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Abstract 

Tendon injury is one of the most common forms of musculoskeletal injuries that could 

occur in both human and equine patients. However, the conventional therapies have 

been unsuccessful when addressing the clinical need for the treatment of tendon injury. 

Therefore, the urgent need for more effective therapeutic strategies has set researchers 

along the route of exploring the causes underlying tendon injuries. In the past few 

decades, advances have been made in the understanding of tendon injury and its repair. 

Standing on the foundation of such discoveries, novel therapeutic approaches including 

gene therapy have been applied to the treatment of tendon injury. 

It is established that tendon tissue repaired via the natural healing process after injury 

has a weakened mechanical property compared to the healthy tendon due to the scar 

tissue and adhesion formed during the repair process. Type III collagen and several 

cytokines including transforming growth factor-beta is reported to be closely associated 

with the formation of scar tissue. Consequently, it is hypothesised that through the 

suppression of the COL3Ŭ1 gene, which is responsible for the production of type III 

collagen, the formation of scar tissue could be reduced to restore the mechanical 

property in the repaired tendon. 

RNA interference is a reliable way to suppress the expression of a target gene using 

specific siRNA. However, the use of siRNA has several limitations including 

extracellular degradation by enzymes in tissue fluid, intracellular degradation by 

lysosomes and difficulties penetrating the cell membrane. Therefore, an efficient and 

safe siRNA delivery system is required, and the cationic polymer-based delivery system 

is a strong candidate. Cationic polymer poly (dimethylaminoethyl acrylate) (PDMAEA) 

is a biodegradable synthetic polymer that showed great potential as a delivery vector. 

This prompted the development of a new siRNA delivery system based on four-armed 

PDMAEA. It is hypothesized that the cationic four-armed PDMAEA polymer can 

effectively bind to negatively charged siRNA to form a nano-sized polyplex. It is also 

hypothesized that a four-armed PDMAEA could be more efficient than counter-part 

linear polymers in terms of binding to siRNA and the cytotoxicity profile. Cationic 

polymer PDMAEA was selected as a delivery vector for its good buffering capability, 

siRNA condensation efficiency and biodegradable property. 
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The work presented in this thesis describes the synthesis of a library of PDMAEA 

polymers of different molecular weights and architectures via RAFT polymerisation. 

The synthesized polymers were characterized by 1H-NMR, 13C-NMR, GPC and 

potentiometric titration to confirm the desired molecular weight, architecture and pKa 

value. Firstly, a dsDNA with low base pair number was chosen as a model molecule to 

optimise the experimental conditions. Afterwards, the formation of the 

PDMAEA/dsDNA and PDMAEA/siRNA polyplexes were confirmed by agarose gel 

electrophoresis, and the solution properties, in particular the hydrodynamic diameter 

and zeta-potential, were confirmed using DLS. Later, the polymers and their polyplexes 

were tested on mouse 3T3 fibroblast cells and adult horse tenocytes to determine their 

cytotoxicity profiles. Finally, the optimised therapeutic siRNA-PDMAEA polyplex was 

applied to adult horse tenocytes stimulated with TGF-ɓ1 to observe the transfection and 

silencing effect of the COL3Ŭ1 gene in induced in vitro conditions. The expression level 

of the COL3Ŭ1 gene was determined by qPCR and type III collagen protein expression 

was monitored by immunocytochemistry. The results showed that the developed 

cationic PDMAEA was effective in delivering therapeutic siRNA in a clinically relevant 

in vitro condition and achieved controlled suppression of type III collagen expression. 

The developed delivery system could potentially be used to reduce scar tissue formation 

in many other tissues.  
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1. Chapter 1 Introduction 

1.1. Tendon and Tendon Injury 

1.1.1. Tendon Function and Mechanical Properties 

Tendons are strong connective tissues which connect bones and muscles. Their primary 

function is to transmit active forces generated by muscles1,2. Besides, another important 

function of tendon tissue is to store elastic energy during motion3. For instance, the 

tendons and ligaments of the foot and leg store up to 50% of the energy required for 

walking and running. The energy stored can be released over a short period of time with 

high efficiency3. Tendon tissue contains large amounts of water, ~60% average in 

different types of tendon. The remaining dry weight is predominantly provided by 

collagen, which occupies up to 85% of the total dry weight and is in the form of fibres 

aligned longitudinally4.  

Tendons display elastic behaviours similar to elastomeric materials. The stress/strain 

relationship in tendon tissue is nonlinear and shown in figure 1.1.  

 

Figure 1.1 Stress/strain curve of tendon tissue. In low strain, low stiffness was observed. As the 

strain increases, tendon tissue showed an approximately linear elastic deformation. 

 

Low stiffness was observed when the initial load was applied on tendon tissue, and that 

is because tendon collagen fibres, bearing zero loads, are not linear but rather in a 

crimped shape. The initial loading stretches the collagen fibres and removes the crimped 
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shape, turning collagen fibres into straight and stretched structures. The subsequent load 

applied to tendon tissue results in an approximately linear elastic deformation. If the 

load continues to increase to exceed the physical limits, damage to these fibres 

themselves or to the cross-links between fibres were observed. Excessive loads might 

cause injuries, including micro-, macro-, or complete rupture of tendon tissue. Pain and 

inflammatory response can be observed before the ultimate tensile strain limit is 

reached. Therefore, pain and inflammatory response are often considered as responses 

of severe tendon injury1. 

The function of tendon tissue is fulfilled by its multilayer, highly complex structure, as 

well as the protein-based extracellular matrix composition. In this chapter, the following 

topic will be introduced and discussed: 

1) The anatomy and biochemical composition of tendon tissue. 

2) What tendon injury is and the characteristics of injured tendon tissue. The healing 

process of tendon tissue after injury and its changes on a molecular level. 

3) Current treatment for tendon injury and its limitation.  

4) Potential novel therapeutic approaches for the treatment and improved healing of 

tendon injury. 

1.1.2. Tendon Anatomy and Biochemical Composition 

Tendon tissue has a highly complicated and multi-layered structure. Tendon tissue 

consists of tenocytes and tendon extracellular matrix (ECM), which are composed 

mainly of collagen, as well as other non-collagen proteins5. Tenocytes are considered to 

be the primary cellular composition of the tendon tissue, and it is an elongated 

specialised fibroblast6. Other smaller cell populations found in tendon tissue include 

adipose-derived stem cells and muscle cells7. Tenocytes are essential for tendon 

formation and natural repair due to their ability to produce proteins, especially in the 

collagen protein family. Tenocytes produce collagen as well as other proteins that are 

essential for the construction of the tendon extracellular matrix6. The produced collagen 

protein is a vital component of tendon ECM, occupying 60-85% of the dry weight of the 

tissue8. Figure 1.2 demonstrates the structure of tendon tissue9. Collagens and other 

proteins align in a different style to form complex linear, helical and branched 
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molecules that further interact with each other to form fibrils10, these fibrils merging 

into a collagen fibre that further consolidates into the primary fibre bundle. The outside 

of the primary fibre bundle is surrounded by a thin layer of connective tissue called 

endotenon. Endotenon contains the vascular system, nerve system and immune 

component that are vital for tendon tissue11. The primary fibre bundles align with each 

other, forming the secondary fibre bundle, known as fascicle. Fascicles unite into 

tertiary fibre bundle and further into the tertiary fibre bundle, eventually became tendon 

fibre which has a layer of connective tissue called epitenon on the outside12. 

  

Figure 1.2 The multilayer hierarchical structure of tendon. Figure adapted from Sharma et al. 9. 

