleared with Oxford University Press if/when you decide to reprint. 
5. The following credit line appears wherever the material is used: author, title, journal, 
year, volume, issue number, pagination, by permission of Oxford University Press or the 
sponsoring society if the journal is a society journal. Where a journal is being published on 
behalf of a learned society, the details of that society must be included in the credit line. 
6. For the reproduction of a full article from an Oxford University Press journal for 
whatever purpose, the corresponding author of the material concerned should be informed 
of the proposed use. Contact details for the corresponding authors of all Oxford University 
Press journal contact can be found alongside either the abstract or full text of the article 
concerned, accessible from www.oxfordjournals.org Should there be a problem clearing 
these rights, please contact journals.permissions@oup.com 
7. If the credit line or acknowledgement in our publication indicates that any of the figures, 
images or photos was reproduced, drawn or modified from an earlier source it will be 
necessary for you to clear this permission with the original publisher as well. If this 
permission has not been obtained, please note that this material cannot be included in your 
publication/photocopies. 
8. While you may exercise the rights licensed immediately upon issuance of the license at 
the end of the licensing process for the transaction, provided that you have disclosed 
complete and accurate details of your proposed use, no license is finally effective unless 
and until full payment is received from you (either by Oxford University Press or by 
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and 
conditions. If full payment is not received on a timely basis, then any license preliminarily 
granted shall be deemed automatically revoked and shall be void as if never granted. 
Further, in the event that you breach any of these terms and conditions or any of CCC's 
Billing and Payment terms and conditions, the license is automatically revoked and shall be 
void as if never granted. Use of materials as described in a revoked license, as well as any 
use of the materials beyond the scope of an unrevoked license, may constitute copyright 
infringement and Oxford University Press reserves the right to take any and all action to 
protect its copyright in the materials. 
9. This license is personal to you and may not be sublicensed, assigned or transferred by 
you to any other person without Oxford University Press’s written permission. 
10. Oxford University Press reserves all rights not specifically granted in the combination 
of (i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and 
conditions. 
11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, 
and their respective officers, directors, employs and agents, from and against any and all 
claims arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 
12. Other Terms and Conditions: 
v1.4 
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American Society for Clinical Investigation LICENSE 
TERMS AND CONDITIONS 

Mar 13, 2018 
 

This is a License Agreement between Swinburne University of Technology -- Katharine 
Johnson ("You") and American Society for Clinical Investigation ("American Society for 
Clinical Investigation") provided by Copyright Clearance Center ("CCC"). The license 
consists of your order details, the terms and conditions provided by American Society for 
Clinical Investigation, and the payment terms and conditions. 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 

License Number 4287440792790 

License date Feb 14, 2018 

Licensed content publisher American Society for Clinical 
Investigation 

Licensed content title JOURNAL OF CLINICAL 
INVESTIGATION. ONLINE 

Licensed content date Dec 31, 1969 

Type of Use Thesis/Dissertation 

Requestor type Academic institution 

Format Print, Electronic 

Portion chart/graph/table/figure 

Number of charts/graphs/tables/figures 1 

The requesting person/organization is: Katharine Johnson 

Title or numeric reference of the portion(s) Results, Figure 1. Plasma 
disappearance of '25I-TGF-beta in 
bile fistula rats after sham operation 
or 70% hepatectomy. Results 
(mean±SEM) are from three rats in 
each group. 

Title of the article or chapter the portion is from Hepatic processing of transforming 
growth factor beta in the rat. 
Uptake, metabolism, and biliary 
excretion 
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Author of portion(s) 

Coffey, R. J., Jr. Kost, L. J. Lyons, 
R. M. Moses, H. L. LaRusso, N. F. 

Volume of serial or monograph. 80 

Issue, if republishing an article from a serial 3 

Page range of the portion 750-7 

Publication date of portion 1987/09/01 

Rights for Main product 

Duration of use Life of current and all future 
editions 

For distribution to Worldwide 

In the following language(s) Original language of publication 

The lifetime unit quantity of new product Up to 499 

Title Engineering TGF-beta proteins to 
restore tissue homeostasis 

 

Expected presentation date Mar 2018  

Billing Type Invoice  

Billing Address Swinburne University of 
Technology 
John St 
Hawthorn 
Victoria, Australia 3122 
 

 

TERMS AND CONDITIONS 
The following terms are individual to this publisher: 

None 
Other Terms and Conditions: 

