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Ultrasound (US) mediated gene delivery (UMGD) is a non-viral technique for gene transfer that has been a developing technology over the past 18 years. Non-viral UMGD as an approach is safe, relatively cheap and can be tolerated even over multiple exposures. US exposure has previously been demonstrated to increase DNA transfer and expression in endothelial cells (EC) and vascular smooth muscle cells (VSMC) in vitro and ex vivo in a saphenous vein graft model. Interleukin-1 (IL-1) is a pro-inflammatory cytokine that plays a key role in cardiovascular diseases and vascular injury.  Treatment with the endogenous inhibitor interleukin-1 receptor antagonist (IL-1Ra) is an effective treatment in animal models of vascular disease and some inflammatory clinical conditions.  However, Anakinra (the clinically approved formulation of IL-1Ra) must be given as daily subcutaneous (SC) injections (due to a short t ½), which is inconvenient (high burden for compliance) and very expensive. In this project I have tested US parameters for ‘best’ gene expression in the mouse hind limb, demonstrated long-term expression utilising a repeat dosing regime and finally investigated the therapeutic efficacy of intramuscular (IM) UMGD of pCMV6-SIL1Ra in a rodent arterial injury model compared with continuous delivery of Anakinra via osmotic mini-pump. 
Following experiments to determine the US dose, duration of expression and therefore treatment schedule, I have demonstrated that this new UMGD technique of pCMV6-SIL1Ra, every 4 days over a period of 28 days significantly decreased neointima/media (N/M) ratio in a murine vascular injury model. Furthermore, there was no significant difference between mice treated with pCMV6-SIL1Ra-UMGD and those receiving continuous Anakinra infusion by osmotic mini-pump (25 mg/kg/), suggesting that UMGD was at least as efficacious as drug treatment in reducing neointima formation. 
The role of IL-1 in neointima formation following vascular injury is not new but these novel data demonstrate the potential for UMGD to achieve therapeutic levels of gene/protein expression in an animal model and highlight the potential for further development. This technique of UMGD utilising a secreted protein and easily accessible muscle tissue from which to express it warrants further investigation as a possible treatment for other cardiovascular and systemic/peripheral diseases where a secreted protein is an attractive drug treatment. 
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1.1 General introduction
Gene therapy has long been heralded as an important treatment option with great potential to address large numbers of congenital and acquired diseases. Unfortunately, gene therapy as a whole, has largely been held back due to the challenges of achieving adequate efficiency whilst maintaining acceptable safety, as well as issues with targeted delivery of genetic material. Successful gene therapy depends on efficient gene transfer to targeted cells, to provide stable or sufficient gene expression, with minimal toxicity to the cell. The main hindrance to the clinical application of gene therapy is currently not the lack of therapeutic need, or identification of candidate genes, but rather the lack of a safe and efficient technology to deliver Deoxyribonucleic acid (DNA) to the target cells and tissues (Malik and Arumugam, 2005; Shapiro et al., 2016). Viral vectors currently achieve the best transduction (introduction of DNA into the host cells) efficiency and are promising human gene delivery vehicles due to their ability to achieve relatively sustained expression in a wide variety of target cells and tissues. However, the broad native viral tropism (the specificity of viruses to access particular host cells and tissues due to interaction between viral surface structures with host cell-surface receptors), i.e some viruses exhibit broad tissue tropism and can infect different types of cells and tissues, raises concerns over the safety and feasibility of their systemic administration (Liu et al., 2015). An alternative approach is to use a non-viral vector. Non-viral systems have a significant drawback in that they achieve much less efficient gene delivery, and over shorter duration. One method of boosting non-viral gene delivery that has been under development is the use of US, particularly in combination with echo-contrast microbubbles (MB). UMGD has the advantage of potentially being safer, offers repeat application and the potential for tissue targeting through focusing the US beam and/or conjugation with proteins or antibodies. As such UMGD has become an exciting potential strategy for safe and efficient gene delivery.
The aim of this thesis is to develop UMGD to achieve a therapeutic systemic level of expression of a beneficial protein to prevent vascular remodelling as a proof of concept for other studies. For this purpose, I chose to use the well-established effect of IL-1Ra on neointima formation following vascular injury. After investigating different US and MB concentrations to establish the time course of expression, IL-1Ra plasmid was injected into the thigh muscle of anaesthetised mice following femoral artery ligation, in the presence or absence of Sonidel echocontrast MB, and exposed to US. This was repeated every 4 days over a 28 day period. Levels of circulating human secretory (hs IL-1Ra) were measured and the therapeutic effect on neointima formation assessed in the segment of vessel immediately proximal to the occlusion, and compared with delivery of Anakinra.
[bookmark: _Toc367703475]1.2 History and definition of gene therapy