 

Tendon function is determined by the structure and cellular composition. Figure 1.3 

shows the cellular and acellular composition of tendon tissue. The composition of 

tendon tissue includes collagen, elastin, glycosaminoglycan (GAG), proteoglycans and 

other structural proteins2. 
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Figure 1.3 Cellular and acellular components of tendon tissue. Figure adapted from Lamos et al. 10 
 

Collagen is the primary content of tendon tissue (about 60-85%% of the dry weight) and 

provides multiple functions including transmitting force, load bearing, maintaining the 

complete structure of the tendon tissue and the prevention of possible mechanical 

failures8,13,14. All collagens are proteins whose basic units consist of either homo- or 

heterotrimeric assemblies formed by three sets of polypeptide chains that wind around 

each other, known as tropocollagen (figure 1.4). Homotrimerically assembled collagen 

molecules, such as type III collagen, are formed by three  hchains while 

heterotrimerically assembled collagen molecules, such as type I collagen, is formed by 

two 1h chains and one 2h chain. The polypeptide chains that form into triple helix are 

approximately 1000 amino acids long and are comprised of triplets with a repeating 

sequence of Gly-Xaa-Yaa, where Xaa and Yaa frequently represent (2S)-proline (Pro, 

28%) and (2S,4R)-4-hydroxyproline (Hyp, 38%), respectively15. In animals, individual 

tropocollagen assemble in a complex, hierarchical manner that ultimately leads to the 

macroscopic fibres and networks observed in tissue and basement membranes. The 

proline and 4(R)Hyp residue played a vital role in the correct conformation and stability 

of the tropocollagen as they are related to the formation of inter-strand hydrogen bonds.  
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Figure 1.4 A schematic demonstration of the collagen triple helix. (A) a crystal structure of a 

collagen triple helix formed from (ProHypGly)4ï(ProHypAla)ï(ProHypGly)16.  (B) Ball-and-stick 

image of a segment of collagen triple helix and the ladder of inter-strand hydrogen bonds. The 

figure is adapted from Shoulders et al.17 

 

The importance of collagen as a scaffold for animals is determined by various of 

essential characteristics, including thermal stability18, mechanical strength, and the 

ability to engage in specific interactions with other biomolecules. These properties are 

derived from the fundamental structural unit of collagen, the triple helix, and it has been 

established that the inter-strand hydrogen bonds, Prolines isomers and the hydroxylation 

of Pro residues play vital roles in stabilising the tropocollagen structure17. The amide-

amide hydrogen bond is the most abundant hydrogen bond within the triple helix 

structure (figure 1.4 B) and itôs of great importance for collagen triple-helix stability. In 

the strands of human collagen, about 22% of all residues are either Pro or Hyp, which 

pre-organises the strands in a PPII conformation, thereby reducing the entropic cost for 
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collagen folding19. Furthermore, the Pro isomers also have certain effects on the triple-

helix folding and stability. For example, Pro forms tertiary amides within a peptide or 

protein, which have a significant population of both the trans and the cis isomers (figure 

1.5). However, all peptide bonds in collagen are trans, which suggests that all the cis 

peptide bonds must be isomerised to trans before a strand can fold into a triple helix17. 

Replacing a Gly-Pro amide bond with an alkene isostere that is trans-locked would also 

results in a destabilised triple helix20. 

 

Figure 1.5 A schematic demonstration of Pro cisïtrans isomerisation. The figure is adapted from 

Shoulders et al. 17 

 

The stabilisation effect provided by 4(R)Hyp residue in the Yaa position was explained 

by two different theories. The first theory suggested that the hydroxyl groups in 

4(R)Hyp would form water bridges through hydrogen bound between backbone groups. 

Berman et al. illustrated in their study that the hydroxyl groups of Hyp were involved in 

the formation of water bridges with amide groups from Glycine and other carbonyl 

groups both inter- and intrachain21. The second theory explained that the hydroxyl 

group has an inductive effect which alters the ring puckering of the pyrrolidine ring and 

thus, changes the cis/trans conformation ratio in the peptide chain. A closer inspection 

of the collagen peptides structures by X-ray crystallography revealed a preference of ɔ-

endo pucker (down puckering) of the pyrrolidine ring in the Xaa position and ɔ-exo 

pucker (up puckering) of the pyrrolidine ring in the Yaa position22,23. Further studies 

verified that (2S,4R)-4-hydroxyproline residue favour the ɔ-exo pucker while its 4S 

isoform favour the ɔ-endo pucker24. Because of the energy difference between the cis 

and trans conformation is greatly reduced with ɔ-endo pucker, peptides with 4S-

Hydroxyproline in Yaa position would have a higher population of the cis conformation 

compared to those with 4R-Hydroxyproline25. These findings may have explained the 

stabilising effect of 4(R)Hyp in the Yaa position. More recently, a study by Raines et al. 
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provided evidence to support that Hyp hydroxyl groups act primarily through stereo-

electrostatic effects in the stabilisation of collagen triple helix26. The combination of 

Van der Waals force between proline rings in adjacent peptide chains, the hydrogen 

bonding network that links the hydroxyl groups and the carbonyl groups and the stereo-

electrostatic effects, resulted in an optimally assembled tropocollagen and enabled 

collagen fibrils to provide tensile strength to tissues to fulfil its function. 

Type I collagen takes up to 90% of the total dry weight of all collagens and is 

considered the most abundant collagen in the human body27,28. It is found in in over 

90% of the organic matrix and has a huge impact on the biomechanical properties and 

functional integrity of biological tissues. The fundamental unit of type I collagen is a 

heterotrimerically assembled molecule, typically by two Ŭ1 chains and one Ŭ2 chain, 

forming into a triple helical structure29. The biosynthesis of type I collagen molecule is 

a process containing multiple post-translational modification reactions to ensure the 

correct conformation and interchain cross-link formation that provided the protein with 

necessary chemical and biological characteristics. Naturally, type I collagen is 

synthesised by fibroblasts and tenocytes as a soluble procollagen chain intracellularly30. 

The synthesis of type I collagen  hchains in human tissues are controlled by the 

COL1A1 (for 1h) and COL1A2 (for 2h), located on the long arm of chromosome 17 and 

chromosome 7, respectively31. After transcription, the polypeptides undergo post-

translational modification, such as the hydroxylation of proline and lysine, under the 

catalytic action of different hydroxylase enzymes. This step is vital for the assembly of 

the collagen triple helix, the hydroxyl groups from hydroxyproline and hydroxylysine 

being key to the stabilisation of tropocollagen32. The healthy tendon tissues are 

predominantly comprised of type I collagen, and it is considered to be the major 

component that provides tendon tissue with tensile strength and stiffness to function 

properly.  

Other collagen types, such as type III collagen and type V collagen, also play a vital role 

in tendon tissue. Type III collagen accounts for only a small amount of all collagen 

types in the healthy tendon. In healthy tendon, Type III collagens are mostly found in 

endotenon and epitenon layers33. However, in tendon injury or in tendinopathy, type III 

collagens are found not only in endotenon and epitenon but all over the tendon matrix12. 

Changes in gene expression also indicated that the production of type III collagen had 

been up-regulated in  injured tendon tissue and tissue with tendinopathy34. The increase 
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in type III collagen expression level suggested a possible increase in the production and 

secretion of type III collagen, which could be involved in the healing and repair process 

of tendon tissue. In some cases, especially injured tendon tissue, collagen types III 

could associate with collagen types I to form a heterotypic fibril, which has a smaller 

diameter than regular fibril bundles35. Another vital member in the collagen family is 

type V collagen, which is less abundant in tendon but plays a key role in collagen fibril 

assembly. Typically, type V collagen is found at the centre of a collagen fibril bundle 

and is responsible for collagen growth and expansion36. Similar to type III collagen, an 

increase in collagen type V has been observed in injured tendon as well. In tendon tissue 

suffering from tendinopathy, collagen types V can also associate with type I collagen 

and form heterotypic fibril, which also weakens the tendon strength by reducing the 

tendon fibril diameter37. Other types of collagens such as XII and XIV are found 

essential to tendon matrix formation as well. These collagens would aid and supplement 

collagen I bundlesô ability to glide over each other during the force transition process. 

When a force is applied, these molecules can decrease the interactions between fibres to 

avoid potential damage to tendon tissue38,39.  

1.1.3. Tendon Injuries and Tendon Healing 

There is an unmet clinical need in the treatment of tendon injury for both human and 

equine patients. It is estimated that about ú140 billion is spent on healthcare related to 

tendon injury worldwide per year and increasing40. As it affects the population of a wide 

range, it is estimated that about 25% of the adult population would suffer from tendon 

related condition41. Though numerous therapeutic strategies have been developed, data 

indicated that few of them had achieved recovery that is comparable with pre-injury 

states42.  