STANDARD TERMS AND CONDITIONS 
1. Description of Service; Defined Terms. This Republication License enables the User to 
obtain licenses for republication of one or more copyrighted works as described in detail on 
the relevant Order Confirmation (the “Work(s)”). Copyright Clearance Center, Inc. 
(“CCC”) grants licenses through the Service on behalf of the rightsholder identified on the 
Order Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means 
the inclusion of a Work, in whole or in part, in a new work or works, also as described on 
the Order Confirmation. “User”, as used herein, means the person or entity making such 
republication. 
2. The terms set forth in the relevant Order Confirmation, and any terms set by the 
Rightsholder with respect to a particular Work, govern the terms of use of Works in 
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connection with the Service. By using the Service, the person transacting for a republication 
license on behalf of the User represents and warrants that he/she/it (a) has been duly 
authorized by the User to accept, and hereby does accept, all such terms and conditions on 
behalf of User, and (b) shall inform User of all such terms and conditions. In the event such 
person is a “freelancer” or other third party independent of User and CCC, such party shall 
be deemed jointly a “User” for purposes of these terms and conditions. In any event, User 
shall be deemed to have accepted and agreed to all such terms and conditions if User 
republishes the Work in any fashion. 
3. Scope of License; Limitations and Obligations. 
3.1 All Works and all rights therein, including copyright rights, remain the sole and 
exclusive property of the Rightsholder. The license created by the exchange of an Order 
Confirmation (and/or any invoice) and payment by User of the full amount set forth on that 
document includes only those rights expressly set forth in the Order Confirmation and in 
these terms and conditions, and conveys no other rights in the Work(s) to User. All rights 
not expressly granted are hereby reserved. 
3.2 General Payment Terms: You may pay by credit card or through an account with us 
payable at the end of the month. If you and we agree that you may establish a standing 
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance 
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are 
payable upon their delivery to you (or upon our notice to you that they are available to you 
for downloading). After 30 days, outstanding amounts will be subject to a service charge of 
1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless 
otherwise specifically set forth in the Order Confirmation or in a separate written agreement 
signed by CCC, invoices are due and payable on “net 30” terms. While User may exercise 
the rights licensed immediately upon issuance of the Order Confirmation, the license is 
automatically revoked and is null and void, as if it had never been issued, if complete 
payment for the license is not received on a timely basis either from User directly or 
through a payment agent, such as a credit card company. 
3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is 
“one-time” (including the editions and product family specified in the license), (ii) is non-
exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions 
(such as, but not limited to, limitations on duration of use or circulation) included in the 
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of 
the licensed use, User shall either secure a new permission for further use of the Work(s) or 
immediately cease any new use of the Work(s) and shall render inaccessible (such as by 
deleting or by removing or severing links or other locators) any further copies of the Work 
(except for copies printed on paper in accordance with this license and still in User's stock 
at the end of such period). 
3.4 In the event that the material for which a republication license is sought includes third 
party materials (such as photographs, illustrations, graphs, inserts and similar materials) 
which are identified in such material as having been used by permission, User is responsible 
for identifying, and seeking separate licenses (under this Service or otherwise) for, any of 
such third party materials; without a separate license, such third party materials may not be 
used. 
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3.5 Use of proper copyright notice for a Work is required as a condition of any license 
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper 
copyright notice will read substantially as follows: “Republished with permission of 
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of 
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice 
must be provided in a reasonably legible font size and must be placed either immediately 
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a 
separate electronic link) or in the place where substantially all other credits or notices for 
the new work containing the republished Work are located. Failure to include the required 
notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay 
liquidated damages for each such failure equal to twice the use fee specified in the Order 
Confirmation, in addition to the use fee itself and any other fees and charges specified. 
3.6 User may only make alterations to the Work if and as expressly set forth in the Order 
Confirmation. No Work may be used in any way that is defamatory, violates the rights of 
third parties (including such third parties' rights of copyright, privacy, publicity, or other 
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In 
addition, User may not conjoin a Work with any other material that may result in damage to 
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any 
infringement of any rights in a Work and to cooperate with any reasonable request of CCC 
or the Rightsholder in connection therewith. 
4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and 
their respective employees and directors, against all claims, liability, damages, costs and 
expenses, including legal fees and expenses, arising out of any use of a Work beyond the 
scope of the rights granted herein, or any use of a Work which has been altered in any 
unauthorized way by User, including claims of defamation or infringement of rights of 
copyright, publicity, privacy or other tangible or intangible property. 
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE 
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL 
OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES 
FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS 
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, 
EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 
DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their 
respective employees and directors) shall not exceed the total amount actually paid by User 
for this license. User assumes full liability for the actions and omissions of its principals, 
employees, agents, affiliates, successors and assigns. 
6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC 
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER 
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL 
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER 
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED 
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR 
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, 
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE 
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WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED 
BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE 
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT. 
7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of 
a Work beyond the scope of the license set forth in the Order Confirmation and/or these 
terms and conditions, shall be a material breach of the license created by the Order 
Confirmation and these terms and conditions. Any breach not cured within 30 days of 
written notice thereof shall result in immediate termination of such license without further 
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately 
upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license 
price therefor; any unauthorized (and unlicensable) use that is not terminated immediately 
for any reason (including, for example, because materials containing the Work cannot 
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no 
event to a payment of less than three times the Rightsholder's ordinary license price for the 
most closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses 
incurred in collecting such payment. 
8. Miscellaneous. 
8.1 User acknowledges that CCC may, from time to time, make changes or additions to the 
Service or to these terms and conditions, and CCC reserves the right to send notice to the 
User by electronic mail or otherwise for the purposes of notifying User of such changes or 
additions; provided that any such changes or additions shall not apply to permissions 
already secured and paid for. 
8.2 Use of User-related information collected through the Service is governed by CCC’s 
privacy policy, available online 
here:http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html. 
8.3 The licensing transaction described in the Order Confirmation is personal to User. 
Therefore, User may not assign or transfer to any other person (whether a natural person or 
an organization of any kind) the license created by the Order Confirmation and these terms 
and conditions or any rights granted hereunder; provided, however, that User may assign 
such license in its entirety on written notice to CCC in the event of a transfer of all or 
substantially all of User’s rights in the new material which includes the Work(s) licensed 
under this Service. 
8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed 
by the parties. The Rightsholder and CCC hereby object to any terms contained in any 
writing prepared by the User or its principals, employees, agents or affiliates and purporting 
to govern or otherwise relate to the licensing transaction described in the Order 
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order 
Confirmation and/or in these terms and conditions or CCC's standard operating procedures, 
whether such writing is prepared prior to, simultaneously with or subsequent to the Order 
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in 
a separate instrument. 
8.5 The licensing transaction described in the Order Confirmation document shall be 
governed by and construed under the law of the State of New York, USA, without regard to 
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding 

javascript:void(0)


Page | 229  
  
 

arising out of, in connection with, or related to such licensing transaction shall be brought, 
at CCC's sole discretion, in any federal or state court located in the County of New York, 
State of New York, USA, or in any federal or state court whose geographical jurisdiction 
covers the location of the Rightsholder set forth in the Order Confirmation. The parties 
expressly submit to the personal jurisdiction and venue of each such federal or state court.If 
you have any comments or questions about the Service or Copyright Clearance Center, 
please contact us at 978-750-8400 or send an e-mail to info@copyright.com. 
v 1.1 
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American Society for Clinical Investigation LICENSE 
TERMS AND CONDITIONS 

Mar 13, 2018 
 

This is a License Agreement between Swinburne University of Technology -- Katharine 
Johnson ("You") and American Society for Clinical Investigation ("American Society for 
Clinical Investigation") provided by Copyright Clearance Center ("CCC"). The license 
consists of your order details, the terms and conditions provided by American Society for 
Clinical Investigation, and the payment terms and conditions. 
 