Gene therapy is the therapeutic delivery of exogenous foreign DNA into host cells to treat or prevent disease. Gene therapy has three main utilities (1) replacing a mutated gene that causes disease with a healthy copy of the gene, (2) inactivating, or “knocking out,” a mutated gene that is functioning improperly, (3) introducing a new gene into the body to help fight a disease. The DNA encodes a functional, therapeutic gene to replace a mutated gene and this polymer molecule is packaged within a "vector", which carries the molecule inside cells. Over 1800 gene therapy clinical trials have been undertaken, completed, are on going or have been approved worldwide, in a variety of conditions (Ginn et al., 2013) such as haemophilia, β-thalassemia, X-linked severe combined immunodeficiency (SCID-X1) (Cavazzana-Calvo et al., 2000) and metastatic melanoma (Morgan et al., 2006) using many different delivery systems. 
In the cardiovascular system, the first demonstration of exogenous transfer of genetic material using liposomal transfection into vascular EC and smooth muscle cells (SMC) was published 2 decades ago (Nabel and Nabel, 1991). Arterial vascular injury induces SMC migration and proliferation, leading to luminal intimal hyperplasia. This process contributes to the pathogenesis and development of cardiovascular diseases, including vascular proliferative diseases such as restenosis post angioplasty and atherosclerosis. In this particular study Nabel studied the effect of platelet derived growth factor (PDGF) β gene expression in porcine arteries by plasmid expression vectors encoding a PDGF β gene which were introduced into peripheral porcine arteries using a cationic liposome transfection protocol, and gene expression levels were examined 1 to 21 days post transfection. Expression of a recombinant PDGF β gene was associated with rapid progressive development of intimal thickening over 3 weeks, compared with control transfected arteries. The authors suggested this was possibly due to recombinant PDGF β  stimulating SMC proliferation and migration into the intimal layer (Nabel, 1995; Nabel and Nabel, 1991).
 Although there have been small numbers of successful clinical trials, gene delivery for therapeutic purposes, termed gene therapy, is still facing major obstacles in the clinical area due to technical requirements such as: (1) the selection of suitable therapeutic gene products to be overexpressed (Akowuah et al., 2003; Pan et al., 2016) (2) an efficient and safe vector for the delivery of genes into target cells, and (3) a practical approach for vector delivery to target cells within intact tissues in vivo  (Baker et al., 2005). All three issues mentioned above are critical for efficient gene delivery and optimal therapeutic intervention for clinical practice. 
[bookmark: _Toc367703476]1.3 Viral method of gene delivery
[bookmark: _Toc367703477]1.3.1 Overview of viral gene delivery (VGD)

Virus mediated gene delivery utilises the innate biological ability of a virus to insert its DNA into host cells, following which expression of that genome occurs using host cell machinery. In viral vectors, exogenous DNA is packaged with and often replaces much of the viral genome. The demonstration of high efficiency gene delivery in vivo was a major landmark in cardiovascular gene therapy (Guzman et al., 1993; Lee et al., 1993). The key feature of viral vectors for in vivo and ex vivo gene transfer is that they have a high capacity of therapeutic gene transfer at high efficiency rates. Viral vectors have been used in experimental vascular gene therapy to achieve suppression of SMC proliferation, enhancement of EC recovery, induction of the formation of new blood vessels, inhibition of thrombus formation and plaque stabilization (Fischer et al., 2002; Larifla et al., 2012). Viruses offer a promising approach to deliver genes of interest. The natural mechanisms of infection and transduction in viruses are very efficient and such high efficiency features means that viral carriers typically need 2 – 3 orders of magnitude less DNA than non-viral carriers to achieve similar efficacy but are less safe compared with non-viral vectors (Ragusa et al., 2007). Some commonly used viruses for viral gene delivery are outlined in Table 1.1.

	Name
	Details
	Integrating/non-integrating 
	Advantages
	Disadvantages

	Retroviruses
	RNA enveloped viruses that enter the cell via receptor mediated endocytosis 
	Incorporated into the host cells genomic DNA resulting in stable expression that is passed on to daughter cells (Ghivizzani et al., 1998; Murphy and Murphy, 1999).
	Long lasting gene expression. High efficiency of transduction
	Some viruses require the host cells to be dividing to allow entry. Risk of insertional mutagenesis. Limitations on the size of transgene and titres (Ghivizzani et al., 1998; Murphy and Murphy, 1999).

	Adenoviruses
	Non-enveloped double stranded DNA viruses. Attachment and cell entry mediated via α, β3 and β5 integrins (Feldman and Steg, 1997). 
	Viral infection rarely results in the integration of the DNA
	Capable of infecting non-dividing cells. Conformational changes by the capsid whilst in the endosome results in efficient cytoplasmic delivery. The DNA is then transported via integrins to the nucleus resulting in very high efficiency (Feldman and Steg, 1997).
	Limitations on size of transgene. Short duration of expression. Strong immune response results in the destruction of transducted cells and promotes immunity to re-administration (Grubb et al., 1994). 

	Adeno-associated viruses
	Non-enveloped viruses with Single stranded DNA genome (Naturally replication deficient)
	Preferentially integrate into human chromosome 19 (Muzyczka, 1992). Removal of 2 coding regions from the viral genome renders them helper-dependent (Kremer and Perricaudet, 1995).
	High titres can be achieved and transgene expression can last as long as 6 months with lower immunogenicity than either retro- or adenoviruses
	Laborious preparation, only 0.1-1% are infectious. Limited transgene capacity (4-5 kb). Deletion of coding regions removes the ability to selectively integrate and random integration occurs (Muzyczka, 1992).

	Herpes Simplex viruses
	Large enveloped DNA viruses. Protein matrix (tegument) surrounds the capsid, which all encapsulated by the envelope (Murphy and Murphy, 1999).
	Non-integrating virus
	Ability to infect virtually any human cell whether quiescent or proliferating (Huard et al., 1997; Robbins and Ghivizzani, 1998), and can infect cells of the nervous system (Hermens and Verhaagen, 1998).
	Shown to be cytotoxic, resulting in poor expression levels. This can be reduced by the deletion of more genes but this compromises the titre (Murphy and Murphy, 1999).