· Tendon injury and its causes 

Tendon injury includes acute tendon injuries, like ruptures or tears, chronic tendon 

disorder or pain and acute tendon pain with inflammation, which are termed tendon 

rupture, tendinopathy and tendinitis respectively43,44.  

Tendinopathy is the primary tendon disorder caused by overuse or degeneration and the 

patient would experience chronic pain in a clinical situation45. Tendinopathy is caused 

by intrinsic and extrinsic factors with interactions between each other46. Intrinsic factors 
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including age, gender, anatomical variants, body weight and systemic disorder could 

have an effect on the tendon. It is reported that biomechanical failure and alignment 

faults within tendon tissue are the major reason for sport-related Achilles tendon 

disorder47. It is considered that excessive loading during vigorous physical activity is 

responsible for degeneration pathologically48. In some cases, the cause of tendinopathy 

is a result of both intrinsic and extrinsic effects. Under the influence of intrinsic factors, 

such as age and genetic disorder, the tendon is more prone to injury under excessive 

load and repetitive pressure49. The nature repair of tendon tissue is vital, for, without 

enough time for the tendon to repair the damage and generated neo-tissue, the trauma 

would accumulate and eventually leads to more severe injury or rupture50. Evidence 

showed that sedentary working/living habit, recreational sports and a propensity for 

obesity might be held responsible for the increasing incidence rate of tendinopathy51. 

Genes have recently been found related to tendinopathy, due to the lack of a specific 

gene related to the production of collagen V and tenascin C, some patients might have a 

more significant potential of being affected by tendinopathy52,53. 

Tendon rupture is described as an acute injury caused mainly under external load, 

though intrinsic factors also play an indirect role. For example, most of the tendon 

rupture happens in the fifth decade of a personôs life. Therefore age is considered to be 

one of the intrinsic factors related to tendon rupture. However, Achilles and 

Supraspinatus rupture are mostly found in the younger population which indicates 

rupture is also associated with the activity level of the population. Tendon rupture tends 

to occur in the Achilles tendon and Anterior Cruciate Ligament (ACL). But in other 

tendon tissue like the Rotator cuff and Patellar tendon, cases of tendon rupture can also 

happen54,55. In most of the ruptured tendon, degeneration is found, and as Arner et al. 

reported, degeneration was observed in all of their seventy-four patients with an 

Achilles tendon rupture56. Tendon degeneration leads to a reduction in tensile strength, 

which can significantly reduce the force tendon tissue can sustain. Studies done by 

Tallon et al. showed that in the ruptured tendon, a higher level of degeneration was 

observed than that in chronic pain tendon57. Currently, tendon rupture is generally 

treated with surgical options. Patients receiving surgical treatment will still suffer from 

long and painful recovery58. In the past decades, a significant amount of effort has been 

made to better understand the molecular pathology, aetiology and the mechanism of 

tendon matrix remodelling, which can be used as the guideline for the research of new 

therapeutic treatment for tendinopathy and tendon rupture51,59,60. 
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· The natural healing process of tendon tissue 

The normal steady-state conditions of tendon tissue are maintained by a combination of 

cell and matrix turnover. Results from methods to measure tendon turnover indicated 

half-life values from two months to over a hundred years, which suggested tendons 

have very low turn over and thought to have limited their healing potential61,62,63. 

Recently, a study was conducted to examine tendon turnover in human volunteers of 

different ages64. Their findings suggested that collagen synthesis occurs primarily 

during age 0-17, and there is no significant tendon tissue turnover at later stages. 

Though tendons have low turnover, they are highly sensitive to mechanical stimulation 

and injury. Tenocytes activity increases during exercise, as well as collagen production 

and cell proliferation65,66. This suggests that tenocytes can respond to changes in 

physical activity, and is an active participant in the maintenance of tendon tissue. 

Similar to exercise stimulation, tendon tissue can also respond to damage and injuries 

and initiates a natural healing process which is critical in tendon repair. The tendon 

healing process consists of three phases (figure 1.6).  

 

Figure 1.6 The tendon healing process in human and a summary of cellular and matrix changes in 

tendon repair.  
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In the initial inflammatory phase, commonly referred to as the first 24-72 hours after 

injury, erythrocytes and inflammatory cells such as neutrophils, monocytes and 

macrophages enter the site of the injury67. Angiogenic factors are released to initiate the 

formation of a new vascular network, for vascular response is vital to avoid the 

diminution of blood supply at the site of injury68. Other changes including increased 

release of cytokines, stimulation of tenocyte proliferation and involvement of more 

inflammatory cells, all in favour of tendon tissue repair and generation of new fibrous 

tissue69. With the immigration and generation of more tenocyte, the type III collagen 

synthesis is also initiated 70.  

The second phase is called the proliferation phase or repair phase where the tenocyte 

continues to proliferate, synthesis of type III collagen peaks and lasts for a few weeks. 

Production of other proteins proteoglycans and glycosaminoglycans is maintained at a 

high level as well. The synthesised type III collagen, proteoglycans and 

glycosaminoglycans, which are the main components of tendon ECM, are arranged in a 

random pattern70. 

The third phase referred to as remodelling phase, can be divided into two stages: the 

consolidation stage and maturation stage. During this phase, proteins and tendon ECM 

are resized and reshaped71. In the consolidation stage, tenocyte metabolism remains at a 

high level while tenocytes and collagen start to align along the direction of stress. Also, 

a higher level of type I collagen is synthesized and aligned with tenocytes. This stage 

would last from six to eight weeks and the maturation stage then follows72. In the 

maturation stage, newly synthesized fibrous tissue gradually remodels to scar tissue in a 

period of over a year.  

A variety of cytokines play vital roles in the healing process of tendon tissue. At the 

start of the repair, inflammatory cytokines such as interleukin are produced by 

inflammatory cells. Later in the proliferation phase, a good number of cytokines 

including basic fibroblast growth factor (bFGF), Bone morphogenetic protein (BMP), 

insulin-like growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), vascular 

endothelial growth factor (VEGF) and transforming growth factor beta (TGF- )̡ all 

contribute to the repair of tendon tissue. The changes in the tendon healing process have 

been summarised in figure 1.6. 
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It is suggested that the combination of the extrinsic and intrinsic cellular mechanisms is 

behind the tendon healing process68,73. The intrinsic route involves the proliferation of 

epitenon and endotenon tenocytes typically. These intrinsic tenocytes contribute to the 

tendon repair by secretion of a large amount of protein, especially collagen, to 

reconstruct tendon ECM74. The extrinsic route is that fibroblasts and inflammatory cells 

from blood vessels and circulation attach to the injury site and provide cytokines and 

secreted proteins75. However, the extrinsic route does contribute to the repair of 

damaged tendon tissue; it also results in the formation of adhesion, and a large amount 

of disorganised tissue referred to as scar tissue.  

In most of the patients, the post-injury tendon usually does not fully regain the 

mechanical properties. In figure 1.7 is demonstrated a comparison of the post-injury 

tendon with the healthy tendon. The left side of the figure shows the anatomy 

characteristics of the healthy tendon tissue. It is shown that collagen fibres are tightly 

bundled and aligned, supported with organised vascular systems in the connective tissue 

around tendon tissue. On the right side of the figure is demonstrated the tendon after 

injury. Thinner and disorganised collagen fibres are surrounded by an excessive number 

of proteoglycans (shown in yellow and blue)76. The post-injury tendon tissue is found to 

have a higher level of type III collagen than type I, which is believed to be related to the 

formation of scar tissue. As the major component of scar tissue is type III collagen 

which is thinner and weaker than type I collagen, it has a reduced mechanical property 

and therefore, would cause the reduction of the tensile strength of tendon tissue77.  

 

Figure 1.7 A schematic illustration of normal tendon anatomy (left) compared to healed tendon 

after injury(right). Figure adapted from Scott et al.76 
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Due to the formation of scar tissue and disorganised collagen fibre, healed tendon tissue 

is found to be weaker compared with the healthy tendon77. The weakened mechanical 

property may expose the repaired tendon to a higher risk of re-injury77. 