All payments must be made in full to CCC. For payment instructions, please see 
information listed at the bottom of this form. 
 

License Number 4287451057144 

License date Feb 14, 2018 

Licensed content publisher American Society for Clinical 
Investigation 

Licensed content title JOURNAL OF CLINICAL 
INVESTIGATION. ONLINE 

Licensed content date Dec 31, 1969 

Type of Use Thesis/Dissertation 

Requestor type Academic institution 

Format Print, Electronic 

Portion chart/graph/table/figure 

Number of charts/graphs/tables/figures 1 

The requesting person/organization is: Katharine Johnson 

Title or numeric reference of the 
portion(s) 

Results, Figure 3. Effect of latent complex 
formation on the disappearance of circulating '25I-
TGF-beta 1 from rat plasma 

Title of the article or chapter the portion 
is from 

Recombinant latent transforming growth factor 
beta 1 has a longer plasma half-life in rats than 
active transforming growth factor beta 1, and a 
different tissue distribution 

 
Author of portion(s) 

Wakefield, L. M. Winokur, T. S. Hollands, R. S. 
Christopherson, K. Levinson, A. D. Sporn, M. B. 
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Volume of serial or monograph. 86 

Issue, if republishing an article from a 
serial 

6 

Page range of the portion 1976-84 

Publication date of portion 1990/12/01 

Rights for Main product 

Duration of use Life of current and all future editions 

For distribution to Worldwide 

In the following language(s) Original language of publication 

The lifetime unit quantity of new 
product 

Up to 499 

Title Engineering TGF-beta proteins to 
restore tissue homeostasis 

 

Expected presentation date Mar 2018  

Billing Type Invoice  

Billing Address Swinburne University of Technology 
John St 
Hawthorn 
Victoria, Australia 3122 
 

 

TERMS AND CONDITIONS 
The following terms are individual to this publisher: 

None 
Other Terms and Conditions: 

STANDARD TERMS AND CONDITIONS 
1. Description of Service; Defined Terms. This Republication License enables the User to 
obtain licenses for republication of one or more copyrighted works as described in detail on 
the relevant Order Confirmation (the “Work(s)”). Copyright Clearance Center, Inc. 
(“CCC”) grants licenses through the Service on behalf of the rightsholder identified on the 
Order Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means 
the inclusion of a Work, in whole or in part, in a new work or works, also as described on 
the Order Confirmation. “User”, as used herein, means the person or entity making such 
republication. 
2. The terms set forth in the relevant Order Confirmation, and any terms set by the 
Rightsholder with respect to a particular Work, govern the terms of use of Works in 
connection with the Service. By using the Service, the person transacting for a 
republication license on behalf of the User represents and warrants that he/she/it (a) has 
been duly authorized by the User to accept, and hereby does accept, all such terms and 
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conditions on behalf of User, and (b) shall inform User of all such terms and conditions. In 
the event such person is a “freelancer” or other third party independent of User and CCC, 
such party shall be deemed jointly a “User” for purposes of these terms and conditions. In 
any event, User shall be deemed to have accepted and agreed to all such terms and 
conditions if User republishes the Work in any fashion. 
3. Scope of License; Limitations and Obligations. 
3.1 All Works and all rights therein, including copyright rights, remain the sole and 
exclusive property of the Rightsholder. The license created by the exchange of an Order 
Confirmation (and/or any invoice) and payment by User of the full amount set forth on that 
document includes only those rights expressly set forth in the Order Confirmation and in 
these terms and conditions, and conveys no other rights in the Work(s) to User. All rights 
not expressly granted are hereby reserved. 
3.2 General Payment Terms: You may pay by credit card or through an account with us 
payable at the end of the month. If you and we agree that you may establish a standing 
account with CCC, then the following terms apply: Remit Payment to: Copyright Clearance 
Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are 
payable upon their delivery to you (or upon our notice to you that they are available to you 
for downloading). After 30 days, outstanding amounts will be subject to a service charge of 
1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless 
otherwise specifically set forth in the Order Confirmation or in a separate written 
agreement signed by CCC, invoices are due and payable on “net 30” terms. While User 
may exercise the rights licensed immediately upon issuance of the Order Confirmation, the 
license is automatically revoked and is null and void, as if it had never been issued, if 
complete payment for the license is not received on a timely basis either from User directly 
or through a payment agent, such as a credit card company. 
3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is 
“one-time” (including the editions and product family specified in the license), (ii) is non-
exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions 
(such as, but not limited to, limitations on duration of use or circulation) included in the 
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of 
the licensed use, User shall either secure a new permission for further use of the Work(s) or 
immediately cease any new use of the Work(s) and shall render inaccessible (such as by 
deleting or by removing or severing links or other locators) any further copies of the Work 
(except for copies printed on paper in accordance with this license and still in User's stock 
at the end of such period). 
3.4 In the event that the material for which a republication license is sought includes third 
party materials (such as photographs, illustrations, graphs, inserts and similar materials) 
which are identified in such material as having been used by permission, User is 
responsible for identifying, and seeking separate licenses (under this Service or otherwise) 
for, any of such third party materials; without a separate license, such third party materials 
may not be used. 
3.5 Use of proper copyright notice for a Work is required as a condition of any license 
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper 
copyright notice will read substantially as follows: “Republished with permission of 
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of 
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copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice 
must be provided in a reasonably legible font size and must be placed either immediately 
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a 
separate electronic link) or in the place where substantially all other credits or notices for 
the new work containing the republished Work are located. Failure to include the required 
notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay 
liquidated damages for each such failure equal to twice the use fee specified in the Order 
Confirmation, in addition to the use fee itself and any other fees and charges specified. 
3.6 User may only make alterations to the Work if and as expressly set forth in the Order 
Confirmation. No Work may be used in any way that is defamatory, violates the rights of 
third parties (including such third parties' rights of copyright, privacy, publicity, or other 
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In 
addition, User may not conjoin a Work with any other material that may result in damage to 
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any 
infringement of any rights in a Work and to cooperate with any reasonable request of CCC 
or the Rightsholder in connection therewith. 
4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and 
their respective employees and directors, against all claims, liability, damages, costs and 
expenses, including legal fees and expenses, arising out of any use of a Work beyond the 
scope of the rights granted herein, or any use of a Work which has been altered in any 
unauthorized way by User, including claims of defamation or infringement of rights of 
copyright, publicity, privacy or other tangible or intangible property. 
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE 
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL 
OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES 
FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS 
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, 
EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 
DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their 
respective employees and directors) shall not exceed the total amount actually paid by User 
for this license. User assumes full liability for the actions and omissions of its principals, 
employees, agents, affiliates, successors and assigns. 
6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC 
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER 
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL 
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER 
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED 
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR 
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, 
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE 
WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED 
BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE 
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT. 
7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User 
of a Work beyond the scope of the license set forth in the Order Confirmation and/or these 