   Table 1.1 Viruses commonly used for viral gene delivery



[bookmark: _Toc346277062][bookmark: _Toc367703478]1.3.2 Kinds of viral gene delivery 
[bookmark: _Toc367703479]1.3.2.1 Retroviral gene delivery

The most commonly used gene delivery vectors were initially retroviruses. Retroviruses are Ribonucleic acid (RNA) viruses that are reverse transcribed into DNA by Reverse Transcriptase enzyme, and then integrated into the host genome by integrase enzyme. Integrase binds both the viral complementary DNA  (cDNA) generated by reverse transcriptase and the host DNA. Reverse transcriptase is the virally encoded RNA-dependent DNA polymerase. The enzyme uses the viral RNA genome as a template for the synthesis of complementary DNA copies. Even though retroviruses vectors have a limited gene carrying capacity, a maximum of 8 kilobases (kb), they still have ability to infect dividing cells with high efficiency, with permanent and stable gene expression as a result of their integration into the host genome (Maier et al., 2010). 
Lentiviral (LV) vectors, a type of retrovirus, have become major tools for gene delivery in mammalian cells as they derived from the human immunodeficiency virus (HIV-1) consisting of the structural and enzymatic components of HIV-1 enveloped by vesicular stomatitis virus glycoprotein (VSVg) (Papayannakos and Daniel, 2013; Schnell et al., 2000). LV pre-integration complexes can pass through intact nuclear host envelopes via active transport mechanisms for access to host DNA, making them a useful tool for gene therapy approaches in a wide range of tissues (Lewis et al., 1992). Additionally, the LV therapeutic payload can be ~10 kb and are more immunologically benign compared to adeno-associated viruses (AAVs) which can tolerate only ~5 kb, this further opening it to larger gene products and more extensive regulatory elements (De Meyer et al., 2006). LV vectors have received particular attention in comparison with many other different viral vectors due to their ability to infect both dividing and non-dividing cells as well integrate the delivered gene into specific sites in the host genome leading to a lower degree of genotoxicity, compared with other viruses (Naldini et al., 1996; Papayannakos and Daniel, 2013). 
The ability of LV to transfect both replicating and non-replicating cells with high efficiency, make them particularly suitable for use in terminally differentiated cells, such as neurons, hepatocytes and cardiomyocytes (Blomer et al., 2005; Bonci et al., 2003). Overall it has been suggested that LV vectors are more effective, safer, convenient and provide an alternative delivery vehicle. Thus, LV vectors are now in use in clinical trials for many different types of inherited and acquired disorders, including cancers (Oldham et al., 2015). There were also two successful LV vector-based clinical trials in 2013 for treatment of Wiskott-Aldrich syndrome (WAS) and Metachromatic leukodystrophy (MLD) that have further strengthened the potential use and impact of the LV vector, especially for boosting LV gene therapy (Aiuti et al., 2013; Flight, 2013). 
Although LV vectors have been shown to have high transfection efficiency, LV is less often used as a gene delivery, because it requires assimilation of the genetic material into the host genome to accomplish gene transcription which has the potential to cause mutations and pass them down to the offspring of patients. There are also risks related to the insertional mutagenesis which remains the major safety issue with LV vectors raising further worry about using retroviral vectors in gene therapy (Lyon et al., 2008; Mingozzi and High, 2011). 
[bookmark: _Toc367703480]1.3.2.2 DNA virus gene delivery
[bookmark: _Toc367703481]1.3.2.2.1 Adenovirus