· Changes in the molecular level of tendon tissue 

The molecular changes in damaged tendon tissue can serve as a guideline for 

researchers to better understand the mechanism of tendinopathy and tendon natural 

healing. Tendon matrix is a highly complicated structure and consists of multiple 

different components. In tendon matrix, the primary composition includes collagen 

proteins, proteoglycan and glycoprotein. Cytokines like a variety of growth factors and 

enzymes that affect the hydrolysis of the tendon matrix are also found to be regulated in 

damaged tendon tissue59. The research conducted by Riley et al. showed the changes in 

molecular composition in injured tendon tissue51. As shown in table 1.1, there is a 

significant increase in collagen type I and III gene expression, especially type III 

collagen, in tendon matrix. 

Table 1.1 Changes of structural molecules, Enzymes, Cytokines and signalling factors expression 

level in tendinopathy matrix. The table is adapted from Riley et al. 51 

Lƴ ƳŀǘǊƛȄ /ȅǘƻƪƛƴŜǎ ŀƴŘ ǎƛƎƴŀƭƭƛƴƎ 
ŦŀŎǘƻǊǎ 

9ƴȊȅƳŜǎ 

/ƻƭƭŀƎŜƴ ǘȅǇŜ L Ŕ ¢DC-  ̡ Ŕ aatмΣнΣфΣмфΣноΣнр Ŕ 

/ƻƭƭŀƎŜƴ ǘȅǇŜ LLL Ŕ LDC-L Ŕ ¢LatмΣо Ŕ 

CƛōǊƻƴŜŎǘƛƴ Ŕ ±9DC Ŕ aatоΣтΣмлΣмнΣнт Ŗ 

¢ŜƴŀǎŎƛƴ / Ŕ tD9н ŕ ¢LatнΣоΣп Ŗ 

!ƎƎǊŜŎŀƴ Ŕ .at Ŕ   

.ƛƎƭȅŎŀƴ Ŕ DƭǳǘŀƳŀǘŜ Ŕ   

±ŜǊǎƛŎŀƴ ŕ {ǳōǎǘŀƴŎŜ t Ŕ   

5ŜŎƻǊƛƴ ŕ ba5!w Ŕ   

tŜƴǘƻǎƛŘƛƴŜ Ŗ ¢DC- w̡м Ŗ   

5ŜƳŀǘƛƴ ǎǳƭǇƘŀǘŜ Ŗ t5DCw Ŕ   

Also, an increased amount of type III collagen was found in tendinopathy tendon 

matrix78. Collagen is one of the most important proteins that comprise of the tendon; 

changes in collagen level after tendinopathy may indicate a possible therapeutic target 

for tendon treatment. The level of glycosaminoglycan, tenascin C, aggrecan, biglycan, 

chondroitin sulphate proteoglycans is increased in tendon matrix which is consistent 

with a healing process78. Changes in the level of a family of enzymes called matrix 

metalloproteinases (MMPs) also draws attention. The matrix metalloproteinases 

(MMPs) are a family of enzymes responsible for the degradation of the tendon matrix in 

both healthy and diseased tendon. There are 23 types of MMPs in human and four 



 

15 
 

naturally occurring inhibitors known as tissue inhibitors of matrix metalloproteinase 

(TIMPs)51. In ruptured tendon, expression of MMP1, MMP9, MMP19, MMP25 and 

TIMP1 is increased, and expression of MMP3, MMP7, TIMP2, TIMP3 and TIMP4 is 

decreased. In chronic pain tendon, reduced the level of MMP3, MMP10 and TIMP3 was 

observed along with the increased expression of MMP2351. 

One of the most critical kinds of molecule in tendon regeneration are growth factors. 

Growth factors are released from platelets, polymorph nuclear leukocytes and 

macrophages. They transmit a specific signal or message to cells79. Growth factor binds 

to the specific receptor on the membrane of cells and then activates a series of 

biochemical reactions that result in collagen synthesis, fibroblast proliferation and 

overall tendon matrix remodelling 9,59,80,81. 

1.1.4. Current Treatment and Novel Strategy 

· Current Treatments 

Currently, several conventional therapies have been applied to the healing process of 

tendon tissue. Different treatments are applied to different levels of injuries. For minor 

injuries, movement management and physical therapy can be used to control the 

damage and prevent further deterioration of injuries. For patients who experience pain 

and swelling, non-steroidal anti-inflammatory drugs (NSAIDs) are given for pain 

management in a clinical situation. It is reported that the overuse of NSAIDs and 

steroids might increase the chance of tendon injury, but this lacks sufficient supporting 

evidence82. For those who suffer from chronic or severe pain, or even a ruptured tendon, 

a surgical option may be applied83. A summary of current treatments and new therapies 

in development is shown in table 1.2. 
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Table 1.2 A summary of current treatment for tendinopathy. Table adapted from G. Riley51. Note 

that this table summarises therapy for tendon chronic pain only. Now therapy for tendon rupture 

and tears is limited to a surgical operation. 

Treatment Putative target or mode of action 

Rest or modification of 

activity 

Removal of precipitating factors and prevention of reinjury 

Orthotics Removal of precipitating factors and prevention of reinjury 

Cryotherapy Reduction of acute inflammation and decrease in cell metabolism 

Heat treatment Stimulation of cell activity and to increase blood flow 

Physiotherapy  Stimulation of cell activity and to increase blood flow 

Electrical stimulation Reduction of pain perception, stimulation of blood flow and increase in 

cell activity 

Laser treatment (pulsed or 

continuous 

Possible analgesic effects and unspecified (unknown) effects on cell 

activity 

Pulsed electromagnetic 

fields 

Possible analgesic effects and unspecified (unknown) effects on cell 

activity 

Ultrasound shock wave Thermal effects on tissue, stimulation of cell activity and increased blood 

flow 

NSAIDs Reduction of inflammation through inhibition of prostaglandin synthesis 

Itôs shown that most of the treatments for tendinopathy now is physical modality-based, 

which includes ultrasound shock wave, pulsed magnetic fields therapy and laser 

therapy. For minor injuries, the physical modulated therapies show a positive outcome 

in managing the symptoms79. A controlled amount of exercises can be beneficial as 

well. Exercise is vital in both prevention and treatment of tendinopathy, but a report 

showed that in clinical trials there was little evidence supporting this is beneficial for 

the patient. Apart from physical exercise, medication has been applied as well. The use 

of NSAIDs in clinical treatment for tendinopathy has been employed for several years, 

and it was proved helpful for reducing the pain and inflammation. However, NSAIDs 

can only be used as a short-term pain and inflammation management approach. For 

some cases, when medication and movement management proved to be little help, a 

surgical operation is applied. However, patients treated in this way have to endure a 

very painful postoperative recovery and have a high chance of re-rupture rate51. In 

conclusion, the current conventional treatments are not sufficient for treating 

tendinopathy and tendon rupture (particularly to enhance the tendon regeneration). 

Scientists are looking for an alternative approach for curing this condition, and several 

new therapeutic approaches come into sight. 

· Advanced Treatment Strategies for Tendon Injury 

Conventional treatments for tendinopathy might not be sufficient for the proper healing 

of tendon tissue. Alternative approaches for the treatment of tendinopathy are urgently 

needed. In the past decade, significant developments have been made in the 
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understanding of tendon and tendinopathy, and new therapeutic strategies have been 

developed. Some of the strategies involve the use of growth factors and morphogenetic 

proteins (PDGF, TGF-ɓ, FGF, and IGF-1). Other approaches include the use of gene 

therapy and gene delivery. 

· Growth factors in healing tendon 

Varieties of growth factors were found related to tendon healing and regenerating 

processes, including insulin-like growth factors (IGFs), platelet-derived growth factors 

and their receptors (PDGFs and PDGFRs), transforming growth factors (TGFs), 

Fibroblast growth factors (FGFs) and vascular endothelial growth factors (VEGFs). 