Page | 234  
  
 

terms and conditions, shall be a material breach of the license created by the Order 
Confirmation and these terms and conditions. Any breach not cured within 30 days of 
written notice thereof shall result in immediate termination of such license without further 
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately 
upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license 
price therefor; any unauthorized (and unlicensable) use that is not terminated immediately 
for any reason (including, for example, because materials containing the Work cannot 
reasonably be recalled) will be subject to all remedies available at law or in equity, but in 
no event to a payment of less than three times the Rightsholder's ordinary license price for 
the most closely analogous licensable use plus Rightsholder's and/or CCC's costs and 
expenses incurred in collecting such payment. 
8. Miscellaneous. 
8.1 User acknowledges that CCC may, from time to time, make changes or additions to the 
Service or to these terms and conditions, and CCC reserves the right to send notice to the 
User by electronic mail or otherwise for the purposes of notifying User of such changes or 
additions; provided that any such changes or additions shall not apply to permissions 
already secured and paid for. 
8.2 Use of User-related information collected through the Service is governed by CCC’s 
privacy policy, available online 
here:http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html. 
8.3 The licensing transaction described in the Order Confirmation is personal to User. 
Therefore, User may not assign or transfer to any other person (whether a natural person or 
an organization of any kind) the license created by the Order Confirmation and these terms 
and conditions or any rights granted hereunder; provided, however, that User may assign 
such license in its entirety on written notice to CCC in the event of a transfer of all or 
substantially all of User’s rights in the new material which includes the Work(s) licensed 
under this Service. 
8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed 
by the parties. The Rightsholder and CCC hereby object to any terms contained in any 
writing prepared by the User or its principals, employees, agents or affiliates and purporting 
to govern or otherwise relate to the licensing transaction described in the Order 
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order 
Confirmation and/or in these terms and conditions or CCC's standard operating procedures, 
whether such writing is prepared prior to, simultaneously with or subsequent to the Order 
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in 
a separate instrument. 
8.5 The licensing transaction described in the Order Confirmation document shall be 
governed by and construed under the law of the State of New York, USA, without regard to 
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding 
arising out of, in connection with, or related to such licensing transaction shall be brought, 
at CCC's sole discretion, in any federal or state court located in the County of New York, 
State of New York, USA, or in any federal or state court whose geographical jurisdiction 
covers the location of the Rightsholder set forth in the Order Confirmation. The parties 
expressly submit to the personal jurisdiction and venue of each such federal or state court.If 
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you have any comments or questions about the Service or Copyright Clearance Center, 
please contact us at 978-750-8400 or send an e-mail to info@copyright.com. 
v 1.1 
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OXFORD UNIVERSITY PRESS LICENSE 
TERMS AND CONDITIONS 

Mar 13, 2018 
 

This Agreement between Swinburne University of Technology -- Katharine Johnson 
("You") and Oxford University Press ("Oxford University Press") consists of your license 
details and the terms and conditions provided by Oxford University Press and Copyright 
Clearance Center. 

License Number 4287450231949 

License date Feb 14, 2018 

Licensed content publisher Oxford University Press 

Licensed content publication Endocrinology 

Licensed content title Inhibin B Is a More Potent Suppressor of Rat 
Follicle-Stimulating Hormone Release than Inhibin 
A in Vitro and in Vivo 

Licensed content author Makanji, Yogeshwar; Temple-Smith, Peter D. 