It is non-enveloped icosahedral nucleocapsid with double stranded DNA genome. The viral particles are about 90 - 100 nanometers (nm) in diameter. Recombinant adenovirus is considered now the most popular choice as a gene delivery vector, because it can be readily prepared at high concentration and can transfect a broad range of cells (replicating and non-replicating) with high efficiency. Serotype 5 of the adenovirus family is often used for gene transfer because it has the ability to produce high transgene expression and is more amenable for large scale preparation. Also, it can be made into a replication-defective vector by deletion of the E1 (E1a and E1b) and E3 regions of the viral genome and inserting the therapeutic gene instead that results in a recombinant viral vector (Southgate et al., 2008). 
Adenoviruses enter the cells by binding to Coxsackie Adenoviral Receptor (CAR). After the binding of the virus to the CAR, there is subsequent binding on the cell surface through integrin receptors, which mediates viral particle endocytosis. This is followed by endosomal escape and facilitated nuclear entry, hence the ability to transfect non-dividing cells. However, gene expression in these cells is only transient as a consequence of poor viral entry and inefficient transcription and lack of integration into the host genome. Nevertheless, adenoviral vectors have a relatively high in vitro transgene expression level of 10 – 39% efficiency in some cell populations like epithelial cells,(Flugelman et al., 1992; Krom et al., 2005). On the other hand, in VSMC, adenoviral vector gene expression is less efficient, because CAR are absent on VSMC, and this explains to some extent the poor transfection efficiency of VSMC in vitro and in vivo (Flugelman et al., 1992; Krom et al., 2005). However, the expression level can be regulated by powerful, constitutive viral promoters. The major immediate-early murine cytomegalovirus enhancer/promoter (MlEmCMV) induces greater gene expression than the human cytomegalovirus promoter (MlEhCMV) in different cell types. For example MlEmCMV enhances beta-galactosidase gene expression 90-fold in SMC in vitro and approximately 40-fold in coronary arteries in vivo compared with vectors where transgene expression is regulated by MlEhCMV alone (Appleby et al., 2003; Wickham et al., 1996).
[bookmark: _Toc367703482]1.3.2.2.2 Adeno-associated viruses (AAV)
AAV are one of the smallest non-enveloped virus with linear single-stranded (ss) DNA packaging viruses belonging to the genus dependoparvovirus of the parvoviridae family and require co-infection with a helper virus such as Adenovirus for replication (Cotmore et al., 2014). The AAV package their linear ssDNA genome of about 4.7 kb into an icosahedral capsid with a diameter of about 260 nm and have two 145 nucleotide-long inverted terminal repeats. The capsids are assembled from 60 copies (in total) of three viral proteins (VPs), VP1 (87 Kilodalton) (kDa), VP2 (73 kDa), and VP3 (61 kDa) encoded from the cap gene and stochastically incorporated in an estimated ratio of 1:1:10, respectively (Rose et al., 1971; Snijder et al., 2014). The AAV does not encode polymerases and therefore relies on host cellular polymerases for genome replication.
Most AAV vectors (recombinant AAV) contain a transgene expression inserted in place of the replication (rep) and capsid (cap) genes; viral vector particles are produced by the co-transfection of cells with a plasmid containing the vector genome and a packaging/helper construct that expresses the rep and cap proteins encoding non-structural and structural proteins, respectively. (Grimm et al., 1998). During infection, AAV vector genomes enter the host cell nucleus and can persist in multiple molecular states. One of the commonest outcomes is the genomic conversion of AAV to a double-stranded circular episome by synthesis of second-strand or paired complementary strand (McCarty et al., 2004; Zhong et al., 2008).
Until now, thirteen AAV serotypes (AAV1 – 13) and around 150 gene sequences have been isolated from human/non-human primate tissues and the amino acid sequence comparison between these AAVs serotypes shows around 60 – 99% identity, with AAV4 and AAV5 being the most different and of these 13 viral serotypes, only AAV1, AAV2, AAV3, AAV5, AAV6, and AAV9 have human hosts (Gao et al., 2004), also AAV rhesus isolate 8  (AAVrh.8), isolated from rhesus macaques, shares the highest sequence identity with AAV8 at 91% (Gao et al., 2004). Recently, preclinical studies with AAVrh.8 have shown that it efficiently transduces the retina, and its ability to crosses the blood–brain barrier (BBB) to transfect neuronal cells while also displaying reduced tropism for peripheral tissues (Giove et al., 2010; Ji et al., 2014). AAV9 and AAVrh.10 (another rhesus isolate) can also easily reach to central nervous system (CNS) by crossing the BBB to target the CNS (Ji et al., 2014; Zhang et al., 2011). Due to these properties AAVrh.8, AAVrh.10, and AAV9 are being actively developed for treatment of different neurological disorders. 
These AAV vectors are non-pathogenic and cause a very mild immune response and can infect both quiescent and dividing cells. They show great promise as gene delivery vectors due to their ability to introduce packaged foreign genes for reasonably long-term protein expression in a broad range of human tissues. Long-term expression of target genes at therapeutic levels has now been achieved in patients with inherited congenital retinal degenerative disorders and haemophilia B (Mingozzi and High, 2011). 
AAV have no ability to integrate into the host genome during replication leading to target cell stable transduction. Like adenoviruses, they bind to cell surface receptors, specifically, sialic acid, fibroblast growth factor receptors and heparin sulphate proteoglycans. Subsequently the viruses enter into the cells by binding to integrin receptors (Kurzeder et al., 2007). The main specific features of AAV are: (1) their ability to infect a wide range of cell types, including dividing and quiescent cells and can transfer the therapeutic gene without co-delivery of any viral genes i.e. persist in an extrachromosomal state without integrating into the genome of the host cell, although in the native virus some integration of virally carried genes into the host genome does occur (Deyle and Russell, 2009) (2) gene expression level is efficient and relatively long lasting up to 2 years (3) not known to be pathogenic to humans and have safer administration (Sandoval Rodriguez et al., 2005). However, there are some challenges (Table 1.1) for these vectors specially in clinical studies and includes the need to (1) improve viral-tissue receptors affinity and specificity and decrease natural viral tropism (Michelfelder and Trepel, 2009)  (2) reduce the detrimental effects of the host immune reaction against the viral vector, especially for treatments that may require AAV vector re-administration (Boutin et al., 2010; Tseng and Agbandje-McKenna, 2014), and (3) obtain high viral titre that is required for efficient transgene delivery (Fan and Dong, 1997). It is also thought that proteasome activity and poor viral second-strand DNA synthesis during viral transduction contributes to a low level of transgene expression from AAV vectors and that needs to be overcome.
In recent years, AAV gene therapy has been successfully utilized in several animal and human clinical trials, such as in an ongoing haemophilia B clinical trial, therapeutic levels of factor IX protein (FIX) were achieved and maintained in patients for over 2 years with only one treatment infusion of an rAAV8 vector packaging this gene.  AAV-mediated expression of FIX reached 2 to 11% of normal levels, sufficient to improve bleeding phenotype (Nathwani et al., 2011). In addition, recombinant AAV2 (rAAV2) vectors, encoding the retinal eye pigmented epithelium-specific 65 kDa protein, improved visual acuity and field in Leber’s congenital amaurosis (LCA) patients, without any significant side effects (Bainbridge et al., 2008). 