Different growth factors play different roles in tendon matrix healing and remodelling84.  

However, there are limitations to some of these treatments including the high cost of 

manufacture, lack of an efficient delivery system and difficulty in purifying the product. 

These problems have limited the application of growth factors and morphogenetic 

proteins as the treatments for tendinopathy. However, it is possible to produce 

endogenous growth factors and morphogenetic proteins and develop a therapeutic 

strategy accordingly. Gene therapy, as a potential therapeutic strategy for tendon injury, 

might achieve up-regulation production of these further improve the healing of tendon 

tissue. 

1.2. Gene Therapy for Tendon Injury 

1.2.1. Introduction of Gene Therapy 

The term ñgene therapyò was first reported by Clyde E. Keeler in 1947, where it was 

described as ñthe correction of gene-based deviations in plants and animalsò85. 

Subsequently, the concept has been extended to include the isolation or design, 

synthesis and introduction of genes into defective cells, tissue or organs86,87. 

The first attempt of exogenous gene delivery into human recipients was performed by 

Stanfield Rogers in 1970, who administrated the native Shope rabbit papillomavirus to 

three German siblings with a purpose of treating arginase deficiency88,89. Though no 

satisfactory result was achieved in this trial, it is considered as the first anticipation of 

the potential of viral carriers.  
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In July 1980, another human trial led by Martin Cline attempted to treat ɓ-thalassemia. 

The bone marrow cells from patients were extracted and translated with plasmids 

encoding the -̡globin gene and the herpes simplex virus thymidine kinase (HSVtk) 

gene before being transplanted back into the patients. Unfortunately, this study ended 

with neither good nor harmful results but was criticised for ethical reasons90.  

Another decade later, in the early 1990s, Rosenberg led a trial to treat patients with 

advanced melanoma with lymphocytes marked with the Escherichia coli neomycin 

phosphotransferase gene using retroviral vectors. This is reported to be the first case of 

using a marker gene to observe the biodistribution of transgene cells 91. 

In the past decade, one historical event marked the beginning of a new era, for the first 

veterinary gene therapy vaccine, RABORAL V-RG which is a recombinant vaccinia 

virus in which the thymidine kinase gene has been replaced by the glycoprotein G of the 

rabies virus, was approved. This vaccine helped to reduce the rate of rabies in wildlife, 

pets and livestock and is suggested to be the predecessor of a series vaccines92.  

Though great advances in gene therapy have been achieved, discouraging news was 

announced in September 1999, when Jesse Gelsinger died in the gene therapy clinical 

trial for liver genetic disease ornithine transcarboxylase deficiency using adenoviral 

vector. Other patients enrolled in the trial were also affected with minor myalgias, fever 

and biochemical abnormalities93. It is suggested that the patients, including Jesse 

Gelsinger, suffered from vector toxicity. This is the first case of patient death in clinical 

trials and laid a shadow over the whole field of gene therapy93. 

The death of Jesse Gelsinger raised awareness towards the safety of gene therapy along 

with many other issues. It was realised that many obstacles must be overcome before 

gene therapy becomes practical for clinical application. Also, this incident led to the 

questioning of whether gene therapy could fulfil the expectation that was once 

promised. Undoubtedly, it was also realised that efficiency, safety and ethical issues 

were all important aspects of a delivery system. Although the research progress in gene 

therapy had been difficult and experienced several setbacks, there is no denying that the 

advances in the field of gene therapy and gene transfer offer an unprecedented 

possibility for the treatment of numerous diseases and may alleviate the suffering of a 

great many patients.  
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Nowadays, gene therapy refers to the cell delivery of a gene-expressing unit that can 

promote the transcription of RNA. The transgene unit normally contains a promoter, 

gene of interest and a polyadenylation signal. The therapeutic gene unit not only needs 

to cross the cell plasma membrane but also needs to penetrate the cytosol and find its 

way into the nucleus. Upon reaching the target cell genome, or in some cases the 

transgene unit is capable of replicate and express independently, the gene of interest is 

transcribed into RNA. The RNA either displays a therapeutic effect by itself or encodes 

a protein or peptide that itself is therapeutically active. In addition to gene therapy, 

Scherman et al. proposed the term ñgenetic pharmacologyò, which refers to ñthe use of 

short synthetic oligonucleotides to manipulate gene expressionò and principally includes 

the use of antisense RNA, anti-gene, or RNA-interfering strategies94. Genetic 

pharmacology involves the use of short single-strand oligonucleotides as a therapeutic 

agent, which is distinguished from a classic small chemical base therapeutic strategy. 

The oligonucleotide employ as the therapeutic agent is typical with a length of around 

20 base pair which is necessary to ensure the target specificity and capability of 

recognising the target through the Watson-Crick hydrogen bonds between base pairs. 

Genetic therapy involves the delivery of small oligonucleotide molecules as a 

therapeutic agent that target DNA or RNA strands, which differs from gene therapy and 

small molecule drug delivery, for later ones deliver a self-expressive DNA unit and 

small molecules targeting proteins, respectively. The distinction between gene therapy, 

genetic pharmacology and small molecule drug delivery is displayed in figure 1.8.  
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Figure 1.8 Gene therapy involves the use of a gene-expressing unit ( composed of a promoter, gene, 

and termination signal), while small molecule (chemical) drugs target proteins, short 

oligonucleotides used in genetic pharmacology generally target DNA and/or RNA.  

 

Though gene therapy and genetic pharmacology have been distinguished from each 

other by Scherman et al., it has been acknowledged that other authors employ the term 

ñgene therapyò to all strategies implying the use of any oligonucleotide molecule94.  

Several advantageous properties render gene therapy indispensable for the treatment of 

a variety of disease. Based on the progressive understanding of genetic control over 

cellular activity and gene-disease activity relationship, also with the identification of the 

gene involved in disease development, gene therapy may provide exceptional 

opportunities to cure the currently untreatable conditions or considered as an exceeding 

alternative of the existing therapeutic strategies95. 

First of all, gene therapy is able to grant treatment to any diseases that are caused by the 

deficiency of gene or protein expression. For instance, this is the case for alpha-1 

antitrypsin deficiency which causes patients to suffer breathing difficulties due to the 

lack of alpha-1 antitrypsin, which is a protein serves as a protective agent for lung 

tissues. Another example is Duchenne muscular dystrophy, for which the vital 

expression of dystrophin protein in the muscle cytosol is missing96. 

Secondly, the delivery of protein may lead to variations in concentration. This can cause 

uncertainty in dosage in the target tissue and can induce toxicity when protein levels 

reach excessive concentrations. An example of such was observed in the treatment of 
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haemophilia where the administered protein, recombinant clotting factors, is lower than 

the therapeutic threshold due to its short half-life 97. On the other hand, gene therapy, 

unlike recombinant protein therapy, could provide a constant expression of missing 

protein when the delivered gene is controlled by a permanently activated promoter. In 

addition, gene delivery provides the advantage of long-term protein release and 

availability, reducing the need for multiple injections of exogenous factors. 

Another advantage of gene therapy comes from its specificity when the transgene unit is 

designed properly to obtain spatial control of its effect. Approaches including local 

delivery of therapeutic gene delivery unit or using a tissue or cell-specific vector, the 

expression of the desired protein could be restricted to a certain organ, tissue, even a 

specific cell type. Immune responses are frequently overserved in the delivery of 

missing protein in gene deficiency for it is considered to be exogenous by the host. By 

using gene therapy, one could avoid immune responses by restricting transgene 

expression to cell types with less antigen presence.  

To conclude, gene therapy is a powerful and promising therapeutic strategy with many 

advantages. It might be used 1) to treat gene deficiency disease by compensating of the 

missing protein 2) to enhance the expression of a protein factor or cytokine 3) to trigger 

an apoptosis gene in the treatment of cancer 4) to inhibit or suppress the expression of a 

given protein. There are many studies and research that can be listed as examples as the 

prove of gene therapy application.  

For instance, gene therapy can be applied in the treatment of Haemophilia A and B. 