Licensed content date Oct 1, 2009 

Type of Use Thesis/Dissertation 

Title of your work Engineering TGF-beta proteins to restore tissue 
homeostasis 

Expected publication date Mar 2018 

Requestor Location Swinburne University of Technology 
John St 
Hawthorn 
Victoria, 3122 
Australia 

 
STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL 

FROM AN OXFORD UNIVERSITY PRESS JOURNAL 
1. Use of the material is restricted to the type of use specified in your order details. 
2. This permission covers the use of the material in the English language in the following 
territory: world. If you have requested additional permission to translate this material, the 
terms and conditions of this reuse will be set out in clause 12. 
3. This permission is limited to the particular use authorized in (1) above and does not 
allow you to sanction its use elsewhere in any other format other than specified above, nor 
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does it apply to quotations, images, artistic works etc that have been reproduced from other 
sources which may be part of the material to be used. 
4. No alteration, omission or addition is made to the material without our written consent. 
Permission must be re-cleared with Oxford University Press if/when you decide to reprint. 
5. The following credit line appears wherever the material is used: author, title, journal, 
year, volume, issue number, pagination, by permission of Oxford University Press or the 
sponsoring society if the journal is a society journal. Where a journal is being published on 
behalf of a learned society, the details of that society must be included in the credit line. 
6. For the reproduction of a full article from an Oxford University Press journal for 
whatever purpose, the corresponding author of the material concerned should be informed 
of the proposed use. Contact details for the corresponding authors of all Oxford University 
Press journal contact can be found alongside either the abstract or full text of the article 
concerned, accessible from www.oxfordjournals.org Should there be a problem clearing 
these rights, please contact journals.permissions@oup.com 
7. If the credit line or acknowledgement in our publication indicates that any of the figures, 
images or photos was reproduced, drawn or modified from an earlier source it will be 
necessary for you to clear this permission with the original publisher as well. If this 
permission has not been obtained, please note that this material cannot be included in your 
publication/photocopies. 
8. While you may exercise the rights licensed immediately upon issuance of the license at 
the end of the licensing process for the transaction, provided that you have disclosed 
complete and accurate details of your proposed use, no license is finally effective unless 
and until full payment is received from you (either by Oxford University Press or by 
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and 
conditions. If full payment is not received on a timely basis, then any license preliminarily 
granted shall be deemed automatically revoked and shall be void as if never granted. 
Further, in the event that you breach any of these terms and conditions or any of CCC's 
Billing and Payment terms and conditions, the license is automatically revoked and shall be 
void as if never granted. Use of materials as described in a revoked license, as well as any 
use of the materials beyond the scope of an unrevoked license, may constitute copyright 
infringement and Oxford University Press reserves the right to take any and all action to 
protect its copyright in the materials. 
9. This license is personal to you and may not be sublicensed, assigned or transferred by 
you to any other person without Oxford University Press’s written permission. 
10. Oxford University Press reserves all rights not specifically granted in the combination 
of (i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and 
conditions. 
11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, 
and their respective officers, directors, employs and agents, from and against any and all 
claims arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 
12. Other Terms and Conditions: 
v1.4 
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ELSEVIER LICENSE 
TERMS AND CONDITIONS 

Mar 13, 2018 
 

This Agreement between Swinburne University of Technology -- Katharine Johnson 
("You") and Elsevier ("Elsevier") consists of your license details and the terms and 
conditions provided by Elsevier and Copyright Clearance Center. 

License Number 4287460244209 

License date Feb 14, 2018 

Licensed Content Publisher Elsevier 

Licensed Content Publication Molecular and Cellular Endocrinology 

Licensed Content Title New insights into the mechanisms of 
activin action and inhibition 

Licensed Content Author Kelly L. Walton,Yogeshwar Makanji,Craig 
A. Harrison 

Licensed Content Date Aug 15, 2012 

Licensed Content Volume 359 

Licensed Content Issue 1-2 

Licensed Content Pages 11 

Start Page 2 

End Page 12 

Type of Use reuse in a thesis/dissertation 

Portion figures/tables/illustrations 

Number of figures/tables/illustrations 2 

Format both print and electronic 

Are you the author of this Elsevier article? No 

Original figure numbers 3. Activin Structure, Figure 2. Structural 
models of activin A. 
4. Activin association with type II receptors, 
ActRIIA and ActRIIB, Figure 3. Structure of 
the activin:ActRIIB receptor complex. 
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Title of your thesis/dissertation Engineering TGF-beta proteins to restore 
tissue homeostasis 

Expected completion date Mar 2018 

Estimated size (number of pages) 100 

Requestor Location Swinburne University of Technology 
John St 
Hawthorn 
Victoria, 3122 
Australia 

 

 
INTRODUCTION 

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in 
connection with completing this licensing transaction, you agree that the following terms 
and conditions apply to this transaction (along with the Billing and Payment terms and 
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you 
opened your Rightslink account and that are available at any time 
at http://myaccount.copyright.com). 

GENERAL TERMS 
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject 
to the terms and conditions indicated. 
3. Acknowledgement: If any part of the material to be used (for example, figures) has 
appeared in our publication with credit or acknowledgement to another source, permission 
must also be sought from that source.  If such permission is not obtained then that material 
may not be included in your publication/copies. Suitable acknowledgement to the source 
must be made, either as a footnote or in a reference list at the end of your publication, as 
follows: 
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of 
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE 
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The 
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with 
permission from Elsevier." 
4. Reproduction of this material is confined to the purpose and/or media for which 
permission is hereby given. 
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be 
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions 
and/or any other alterations shall be made only with prior written authorization of Elsevier 
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made 
to any Lancet figures/tables and they must be reproduced in full. 
6. If the permission fee for the requested use of our material is waived in this instance, 
please be advised that your future requests for Elsevier materials may attract a fee. 
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the 
combination of (i) the license details provided by you and accepted in the course of this 
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licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment 
terms and conditions. 
8. License Contingent Upon Payment: While you may exercise the rights licensed 
immediately upon issuance of the license at the end of the licensing process for the 
transaction, provided that you have disclosed complete and accurate details of your 
proposed use, no license is finally effective unless and until full payment is received from 
you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and 
conditions.  If full payment is not received on a timely basis, then any license preliminarily 
granted shall be deemed automatically revoked and shall be void as if never 
granted.  Further, in the event that you breach any of these terms and conditions or any of 
CCC's Billing and Payment terms and conditions, the license is automatically revoked and 
shall be void as if never granted.  Use of materials as described in a revoked license, as 
well as any use of the materials beyond the scope of an unrevoked license, may constitute 
copyright infringement and publisher reserves the right to take any and all action to protect 
its copyright in the materials. 
9. Warranties: Publisher makes no representations or warranties with respect to the licensed 
material. 
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and 
their respective officers, directors, employees and agents, from and against any and all 
claims arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 
11. No Transfer of License: This license is personal to you and may not be sublicensed, 
assigned, or transferred by you to any other person without publisher's written permission. 
12. No Amendment Except in Writing: This license may not be amended except in a 
writing signed by both parties (or, in the case of publisher, by CCC on publisher's behalf). 
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any 
purchase order, acknowledgment, check endorsement or other writing prepared by you, 
which terms are inconsistent with these terms and conditions or CCC's Billing and 
Payment terms and conditions.  These terms and conditions, together with CCC's Billing 
and Payment terms and conditions (which are incorporated herein), comprise the entire 
agreement between you and publisher (and CCC) concerning this licensing transaction.  In 
the event of any conflict between your obligations established by these terms and 
conditions and those established by CCC's Billing and Payment terms and conditions, these 
terms and conditions shall control. 
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions 
described in this License at their sole discretion, for any reason or no reason, with a full 
refund payable to you.  Notice of such denial will be made using the contact information 
provided by you.  Failure to receive such notice will not alter or invalidate the denial.  In 
no event will Elsevier or Copyright Clearance Center be responsible or liable for any costs, 
expenses or damage incurred by you as a result of a denial of your permission request, 
other than a refund of the amount(s) paid by you to Elsevier and/or Copyright Clearance 
Center for denied permissions. 