Currently, some new studies have demonstrated that increased the expression of the proto-oncogenes and the partial AAV sequences integration could act as both promoters and enhancers in liver cells and this insertional mutagenesis by AAV can cause malignant transformation in the liver of mice. The novel observation that an enhancer-promoter element packaged in an AAV virion can integrate and activate a proto-oncogene in human hepatocytes, as most AAV vectors fundamentally include a strong enhancer-promoter that is active in the target tissue (Russell and Grompe, 2015).
Despite these unique features of high transfection efficiency viral vectors, there are still several important limitations to their wide safe use in human gene therapy. These major obstacles and complications of viral gene therapy raised a potential concern in clinical trials about the efficiency and safety of viral gene transfection (Ferber, 2001) that are outlined below.
[bookmark: _Toc367703483]1.3.3 Limitations of viral gene delivery
[bookmark: _Toc367703484]1.3.3.1 Pre-existing immunity to adenoviruses
Research laboratory animals are highly susceptible to gene transfer on first adenovirus exposure, because they react uniformly seronegative for adenovirus exposure. However, once those animals are immunised with adenoviral vectors, they are less likely to undergo cardiovascular gene delivery successfully (Schulick et al., 1997). As a natural host to adenovirus infection, anti-adenovirus antibodies are prevalent in the human population. For instance, ~70% of human sera blood samples are positive for adenovirus and around 95% develop memory T-cell response to adenoviruses (Schulick et al., 1997; Tseng and Agbandje-McKenna, 2014). Furthermore, even low levels of pre-existing neutralizing antibodies in the circulation are considered to be detrimental to the efficacy of therapeutic AAV gene delivery (Tseng and Agbandje-McKenna, 2014). Although recombinant AAV (rAAV) vectors used for gene delivery do not carry viral genome and are unable to drive viral protein synthesis, as they are assembled from wild-type viral capsid shells, the host immune response to the adenoviral vector can be still influenced by prior exposure to wild-type AAV. Therefore pre-existing antibody response against wild type AAV can trigger an immune memory response, which could hinder gene delivery by AAV vector. For example, neutralization reactions from pre-existing antibodies have been proved to decrease gene transduction efficiency, even at low antibody titres (Hurlbut et al., 2010; Scallan et al., 2006).
The key component to overcome this dilemma is the identification of AAV capsid regions that participate in interactions with host immunity, especially neutralizing antibodies, to be modified for neutralization escape (design a neutralization-escaping vector) (Tseng and Agbandje-McKenna, 2014). There are some main approaches include for antibody escape: (1) selection of alternative AV antibody serotypes has been mainly driven by the absence of neutralizing Ab against these serotypes in the human population. For example HAd35 and HAd26 vectors have been tested and shown to be safe in clinical trials (Barouch et al., 2013; Keefer et al., 2012), (2) animal derived adenoviruses, e.g chimpanzee derived Ad vector (ChAd) are the most tested; natural antibodies (nAbs) against simian AV vectors are relatively rare. For Instance, nAbs against ChAV7 are detected in less than 15% of European, Chinese, American and African populations (Fausther-Bovendo and Kobinger, 2014); (3) directed evolution, an indirect method to obtain antigenic information through the specific selection of AAV variants under antibody pressure; (4) careful epitope searching, which utilizes peptide scanning, peptide insertion, and/or site-directed mutagenesis; (5) structural biology, using cryo-electron microscopy and three-dimensional (3D) image reconstruction (cryo-reconstruction), which directly and precisely visualizes the antigenic sites on the capsid of capsid-fragment antigen binding (Fab) complexes (Tseng and Agbandje-McKenna, 2014).
[bookmark: _Toc367703485]1.3.3.2 Host immune response after viral transduction 
An inflammatory reaction to adenoviral vectors in vivo gene transfection is due to the development of humoral and cellular immune responses that result in transient transgene expression and an inability to re-administer the vector efficiently. This can be overcome by an anti-CD4 monoclonal antibody which suppressed cellular and humoral immune responses (transient CD4 depletion), leading to efficient adenoviral vector re-administration (Alzuguren et al., 2014). Prolonged adenoviral vector in vivo gene transfection results in early neutrophil-dominated infiltration (Engelhardt et al., 1994) followed by a lymphocyte-predominant response due to up-regulation of major histocompatibility complex 1 (MHC class I) in transduced cells with subsequent elimination of these cells by antigen-specific MHC class I–restricted cytotoxic T cells (Yang et al., 1995; Yang et al., 1994).
The host immune response eliminates the small amount of expressed adenovirus protein that is produced from successfully transfected cells (Schiedner et al., 2003). This may lead not just to cessation of recombinant gene expression and death of the transfected cells but also sometimes inflammatory cell infiltration and arterial wall vascular activation. This results occasionally in complications like fever, hypotension, thrombocytopenia and finally septic shock due to intense inflammatory and immune response after adenoviral transfection (Schiedner et al., 2003).
Several strategies have been employed to circumvent these dilemmas. Firstly creating gutless viruses, that lack adenovirus antigens (gutless helper dependent adenoviral vectors) by removal of large parts of viral genome, lead to a decrease in the viruses ability to produce their proteins and in turn reduce cellular immunity, liver toxicity and the body’s inflammatory and immune response, thus promoting long-term transgene expression (Bangari and Mittal, 2006; Brown et al., 2004).   Secondly, decreasing the level of gene expression by controlling viral dose and using different viral serotypes like adenovirus 5, because adenoviral 5 serotypes are generally specific and do not cross-react with other serotypes, lead to less host immune and inflammatory toxic reactions (Mastrangeli et al., 1996; Schiedner et al., 2003; Shayakhmetov and Lieber, 2000). Thirdly biochemical masking of adenovirus epitopes by activated polyethylene glycol polymers (PEG), with adenovirus encapsulation in anionic lecithin-cholesterol-PEG liposomes ranging from 140 to 180 nm diameter reduces host reaction. These polymers are non-toxic, water soluble and non-immunogenic evading the cellular and humoral immune responses by reducing the immune response to produce inflammatory cytokines, and inhibition of lymphocyte activation and this finally produces an efficient adenoviral vector suitable for re-administration (Campos and Barry, 2007; Kreppel and Kochanek, 2008; Mendez et al., 2014).
[bookmark: _Toc346277071][bookmark: _Toc367703486]1.3.3.3 Consequences of viral transduction on vascular endothelium
There is a biphasic viral immune inflammatory response in the vasculature. An acute reaction, within hours from viral infection is followed by a delayed response, which takes about 10 days to occur. These two different responses depend on viral replication titre, either high or low. Both acute and late immune inflammatory responses can severely limit the viral transfection efficiency and cause endothelial vasomotor impairment. This occurs by increased expression and up-regulation of vascular adhesion molecules (VAM) in arterial SMC within 6 h of viral exposure, leading finally to an inflammatory response and dysfunction of endothelial vascular vasomotor function. Also, adenoviral vector exposure in normal arteries can result in neointimal hyperplasia due to pronounced infiltration of T cells throughout the artery wall (Channon et al., 1998). 
[bookmark: _Toc367703487]1.4 Non-viral methods of gene delivery (NVGD)