Haemophilia A and B are congenital bleeding disorders caused by a deficiency of 

functional clotting factor, FVIII and FIX, respectively. Current therapy for haemophilia 

is largely dependent upon the delivery of protein substitution, generally recombinant or 

plasma-derived clotting factors FVII and FIX97. The short half-life of the clotting 

factors results in the demand of a relatively higher dosage to compensate the losses, and 

a higher frequency of infusion is also necessary. In some cases, patients produce 

antibodies that neutralise the injected clotting factors which reduces the efficiency of 

further therapy97. Gene therapy as a potential alternative treatment strategy might 

address the issues of conventional protein delivery. Studies on haemophilia animal 

models (mice and dogs) using adenoviral vectors that contains Factor VIII or FIX 

encoding gene has been reported, and the results confirm a robust clotting factor 

expression level with limited toxicity98,99. Similar pre-clinical studies have used 
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lentiviral vectors to achieve long-term FVIII expression100. Though proven efficient in 

pre-clinical studies, the administration of adenoviral vectors encoding FVIII in a phrase 

I clinical trial stimulated an inflammatory response and was ceased to stop97. These 

might have indicated the selection and use of appropriate delivery method should be 

considered before administration.  

Another example is the use of gene therapy in the case of Duchenne muscular dystrophy 

(DMD) therapy. DMD is a genetic disease caused by the lack of functional dystrophin 

protein, controlled by genes on the X chromosome, in skeletal muscles. The symptoms 

of DMD include the weakness of muscle, especially upper arm muscles and the muscles 

of the hips and thighs101. Until recently, the most advanced gene therapy for this disease 

being developed is the use of antisense oligonucleotides to mask certain RNA sequence 

motifs on the pre-messenger RNA, which is called exon-skipping, so that formation of 

the spliceosome on the target exon is inhibited and the target exon is excluded from the 

mature gene transcript101. The exon-skipping should be able to restore the read frame of 

the DMD gene and in fact, as Graham et al. and Arechacala et al. reported, it did restore 

the expression of dystrophin in cultured DMD patient cells and in DMD disease animal 

models102,103. On the basis of pre-clinical studies on the treatment of DMD, phase I 

clinical trial of the DMD exon skipping treatment has been undertaken. In phase I trial, 

levels of detectable dystrophin protein at 3-15% of normal levels were observed in 

patients four weeks after administration, and no adverse events were observed104. 

1.2.2. RNA Interference 

The RNA interference (RNAi), as one of many gene therapy approaches, has progressed 

significantly in recent years. The RNA interference (RNAi) is ña process of sequence-

specific posttranscriptional gene silencing induced by double-strand RNA (dsRNA)ò105. 

This biological phenomenon was initially described in insects, plants and fungi106. 

However, only after the work of Fire and Mello in Caenorhabditis elegans was awarded 

for a Nobel-prize, it was suggested  that a potential post-transcriptional gene silencing 

effect, referred to as RNAi, exists105. Subsequent research on the use of synthetic RNA 

duplexes of 21 base pairs as RNAi triggers in mammalian cultured cells confirmed the 

possible utilisation of short double-stranded RNAs to mediate knockdown without 

activating cellular immune response (base pair of <30)107.  
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Recently, the U.S. Food and Drug Administration (U.S. FDA) and the European 

Medicines Agency both approved Patisiran, which is an intravenously administered 

RNAi therapeutic targeting transthyretin (TTR) for the treatment of hereditary ATTR 

amyloidosis. Patisiran blocks the production of transthyretin by targeting and silencing 

the specific messenger RNA in the liver, reducing its accumulation in the  tissues in 

order to stop or slow down the progression of the disease. No doubt, the approval of 

Patisiran is a piece of strong evidence that proves the clinical value of RNAi and this 

incident would inspire researchers in the field related to RNAi worldwide. 

The mechanism of exogenous RNAi-mediated knockdown depends on the use of the 

guide strand RNA that is complementary to the target mRNA called RNAi Triggers, 

which includes small interfering RNA (siRNA), microRNA(miRNA) and small hairpin 

RNA (shRNA). A small hairpin RNA is a synthetic RNA molecule with a hairpin 

structure and can be used to silence target gene expression via RNA interference108. The 

expression of shRNA in target cells normally requires the use of an expression vector, 

such as a plasmid, with appropriate transmembrane RNA delivery. Expressed shRNA 

requires the further process by the ribonuclease Dicer into smaller mature dsRNAs 

before mediating the RISC dependent silence.  

MicroRNAs (miRNAs) are endogenous non-coding dsRNAs that regulate gene 

expression through a mechanism that involves the inhibition of translation and transcript 

degradation and are related to the regulation of many basic cellular programs 109. It is 

found that miRNA molecule could trigger RNAi-mediated gene silencing, though most 

of the endogenous miRNAs in mammals are not fully complementary to their mRNA 

target. The genome produced long dsRNAs were processed by enzymes Drosha and 

Pasha to generate ~70 nucleotides long loop structured molecules call pre-miRNA. The 

pre-miRNA molecules were then processed in the cytoplasm by enzyme Dicers to 

generate mature miRNAs which are around 22 nucleotides long110,111. The mature 

miRNAs contain one guide strand, which is responsible for the recognition of mRNA 

templates and assist target mRNA cleavage, and one passenger strand which are 

degraded by enzymes in the late stage of the silencing process. MicroRNAs are 

responsible for the regulation of multiple biological functions and plays a vital role in 

differentiation and biological developments. 

Small interfering RNA (siRNA) is a group of small dsRNA molecule of 20~25 base pair 

in length and are capable of triggering the RNAi-mediated silencing112. Like miRNA, 
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the siRNAs contain one guide stand that is responsible for the recognition of mRNA 

templates and assists target mRNA cleavage and one passenger strand. In mammalian 

cells, most siRNAs are normally exogenous. The siRNAs are produced during the early 

stage of the RNAi process when larger exogenous dsRNA molecules are sliced by the 

Dicer into smaller fragments. Synthetic siRNAs were also used to trigger RNAi-

mediated gene silencing with RNA delivery systems113. 

RNAi processes start with the introduction of exogenous dsRNA such as shRNA into 

the target cell, followed by the encounter of dsDNA with RNAse ribonuclease Dicer 

(demonstrated in figure 1.9). The Dicer is normally composed of one N-terminal 

helicase domain, one dsRNA-binding domain, one RNA binding Piwi/Argonaute/Zwille 

(PAZ) domain and two tandem RNase III domains114. The dsRNA sequence was 

processed into siRNAs and microRNAs(miRNA) of around 20-25 base pair. Note that 

exogenous siRNA sequences introduced into target cell do not require the process of 

Dicers112,115,116. These smaller dsRNAs were involved in the formation of an RNA-

induced silencing complex (RISC). RISC is a ribonucleoprotein complex composed of 

Argonaute proteins (Ago), dsRNA template and complementary target mRNAs. The 

Ago protein family plays an important role in the process of RNAi due to the presence 

of the PAZ domain and Piwi domain in its structure117. The PAZ domain of Ago protein 

can engage siRNA or miRNA, and the Piwi domain adopts an RNase H-like structure 

that is related to the cleavage of the guide strand. The siRNA or miRNA is unwound by 

RNA helicase to form a guide strand (antisense) and a passenger strand (sense). The 

guide strand directs the cleavage of target mRNA while the passenger strand is degraded 

during RISC activation118. The target mRNA is cleaved at its phosphodiester bond 

which is positioned between nucleotides 10 and 11, resulting in a decrease of expression 

of the target gene119. 



 

25 
 

 

Figure 1.9 Mechanisms of RNA interference. Double-stranded RNA (dsRNA) molecule first binds to 

a Dicer protein, which cleaves it into small interfering RNAs (siRNAs). These siRNAs bind to the 

RNA-Induced Silencing Complex (RISC), which separates the siRNAs into two strands. The 

passenger strand is degraded while the guide strand serves as a template, which guides RISC to 

complementary RNA targets.  