LIMITED LICENSE 
The following terms and conditions apply only to specific license types: 
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15. Translation: This permission is granted for non-exclusive world English rights only 
unless your license was granted for translation rights. If you licensed translation rights you 
may only translate this content into the languages you requested. A professional translator 
must perform all translations and reproduce the content word for word preserving the 
integrity of the article. 
16. Posting licensed content on any Website: The following terms and conditions apply 
as follows: Licensing material from an Elsevier journal: All content posted to the web site 
must maintain the copyright information line on the bottom of each image; A hyper-text 
must be included to the Homepage of the journal from which you are licensing 
at http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books 
at http://www.elsevier.com; Central Storage: This license does not include permission for a 
scanned version of the material to be stored in a central repository such as that provided by 
Heron/XanEdu. 
Licensing material from an Elsevier book: A hyper-text link must be included to the 
Elsevier homepage at http://www.elsevier.com . All content posted to the web site must 
maintain the copyright information line on the bottom of each image. 
 
Posting licensed content on Electronic reserve: In addition to the above the following 
clauses are applicable: The web site must be password-protected and made available only 
to bona fide students registered on a relevant course. This permission is granted for 1 year 
only. You may obtain a new license for future website posting. 
17. For journal authors: the following clauses are applicable in addition to the above: 
Preprints: 
A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting, 
copyright, technical enhancement etc.). 
Authors can share their preprints anywhere at any time. Preprints should not be added to or 
enhanced in any way in order to appear more like, or to substitute for, the final versions of 
articles however authors can update their preprints on arXiv or RePEc with their Accepted 
Author Manuscript (see below). 
If accepted for publication, we encourage authors to link from the preprint to their formal 
publication via its DOI. Millions of researchers have access to the formal publications on 
ScienceDirect, and so links will help users to find, access, cite and use the best available 
version. Please note that Cell Press, The Lancet and some society-owned have different 
preprint policies. Information on these policies is available on the journal homepage. 
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an 
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author 
communications. 
Authors can share their accepted author manuscript: 

• immediately 
o via their non-commercial person homepage or blog 
o by updating a preprint in arXiv or RePEc with the accepted manuscript 

http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/


Page | 242  
  
 

o via their research institute or institutional repository for internal institutional 
uses or as part of an invitation-only research collaboration work-group 

o directly by providing copies to their students or to research collaborators for 
their personal use 

o for private scholarly sharing as part of an invitation-only work group on 
commercial sites with which Elsevier has an agreement 

• After the embargo period 
o via non-commercial hosting platforms such as their institutional repository 
o via commercial sites with which Elsevier has an agreement 

In all cases accepted manuscripts should: 

• link to the formal publication via its DOI 
• bear a CC-BY-NC-ND license - this is easy to do 
• if aggregated with other manuscripts, for example in a repository or other site, be 

shared in alignment with our hosting policy not be added to or enhanced in any way 
to appear more like, or to substitute for, the published journal article. 

Published journal article (JPA): A published journal article (PJA) is the definitive final 
record of published research that appears or will appear in the journal and embodies all 
value-adding publishing activities including peer review co-ordination, copy-editing, 
formatting, (if relevant) pagination and online enrichment. 
Policies for sharing publishing journal articles differ for subscription and gold open access 
articles: 
Subscription Articles: If you are an author, please share a link to your article rather than 
the full-text. Millions of researchers have access to the formal publications on 
ScienceDirect, and so links will help your users to find, access, cite, and use the best 
available version. 
Theses and dissertations which contain embedded PJAs as part of the formal submission 
can be posted publicly by the awarding institution with DOI links back to the formal 
publications on ScienceDirect. 
If you are affiliated with a library that subscribes to ScienceDirect you have additional 
private sharing rights for others' research accessed under that agreement. This includes use 
for classroom teaching and internal training at the institution (including use in course packs 
and courseware programs), and inclusion of the article for grant funding purposes. 
Gold Open Access Articles: May be shared according to the author-selected end-user 
license and should contain a CrossMark logo, the end user license, and a DOI link to the 
formal publication on ScienceDirect. 
Please refer to Elsevier's posting policy for further information. 
18. For book authors the following clauses are applicable in addition to the 
above:   Authors are permitted to place a brief summary of their work online only. You are 
not allowed to download and post the published electronic version of your chapter, nor may 
you scan the printed edition to create an electronic version. Posting to a 

http://www.crossref.org/crossmark/index.html
http://www.elsevier.com/about/open-access/open-access-policies/article-posting-policy
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repository: Authors are permitted to post a summary of their chapter only in their 
institution's repository. 
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may 
be submitted to your institution in either print or electronic form. Should your thesis be 
published commercially, please reapply for permission. These requirements include 
permission for the Library and Archives of Canada to supply single copies, on demand, of 
the complete thesis and include permission for Proquest/UMI to supply single copies, on 
demand, of the complete thesis. Should your thesis be published commercially, please 
reapply for permission. Theses and dissertations which contain embedded PJAs as part of 
the formal submission can be posted publicly by the awarding institution with DOI links 
back to the formal publications on ScienceDirect. 
  