NVGD is defined as a non-viral method of gene transfer into the host cell. Non- viral vectors for gene transfer are considered to be less efficient than viral methods, but have the advantages of low immunogenicity and large capacity of therapeutic DNA (Misra, 2013). The ongoing safety concerns and difficulties in targeting viral vectors to specific cell types limits viral transfections in gene delivery is discussed above in 1.3.3. This has led to more attention being paid towards the development of new techniques of non-viral gene delivery. Other common alternatives to viral vectors are direct DNA transfection, synthetic cationic polymer liposome fusion, microinjection and electroporation mediated gene delivery. However, all of these methods still have relatively inefficient DNA delivery, cellular toxicity, poor reproducibility and inconvenience in terms of time consumption.

Direct injection of plasmid DNA beside or into the site of target injury may be the most straightforward method of gene delivery with important advantages such as ease of manufacturing and decreased host cell mutation risk. However, naked plasmid DNA does not offer good expression levels and has low therapeutic efficacy due to premature degradation by extracellular nucleases leading to loss of therapeutic activity, poor cellular uptake, and low protein expression (Choate and Khavari, 1997; Mason et al., 2015). This makes this method limited to easily accessible tissues like skin and skeletal muscles. 

The very large size of the plasmid DNA molecules and their highly negative charge, because of the repeated phosphate groups on the DNA structure, represent a major barrier for gene delivery, as plasmids are electrostatically repulsed from the negatively charged cell membrane (Zabner et al., 1995).

Other non-viral vectors for gene transfection are designed to overcome the above barriers. NVGD can be divided into two groups at the most basic level, physical and chemical.  Chemical methods are based on using polycationic charged molecules to mask DNA negative charges. Physical approaches are based around either plasma membrane pore formation or propelling the DNA through the cell membrane.
[bookmark: _Toc367703488]1.4.1 Chemical methods
[bookmark: _Toc367703489]1.4.1.1 Polycationic liposomes (Polyplex) 

Liposomes are negatively charged particles and were first used as a vehicle for gene delivery into cultured cells and to deliver encapsulated medications. However, they are highly inefficient because of their inability to condense and encapsulate DNA (Arima, 2004; Felgner et al., 1987). Researchers then upgraded to cationic classical liposomes by their incorporation with cationic lipids such as dioleoylphosphatidylethanolamine (DOPE) (Felgner et al., 1987). The functions of cationic liposomes are (1) condensation and encapsulation of the DNA within a lipid bilayer forming lipid/liposome DNA complex due to an interaction between negatively charged phosphate group of the nucleic acid and positive amine group of the liposome (Bailey and Sullivan, 2000) (2) leading to net charges of the complex to become positive that enable these complexes to interact with the negatively charged cell membrane more efficiently than classical liposomes (Stamatatos et al., 1988) resulting in increased endocytotic delivery of the DNA across the cell membrane (Wrobel and Collins, 1995) (3) the functions of cationic liposomes cause instability and degradation of the endosomal membrane following endocytotic uptake of the cationic lipids, which in turn facilitate DNA release from the endosome (Figure 1.1) (Hafez et al., 2001). A high DNA transfection efficiency (30 - 47% of dendritic cell (DC) progenitors and up to 57% of immature DC were transfected) was achieved in vitro by cationic liposomes formed by new DOPE for the transfection of mRNA and plasmid DNA into DC progenitors and immature DC of bone-marrow origin (Markov et al., 2012). These specific advantages of liposomal vectors make the transfection efficiency greater than the direct injection of naked plasmid alone (Fife et al., 1998). Despite this, using the current optimum conditions for lipofection including serum free media transfection, the gene delivery efficiency is still low and the higher rate of transfection using chemical lipofection often induces cytotoxicity (Candiani et al., 2008). However, a recent study has shown that newly developed and stable non-viral vector cationic lipoplex formulation proposed for small interfering RNA (siRNA) delivery provides higher cellular uptake and transfection efficiency with a lower cytotoxic profile compared to lipofectamine-2000, which is an established lipid combination used for in vitro transfection purposes and also has 3 times less hemolytic potential as compared with DOPE-based formulations (Khatri et al., 2014).



[image: ]
Figure 1.1 Principle for lipofectamine transfection 
Lipofectamine is a positive charged artificial liposome. These liposomes combine with a negative double stranded DNA and form a complex with net positive charge. The lipofectamine-DNA complex attaches to a negatively charged cell membrane and is taken inside the cell by the endocytosis process. Then transferred to cytoplasm for lysozomal digestion of the complex and to nucleus after endosomal release of the DNA. 