Delivery of RNA molecules showed great potential both as an experimental tool and a 

therapeutic application. RNAi can create repression of a specific gene and one can 

observe the gene-specific deficiency effect and study the role of certain genes in the 

development of the disease. With the advanced understanding of the role genes play in 

diseases development, novel treatment approaches could be developed. For example, 

Urban-Klein et al. reported a significant reduction of tumour growth in the animal 

model treated with HER-2 receptor specific siRNA- Polyethylenimine polyplexes 120. It 

is clear that RNAi and delivery of RNA molecules will continue to contribute to the 

understanding and treating of many diseases. 

1.2.3. Obstacles to Overcome in Gene therapy 

Though gene therapy shows unprecedented potential in the treatment of many diseases, 

many scientific obstacles must be overcome before it is clinically practical for therapy. 
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· Vector Toxicity and Immune Response 

The case of Jesse Gelsingerôs tragic death is an example of an adverse effect in gene 

therapy that was caused by vector toxicity. The post-mortal autopsy showed that 

substantial amounts of the viral vector had accumulated in the spleen, lymph nodes and 

bone marrow and subsequently triggered a severe inflammatory response that led to 

intravascular coagulation, acute respiratory disorders and multiorgan dysfunction 121. 

Other patients administrated with similar dosages showed tolerance against the 

adenoviral vector, or at least showed less severe adverse effects compared to Jesse 

Gelsinger.  

Viruses, whether wild type or specifically engineered with therapeutic genetic 

information, have a high chance of triggering the immune defence system of the human 

body. All viral vectors showed degrees of immunogenicity, while Adenovirus vectors 

showed the most among all, and overcoming the immunogenicity of viral vectors. The 

capsid of the viral vector could induce the virus-neutralizing antibody responses as well 

as the cytokine-mediated inflammatory responses. Also, the transgene product 

expressed by the transduced cells could trigger the cytotoxic T-lymphocyte 

response122,123.Another factor that affects the toxicity is the vector dosage. Studies have 

shown evidence that the inflammatory response measured by immunohistochemistry 

have increased linearly in response to increased viral vector dose124. 

To address this issue, various strategies have been developed. Elimination of the 

original viral genome from the vectors can reduce the cytokine response, though capsid-

mediated inflammatory response was still detected99,125. Studies focused on the dose-

escalation pointed out that the relationship of viral vectors and an immune response is 

characterised by a threshold theory: when administrated vectors exceeded a threshold 

limit, the cellular toxicity increases dramatically and induces severe cellular injury126. 

Other approaches include the use of a less toxic vector system such as lentivirus vector 

or Adeno-associated virus vectors. The development of non-viral vector as an 

alternative for viral vectors has advanced greatly in the recent decade, and compared to 

viral vectors, non-viral vectors showed much lower toxicity and immunogenicity at the 

cost of transfection efficiency127. 

Besides vector-caused immune response and toxicity, the oligonucleotides themselves 

could be considered as exogenous pathogens and trigger immune response through the 
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activation of Toll-like receptors (TLRs). Toll-like receptors are a family of protein 

receptors expressed in mammalian immune cells. Members of the TLR family are 

involved in recognition of pathogen-associated molecules, including flagella and 

exogenous nucleic acids. The siRNA triggered an innate immune response are mostly 

by the activation of TRL7 and TRL8128. Not all the siRNAs could trigger the activation 

of TLR7 and TLR8 since the recognition of RNA molecules are sequence-dependent. It 

is suggested that RNA sequences rich in uridine-guanosine (UG) and adenosine- uridine 

(AU) could be more immunostimulatory129,130,131. However, RNA sequence is not the 

only cause of immune response, for it is reported that RNAs lack of GU and UA rich 

sequences are also immune active131. The structure and length of RNA molecules could 

also determine its immunogenicity. Though both double strands and single strands RNA 

could trigger immune activity, it is suggested that in some cases the single strands acts 

as a stronger stimulator than double strands131. It is also reported that some RNA 

molecules, though rich in uridine, guanosine and adenosine, are poor stimulators of 

immune response due to their length (<20 bp)128. These findings may have provided a 

guideline for design and selection of RNA molecules and the use of siRNA that are of 

short, double-strand molecules lacks GU- or AU- rich regions may provide silencing 

activity with low immunogenicity.  

· Insertional Mutagenesis 

In 2000, Cavazzana-Calvo and his colleagues reported a successful establishment of a 

functional immune system in three children patient suffering from human severe 

combined immunodeficiency (SCID)-XI disease. Haematopoietic stem cells were 

transduced with murine leukaemia virus (MLV) with a gene that encodes the ɔ-c chain 

cytokine receptor and transplanted back into the patients132. The ɔ-c chain cytokine 

receptor plays a vital role in cytokine signals recognition pathways, and without it, 

lymphocytes cannot mature into functional T cells and natural-killer cells133. Based on 

this study, more patients received treatment for SCID-XI and achieved satisfactory 

results. However, two of the patients were later found to have developed a leukaemic 

disorder. It is because the retrovirus genome had inserted in the LIM domain only 2 

(LMO2) oncogene during the transduction of stem cells. The insertional mutation 

activated the expression of LMO2 gene and caused the transduced cells to derive into 

cancerous T cells134.  
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· Vector Specificity and Off-target Effect  

Wild-type viruses are limited in the ability to infect certain organs and tissues due to the 

route of transmission, but the engineered or recombinant viral vectors are not. For 

instance, adenoviruses and AAVs do not normally infect cells in the central nervous 

system, but once injected into the brain, both vectors showed high transfection 

efficiency into neurones. This could be considered as both benefit and liability: from 

one perspective, viral vectors showed less restriction in transfection; from another 

perspective, this could also lead to undesired cellular uptake by non-target cells in 

organs and tissues in systematic administration. Even in local administration, there is a 

risk of leakage and dissemination to other tissues and organs. 

Another obstacle is the off-target effect in gene therapy, especially in RNAi-mediated 

gene silence. The first recognition of the siRNA off-target effect was observed in 2003 

by Jackson et al.135. While using several different siRNAs to target the same gene, 

different siRNAs treated groups showed unique results in microarray expression 

profiling. The off-target transcripts were analysed and strikingly, some of the transcript 

shares only 8 nucleotides(nt) of complementarity of the siRNA sequence. This is due to 

the partial sequence complementarity between the 3ô untranslated region (3ô UTR) of 

the off-target mRNA and the 5ô of the small RNA molecule guide strand seed region. 

The seed region refers to the positions 1~8 at the 5ô end of the sequence in the guide 

strand of small RNA interference molecules, and it plays a vital role in target 

recognition 136. Since microRNA are mainly endogenous encoded non-coding RNAs 

that regulate hundreds of mRNA expression, the off-target effect is more commonly 

overserved in miRNA mediated silencing. However, since siRNA and miRNA share the 

silencing mechanism, the off-target effect in siRNA mediated silencing should not be 

neglected.  

· Barriers in intracellular delivery 

The cellular membrane preserves human genomic information and protects it from 

damage and contamination137, yet it also created barriers for the delivery of DNA and 

RNA molecules. For the delivery of antisense oligonucleotides (such as siRNA and 

miRNA) and ribozymes is intended to reach cytoplasm where the therapeutic molecular 

mRNA is located138. And for the delivery of plasmid DNA, antigene oligonucleotide 

and therapeutic gene sequence, it requires entry into nuclear before it could be 
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therapeutically active139. Several inherent factors including charge, size and stability of 

nucleic acids molecules present possible barriers to its intracellular delivery. The 

electrostatic repulsion between the negatively charged cell membrane and the negatively 

charged nucleic acids (due to the phosphate backbone) is the primary cause of 

inefficient cellular association. The delivery of large DNA molecules such as plasmid 

DNA is found more difficult compared with smaller molecules such as siRNA. Besides, 

the nucleic acids have low stability in vivo and can be rapidly degraded by hydrolytic 

nucleases. Those molecules that do obtain intracellular access are still susceptible to 

degradation. Upon internalisation, DNA and RNA molecules are up-taken by endosomal 

vesicles where they can be degraded. The acidic environment of endosome promotes the 

hydrolysis and activates the lysosomal enzymes that can degrade DNA and RNA 

molecules. The barriers in the delivery process are demonstrated in figure 1.10. 