Elsevier Open Access Terms and Conditions 
You can publish open access with Elsevier in hundreds of open access journals or in nearly 
2000 established subscription journals that support open access publishing. Permitted third 
party re-use of these open access articles is defined by the author's choice of Creative 
Commons user license. See our open access license policy for more information. 
Terms & Conditions applicable to all Open Access articles published with Elsevier: 
Any reuse of the article must not represent the author as endorsing the adaptation of the 
article nor should the article be modified in such a way as to damage the author's honour or 
reputation. If any changes have been made, such changes must be clearly indicated. 
The author(s) must be appropriately credited and we ask that you include the end user 
license and a DOI link to the formal publication on ScienceDirect. 
If any part of the material to be used (for example, figures) has appeared in our publication 
with credit or acknowledgement to another source it is the responsibility of the user to 
ensure their reuse complies with the terms and conditions determined by the rights holder. 
Additional Terms & Conditions applicable to each Creative Commons user license: 
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new 
works from the Article, to alter and revise the Article and to make commercial use of the 
Article (including reuse and/or resale of the Article by commercial entities), provided the 
user gives appropriate credit (with a link to the formal publication through the relevant 
DOI), provides a link to the license, indicates if changes were made and the licensor is not 
represented as endorsing the use made of the work. The full details of the license are 
available at http://creativecommons.org/licenses/by/4.0. 
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts, 
abstracts and new works from the Article, to alter and revise the Article, provided this is 
not done for commercial purposes, and that the user gives appropriate credit (with a link to 
the formal publication through the relevant DOI), provides a link to the license, indicates if 
changes were made and the licensor is not represented as endorsing the use made of the 
work. Further, any new works must be made available on the same conditions. The full 
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0. 
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the 
Article, provided this is not done for commercial purposes and further does not permit 
distribution of the Article if it is changed or edited in any way, and provided the user gives 

http://www.elsevier.com/about/open-access/open-access-policies/oa-license-policy
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by-nc-sa/4.0
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appropriate credit (with a link to the formal publication through the relevant DOI), 
provides a link to the license, and that the licensor is not represented as endorsing the use 
made of the work. The full details of the license are available 
at http://creativecommons.org/licenses/by-nc-nd/4.0. Any commercial reuse of Open 
Access articles published with a CC BY NC SA or CC BY NC ND license requires 
permission from Elsevier and will be subject to a fee. 
Commercial reuse includes: 

• Associating advertising with the full text of the Article 
• Charging fees for document delivery or access 
• Article aggregation 
• Systematic distribution via e-mail lists or share buttons 

Posting or linking by commercial companies for use by customers of those companies. 
  
20. Other Conditions: 
  
v1.9 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://creativecommons.org/licenses/by-nc-nd/4.0


Page | 245  
  
 

 

JOHN WILEY AND SONS LICENSE 
TERMS AND CONDITIONS 

Mar 13, 2018 
 

This Agreement between Swinburne University of Technology -- Katharine Johnson 
("You") and John Wiley and Sons ("John Wiley and Sons") consists of your license details 
and the terms and conditions provided by John Wiley and Sons and Copyright Clearance 
Center. 

License Number 4287461368897 

License date Feb 14, 2018 

Licensed Content Publisher John Wiley and Sons 

Licensed Content Publication The EMBO Journal 

Licensed Content Title Structure of the human myostatin precursor and 
determinants of growth factor latency 

Licensed Content Author Thomas R Cotton,Gerhard Fischer,Xuelu Wang,Jason 
C McCoy,Magdalena Czepnik,Thomas B 
Thompson,Marko Hyvönen 

Licensed Content Date Jan 12, 2018 

Licensed Content Pages 17 

Type of use Dissertation/Thesis 

Requestor type University/Academic 

Format Print and electronic 

Portion Figure/table 

Number of figures/tables 1 

Original Wiley figure/table 
number(s) 

Results, Figure 6. Pro-domain arm interactions. 

Title of your thesis / dissertation Engineering TGF-beta proteins to restore tissue 
homeostasis 

Expected completion date Mar 2018 

Expected size (number of pages) 100 

Requestor Location Swinburne University of Technology 
John St 
Hawthorn 
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Victoria, 3122 
Australia 
 

TERMS AND CONDITIONS 
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. 
or one of its group companies (each a"Wiley Company") or handled on behalf of a society 
with which a Wiley Company has exclusive publishing rights in relation to a particular 
work (collectively "WILEY"). By clicking "accept" in connection with completing this 
licensing transaction, you agree that the following terms and conditions apply to this 
transaction (along with the billing and payment terms and conditions established by the 
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at 
the time that you opened your RightsLink account (these are available at any time 
at http://myaccount.copyright.com). 
 
Terms and Conditions 

• The materials you have requested permission to reproduce or reuse (the "Wiley 
Materials") are protected by copyright.  