[bookmark: _Toc367703490]1.4.1.2 Cationic polymers (Polyplexes)

Polyplexes include Poly-L-Lysine polymers which were firstly discovered in 1969 (Molas et al., 2002). These positively charged polymers can condense the DNA through interaction between the negatively charged DNA leading to the formation of DNA-Poly-L-Lysine complexes of around 50 - 300 nm diameter size (Molas et al., 2002). The transfection efficiency in vitro and in vivo is determined by lipoplex-DNA complex size (Liu et al., 2011; Ross and Hui, 1999). Despite the high DNA condensation ability of the cationic polymers, there is still difficulty for the complex to escape into the cytoplasm from the endosome after getting inside the host cell by the endosomal pathway, therefore most of the DNA plasmid is destroyed within the endosomes (Forrest and Pack, 2002).
[bookmark: _Toc367703491]1.4.1.3 Poly-ethylenimine (PEI)

PEI is another type of highly positive charged polymer, which is considered as a very high transfection efficiency chemical vector. This branched polymer has primary, secondary and tertiary amines attached to PEI. The role of the primary amine is to complex with the DNA by positive ionic/phosphate group interaction, while the other two amines result in endosomal instability of the complex after endocytosis, which facilitates cytoplasmic release of the DNA (Jeong et al., 2001; Nguyen et al., 2000). However, even after successful lysosomal escape of the complex, DNA remains firmly attached to the polymer and is not available as free DNA in the cytoplasm to enter the nucleus (Ahn et al., 2002; Lee et al., 2001). Despite these challenges, PEI still has very high transfection efficiency. But because of undesirable cytotoxicity profiles of PEI due to low molecular weight, the PEI can be conjugated with hydrophilic polyethylene glycol (PEG) copolymers which has more water solubility, higher transfection and less cytotoxic properties under physiological conditions (Ahn et al., 2002). PEI offer greater flexibility than viral carriers because their structural and functional groups can be easily modified to improve delivery properties, for example dexamethasone-conjugated PEI. Dexamethasone is an anti-inflammatory glucocorticoid with anti-apoptotic effects and by binding to glucocorticoid receptor after entering the cell and the complex is then relocated into the nucleus. Using this property, dexamethasone-conjugated polymer/DNA complexes were efficiently transported to the nucleus with enhanced transgene expression (Kim et al., 2009).
[bookmark: _Toc367703492]1.4.1.4 Plasmid and minicircle DNA

Over the past decade, bacterial plasmid-based gene delivery has been considered as a promising strategy for vaccination and gene therapy. In reality, recombinant plasmid DNA vectors are opening the way for pre-clinical applications, as they are easy to produce on a large scale and their therapeutic transgenes of interest are generated by the cell transcriptional machinery. A major benefit is that they do not integrate into the host genome representing a safer approach compared with viral-mediated gene transfer. However, the gene expression level that can be attained with these synthetic vectors is generally low also, a lack of sustained DNA expression limits the ability to provide protein therapeutic levels for any extended period of time (Chabot et al., 2013; Herweijer and Wolff, 2003). The weak level of gene expression and ineffectiveness, elicited by plasmid DNA, is because of the difficulty to transfer a large macromolecule such as the plasmid vector across the cell membrane and to the nucleus and the rapid clearance of plasmid DNA from the systemic circulation (Mason et al., 2015). However, small nucleic acids vectors are more easily transferred across plasma membrane. Thus, this limited gene expression level may be overcome by the design of a new generation of smaller DNA vectors. Among them, the minicircle DNA (MC) has reduced size as it lacks the sequence of bacterial backbone containing antibiotic resistance genes and also the origin of replication sequence. MC shows higher gene transfer efficiency and level of gene expression by chemical methods compared with conventional plasmid DNA. Moreover, MC constitutes considered as a promising tool for a safe and highly efficient gene therapy and vaccination application (Chang et al., 2008; Chen et al., 2003; Osborn et al., 2011). It has been reported that in vivo level of minicircle green fluorescent protein (MC-GFP) expression elicited a stronger and more sustained expression compared with regular plasmid when electro-transferred into mouse muscle (Chabot et al., 2013).
[bookmark: _Toc367703493]1.4.2 Physical methods of transfection
[bookmark: _Toc367703494]1.4.2.1 Electroporation

Electroporation is a non-viral approach that uses an exposure of high pulse energy electrical intensity to the tissue or cells to increase plasma membrane permeability and therefore enhances exogenous naked plasmid DNA entry across the cell membrane. This electrical field causes transient small ‘pores’ in the cells to facilitate DNA uptake and enhance gene expression (Aihara and Miyazaki, 1998; Mir et al., 1999). High levels of gene expression were obtained in vitro in rat liver cells relative to control (Suzuki et al., 1998) by using this technique. Recently, high transfection efficiency in mouse lung in all lung cell types in vivo has been seen within 24 h after intra-tracheal administration of plasmid solution followed by immediate electroporation of the chest with very little inflammation and no apparent trauma (Young et al., 2014). On the other hand, some studies have found that electroporation can cause inflammation and skeletal muscle damage due to the interaction of IM plasmid injection with the permeabilising electroporation current. This was confirmed by the presence of necrotic myofibers infiltrated by CD68+ macrophages, which persisted in electroporated muscle for 42 days, and that full recovery required formation of new muscular tissue (myogenesis) (Maruyama et al., 2000; Roche et al., 2011).
[bookmark: _Toc367703495]1.4.2.2 Ultrasound (US)

Diagnostic and therapeutic US is a relatively cheap and safe imaging technique, routinely used in clinics. It can be used in physiotherapy, fetal imaging and for the visualisation of intra-abdominal organs and assessment of organ dimensions and weights. Importantly, US can be delivered in a focused beam to many different parts of the soft tissue anatomy.  Because of these reasons, US can provide an attractive mechanism for enhancing gene transfection, and there is an established body of literature that demonstrates this in-vitro and in-vivo.  It should however be noted that US beams used for gene transfection can be different in nature to those used for imaging. It is therefore important to understand the physical parameters that define an US beam.
[bookmark: _Toc367703496]1.4.2.2.1 Ultrasound-definition and mechanisms