 

Figure 1.10 The barriers in siRNA/DNA delivery using cationic carriers from the administration 

site to the target site. The figure is adapted from Luo et al.140 

 

Therefore, suitable and efficient methods of DNA and RNA intracellular delivery is one 

of the key steps in successful gene therapy. Current nucleic acid delivery methods can 

be classified into three categories: Electrical methods, Mechanical methods and Vector-

based methods.  
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Examples of mechanical methods include microinjection and particle bombardment. 

High transfer efficiency is achieved in microinjection at the cost of time since the gene 

is precisely injected into one target cell at a time141. Particle bombardment, or more 

commonly referred to as ñgene gunò is to use a device powered either by pressure to 

shoot a payload composed of a heavy metal particle with genetic materials into the 

target cell or tissue. Though it is a direct and highly efficient method of delivery DNA 

and RNA, it is suggested to be uncontrollable, for the payload is introduced randomly 

into the target cells. Electroporation is an example of electrical methods used in gene 

delivery. It uses high voltage electrical current to increase the permeability of the target 

cell membrane and further facilitate the gene transfer. Though highly effective, reported 

to be ten times more effective than chemical-stimulated permeabilisation, it is 

accompanied by high cell mortality. It is well established that electrical methods and 

mechanical methods have achieved high transfer efficiency. However, it is also 

considered to be invasive and complicated for clinical situation 141. 

The use of a vector-based delivery system has received great many attention in the past 

few decades, and the field of vector-based delivery system has advanced dramatically. 

Various of vector-based delivery systems have been developed and studied to address 

the need for a safe, efficient and affordable intracellular delivery method in gene 

delivery. In the past few decades, various vectors, both viral and non-viral, were 

developed and studied for the transfecting ability, toxicity, biocompatibility and other 

characters142. However, there has been a heated debate on the use of the viral and non-

viral delivery system, for both possess advantages and disadvantages that would provide 

the application with different challenges.  

1.3. Viral and Non-Viral Delivery Systems 

1.3.1. Viral Delivery Systems 

It is difficult to directly use the genetic material as a therapeutic molecule without an 

efficient delivery system because naked DNA and RNA molecules cannot gain access 

into the cytoplasm. Therefore, to develop a safe and efficient delivery system that relies 

on the use of carriers (normally called vectors) to transport genetic material into target 

cells has become a primary objective for the utilisation of gene therapy. Since the early 

stage in the development of gene therapy technology, viruses have been widely used as 
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a carrier vector for gene transfer. Modification of virus vector included the removal of 

part of its original genome to prevent replication and added the sequence of a 

therapeutic gene to be expressed. Commonly used recombinant viruses include 

adenovirus, adeno-associated virus (AVV), retrovirus and lentivirus.  

· Adenovirus Vectors 

Adenoviruses are medium-sized, nonenveloped double-stranded DNA viruses with an 

icosahedral nucleocapsid and can infect a variety of vertebrate hosts. Adenoviruses used 

as delivery vectors are human adenoviruses that isolated from multiple sources 

including adenoids and conjunctiva of patients with upper respiratory disease or the 

faeces of infants with diarrhoea143. There are more than 50 different adenovirus 

serotypes divided into subgroups A through E. In gene therapy, the most commonly 

used ones are serotypes 2 and 5 of the subgroup C, for the viral structure and biology is 

well studied, and the production of recombined subgroup C adenoviruses are therefore 

more convenient 144. 

The structure of adenoviruses consists of an icosahedral protein capsid and one double-

stranded DNA molecule that contains the viral genetic information. The icosahedral 

capsid is approximately 70 - 100 nm in diameter and is composed of 240 hexon 

capsomeres, and each capsomere is comprised of six hexon subunit which is formed by 

three copies of the 105kD hexon protein. The icosahedral structure has 20 faces and 12 

vertices. Each vertex is formed by five units of penton base protein and three units of 

fibre protein and are adjacent to five hexon capsomeres. The fibre protein points 

outwards and interacts with a high-affinity receptor on the target cell membrane. Capsid 

protein IX, IIIa and VI are also found in adenoviruses structure, and their function is to 

interact with hexon capsomeres to stabilize the capsid structure. Inside the capsid 

situates the adenovirus genome which is a dsDNA molecule around 36,000 base pair145. 

The dsDNA molecule is surrounded by capsid core protein VII, and at the 5ô end of each 

DNA strand, a terminal protein is attached. The 3D structure and the schematic structure 

of the adenovirus is demonstrated in figure 1.11. 
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Figure 1.11 The 3D structure(right) and the schematic structure(left) of the adenovirus. 

 

The internalisation of adenoviruses starts with the recognition of the fibre protein on the 

virus capsid by the coxsackievirus and adenovirus receptors (CARs) (figure 1.12)143. 

The RGD sequences in the penton base protein interact with cell surface integrins ŬVɓ3 

or ŬVɓ5 (for serotype 3 and 5 respectively). The adenovirus enters the cell through 

clathrin-mediated endocytosis and is rapidly released into cytoplasm after entering 

endosomes. The viruses in the cytoplasm proceeded quickly to the nucleus and were 

later transported onto microtubules. The virus capsid docks on the nuclear pore complex 

(NPC) and then the NPC dissociates the DNA from the capsid and imports the viral 

DNA into nucleus membrane146. Though it is considered that hexon on the viral capsid 

plays a major role in the NPC-mediated DNA transport into the nucleus, there might be 

other unidentified factors involved in this process147. 
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Figure 1.12 Internalisation of adenoviruses from the outside plasma membrane into the nucleus. 

 

Adenoviruses have been widely used in gene therapy since the early stages in the gene 

therapy development, and nowadays adenoviruses-based vectors have been applied in 

the treatment of many diseases including cancer and genetic deficiency. 

· Adenovirus-associated virus Vectors 

Adenovirus-associated virus (AAV) is a small, DNA-containing virus that originally 

obtained in the laboratory preparation of adenovirus and is not related to the cause of 

any known diseases. It was later recognized as a different from adenovirus. The 

replication of AAVs are largely relying on the help of adenoviruses, but other viruses 

such as herpesvirus were also found to function as a helper for AAV replication, though 

much less efficient. AAV has a non-enveloped icosahedral symmetric structure and is 

about 20 nm in diameter. The capsid of AAV is composed of three types of the capsid 

protein, VP1, VP2 and VP3 with a ratio of 1:1:8. Inside the capsid contains a linear 

single-stranded DNA genome with a molecular weight of 1,500kDa. Each capsid is 

composed of 60 protein subunits and all the amino acid residues, except residues from 

VP1, could be detected on the structure. The capsid surface has a distinctive topology 

where three peak-like structures in each threefold icosahedral axis (figure 1.13). Each 
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peak is intergraded with two interacting protein subunits. The peak structure appears to 

be related to receptor binding interactions with heparin sulphate148.  

 

Figure 1.13 The structure of AAV determined by x-ray crystallography. Figure adapted from Xie et 

al.148 

 

There are 11 serotypes of AAV reported, and it is found that different serotypes of AAV 

are different in the ability to transfect cells and organs. Also, the route of administration 

and the capsid sequence of the AAV also contributed to its transfection ability.  

For the majority of the AVV vectors, the internalisation of AVV into cells is mediated by 

endocytosis. Upon AVV surface protein binding to the heparin receptor, AVV is 

internalised by clathrin-mediated endocytosis149,150. For different serotypes of AVV 

vector, clathrin-independent uptake was also found 151. 

Studies using fluorescently labelled AAV2 vector particles revealed that endocytosis 

could be mediated through Vh̡5 integrin/Rep dependent pathways151. After entering 

the cytoplasm membrane, the AAVs were delivery to endosomes. The escape of vectors 

from endosomes was suggested to be mediated by a latent phospholipase activity 

resident in the N terminus of VP1152. The escaped AAVs travel rapidly towards the 

nuclear and with the assistance of a helper virus, normally adenovirus of herpesvirus, 

they gain entry into the nucleus. Although the nuclear entry and uncoating of AVV 












































































































































































































































































































































