• You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley 
Materials for the purpose specified in the licensing process. This license, and any 
CONTENT (PDF or image file) purchased as part of your order, is for a one-
time use only and limited to any maximum distribution number specified in the 
license. The first instance of republication or reuse granted by this license must be 
completed within two years of the date of the grant of this license (although copies 
prepared before the end date may be distributed thereafter). The Wiley Materials 
shall not be used in any other manner or for any other purpose, beyond what is 
granted in the license. Permission is granted subject to an appropriate 
acknowledgement given to the author, title of the material/book/journal and the 
publisher. You shall also duplicate the copyright notice that appears in the Wiley 
publication in your use of the Wiley Material. Permission is also granted on the 
understanding that nowhere in the text is a previously published source 
acknowledged for all or part of this Wiley Material. Any third party content is 
expressly excluded from this permission. 

• With respect to the Wiley Materials, all rights are reserved. Except as expressly 
granted by the terms of the license, no part of the Wiley Materials may be copied, 
modified, adapted (except for minor reformatting required by the new Publication), 
translated, reproduced, transferred or distributed, in any form or by any means, and 
no derivative works may be made based on the Wiley Materials without the prior 
permission of the respective copyright owner.For STM Signatory Publishers 
clearing permission under the terms of the STM Permissions Guidelines only, 
the terms of the license are extended to include subsequent editions and for 
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editions in other languages, provided such editions are for the work as a whole 
in situ and does not involve the separate exploitation of the permitted figures 
or extracts,You may not alter, remove or suppress in any manner any copyright, 
trademark or other notices displayed by the Wiley Materials. You may not license, 
rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley 
Materials on a stand-alone basis, or any of the rights granted to you hereunder to 
any other person. 

• The Wiley Materials and all of the intellectual property rights therein shall at all 
times remain the exclusive property of John Wiley & Sons Inc, the Wiley 
Companies, or their respective licensors, and your interest therein is only that of 
having possession of and the right to reproduce the Wiley Materials pursuant to 
Section 2 herein during the continuance of this Agreement. You agree that you own 
no right, title or interest in or to the Wiley Materials or any of the intellectual 
property rights therein. You shall have no rights hereunder other than the license as 
provided for above in Section 2. No right, license or interest to any trademark, trade 
name, service mark or other branding ("Marks") of WILEY or its licensors is 
granted hereunder, and you agree that you shall not assert any such right, license or 
interest with respect thereto 

• NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR 
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, 
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE 
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED 
IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED 
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY 
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, 
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES 
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED 
BY YOU.  

• WILEY shall have the right to terminate this Agreement immediately upon breach 
of this Agreement by you. 

• You shall indemnify, defend and hold harmless WILEY, its Licensors and their 
respective directors, officers, agents and employees, from and against any actual or 
threatened claims, demands, causes of action or proceedings arising from any 
breach of this Agreement by you. 

• IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR 
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY 
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR 
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN 
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR 
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, 
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WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, 
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, 
WITHOUT LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, 
FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), 
AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE 
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY 
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY 
LIMITED REMEDY PROVIDED HEREIN.  

• Should any provision of this Agreement be held by a court of competent 
jurisdiction to be illegal, invalid, or unenforceable, that provision shall be deemed 
amended to achieve as nearly as possible the same economic effect as the original 
provision, and the legality, validity and enforceability of the remaining provisions 
of this Agreement shall not be affected or impaired thereby.  

• The failure of either party to enforce any term or condition of this Agreement shall 
not constitute a waiver of either party's right to enforce each and every term and 
condition of this Agreement. No breach under this agreement shall be deemed 
waived or excused by either party unless such waiver or consent is in writing signed 
by the party granting such waiver or consent. The waiver by or consent of a party to 
a breach of any provision of this Agreement shall not operate or be construed as a 
waiver of or consent to any other or subsequent breach by such other party.  

• This Agreement may not be assigned (including by operation of law or otherwise) 
by you without WILEY's prior written consent. 

• Any fee required for this permission shall be non-refundable after thirty (30) days 
from receipt by the CCC. 

• These terms and conditions together with CCC's Billing and Payment terms and 
conditions (which are incorporated herein) form the entire agreement between you 
and WILEY concerning this licensing transaction and (in the absence of fraud) 
supersedes all prior agreements and representations of the parties, oral or written. 
This Agreement may not be amended except in writing signed by both parties. This 
Agreement shall be binding upon and inure to the benefit of the parties' successors, 
legal representatives, and authorized assigns.  

• In the event of any conflict between your obligations established by these terms and 
conditions and those established by CCC's Billing and Payment terms and 
conditions, these terms and conditions shall prevail. 

• WILEY expressly reserves all rights not specifically granted in the combination of 
(i) the license details provided by you and accepted in the course of this licensing 
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transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment 
terms and conditions. 

• This Agreement will be void if the Type of Use, Format, Circulation, or Requestor 
Type was misrepresented during the licensing process. 

• This Agreement shall be governed by and construed in accordance with the laws of 
the State of New York, USA, without regards to such state's conflict of law rules. 
Any legal action, suit or proceeding arising out of or relating to these Terms and 
Conditions or the breach thereof shall be instituted in a court of competent 
jurisdiction in New York County in the State of New York in the United States of 
America and each party hereby consents and submits to the personal jurisdiction of 
such court, waives any objection to venue in such court and consents to service of 
process by registered or certified mail, return receipt requested, at the last known 
address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS 
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription 
journals offering Online Open. Although most of the fully Open Access journals publish 
open access articles under the terms of the Creative Commons Attribution (CC BY) 
License only, the subscription journals and a few of the Open Access Journals offer a 
choice of Creative Commons Licenses. The license type is clearly identified on the article. 
 
The Creative Commons Attribution License 
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and 
transmit an article, adapt the article and make commercial use of the article. The CC-BY 
license permits commercial uses. 
Creative Commons Attribution Non-Commercial License 
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, 
distribution and reproduction in any medium, provided the original work is properly cited 
and is not used for commercial purposes.  

 
 
 
 
 
 
 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
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