US is defined as mechanical waves with frequencies higher than 20 kHz, such that the human ear is unable to detect it. US beams can be generated by piezoelectric materials.
Most current practical applications of US are using piezoelectric materials. In 1880 Pierre and Jacques discovered that an electrical charge was generated on the surface of certain materials (crystal) when they were compressed, so called piezoelectric materials. These crystals are electrically asymmetrical, and have positive and negative centres, which do not overlap. The voltage can be generated when the piezoelectric material coated with a metallic conductor is compressed or mechanically strained. Conversely, a mechanical deformation occurs when a voltage is applied across the crystals. Therefore, application of an alternating voltage results in the crystal oscillating at the same frequency and creating an acoustic wave at that frequency. The tissue that the waves pass through exhibits alternating compression and rarefaction zones (compression and stretching) as depicted in (Figure 1.2). 
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     US Frequency = Cycles/second (Hz)




[bookmark: _Toc329388053][bookmark: _Toc329389740] Figure 1.2 Illustration of an ultrasound wave
The above figure shows an US wave with regions of compression and rarefaction within the medium. The mid-section of the figure illustrates the graphical character of US wave. The y axis of the graph represents the pressure exerted by the compression and rarefaction. Each complete wave or cycle contains one rarefaction and one compression represented by the trough and peak of the graph. The frequency of US wave equals to the number of cycles per second i.e one cycle per second equals 1 Hertz (Hz); therefore, a 1 megahertz (MHz) US transducer operates at 1,000,000 cycles per second. The distance between two consecutive peaks corresponds to the wavelength of the sound wave. The wavelength of the sound wave is dependent on the frequency of the transmitted sound and the speed of sound in the medium. 
[bookmark: _Toc367703497]1.4.2.2.2 Ultrasound delivery 

US energy can be delivered in two modes; pulsed (PW) or continuous (CW). With pulsed wave delivery, the US beam is on for fractions of a second (sec), and can consist of a series of these pulses. The number of pulses per sec is referred to as pulse repetition frequency (PRF) and is expressed in Hz (Figure 1.3). With continuous wave delivery the beam may be on for several minutes (min). For example a pulse with 2 US cycles at 1 MHz will last 2 microseconds (μs). If there are 2 pulses per sec, the PRF is 2 Hz (Figure 1.3).
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Figure 1.3 Schematic diagram shows continuous and pulsed US waves
Schematic demonstration of pulsed (A) and continuous US waves (B). Also demonstrates schematic representation of the pulse repetition and pulse duration during a pulsed US wave (C). Pulse repetition period is the time between the beginning of one pulse and the beginning of the next and measured in milliseconds (ms). Where as pulse duration is the time required when the pulse is on.

[bookmark: _Toc367703498]1.4.2.2.3 Ultrasound intensity and its types

The rate of US energy delivery is measured as a power. US intensity is the amount of energy contained in a wave as it passes through any one point and is measured in Watts/cm2. 

                                      US intensity = power/area (W)/cm2

Both intensity and power are related to the pressure of an US wave. From a real US transducer, the intensity varies with position within the beam. Also compression and rarefaction pressures are not always the same, which means that if the beam is pulsed then the intensity also varies with time. Because of this, we have to define different types of intensities measured. Peak intensity depends on where in the beam (spatial peak) and also at what time it is measured (temporal peak). For example, if a transducer is operating at 1 W/cm2, this means the intensity is measured over 1 cm2  while the pulse is on.
                                                      
The peak intensity of continuous US wave can be measured as spatial peak and for the average intensity across the wave called spatial average. For pulse US intensity, it varies over time and is measured as temporal peak intensity (TP) and temporal average intensity (TA) (Figure 1.4). TA intensity is the US intensity averaged over time within the US pulse, while TP intensity is the intensity when the US is actually on. Because US intensity can be expressed in different ways, literature on US gene delivery can be very complicated and confusing. Also, other US parameters like exposure duration are very important in determining the US biological effects. 
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[bookmark: _Toc329388055][bookmark: _Toc329389742]Figure 1.4 Schematic graphs show various measures of US intensity across continuous and pulsed waves
For the continuous US wave, the spatial peak intensity at the beam centre is 10 W/cm2 and spatial average of the beam is about 3 W/cm2. For the pulsed US wave the temporal peak (US intensity when the US is on) is about 10 W/cm2 and the temporal average (the average US intensity over time) is about 1 W/cm2. It is taken from Kremkau Diagnostic Principles and instruments, fifth edition.

[bookmark: _Toc367703499]1.4.2.2.4 The physical properties of ultrasound
  
The biological and physical effects of US are mediated by heat and mechanical effects, or called thermal and non-thermal. The mechanical group includes radiation pressure, micro-streaming and, most importantly, acoustic cavitation.
[bookmark: _Toc367703500]1.4.2.2.5 Thermal mechanism (Heat)

Tissue cannot transmit US with 100% efficiency. Some of the transmitted US energy is absorbed by the surrounding environment and converted to heat. Heat can also be produced from the frictions between layers of tissue and liquid that are vibrating in response to the US waves (Wolfenson et al., 1995). The rate of tissue heating (Qv) depends on the absorption coefficient of the tissue (α) and the US intensity (I) at the site and is determined by equation QV = 2αI (Nyborg and Steele, 1983).
[bookmark: _Toc367703501]1.4.2.2.6 Radiation pressure
  
This pressure results from the absorption of energy from US beams by biological tissues. This pressure leads to material being pushed in the same direction as a beam and results in cells and gas bubbles being pushed. 
At therapeutic US intensity, this radiation pressure force is small and unlikely to cause harm to tissue, but the radiation pressure is increased in the presence of standing waves (where the US beam is reflected back on itself by a reflective surface). These reflecting waves may generate heat within the surrounding tissue environment causing biological damage (Saad and Williams, 1983; Wolfenson et al., 1995). 
[bookmark: _Toc367703502]1.4.2.2.7 Non-Thermal mechanism (Acoustic cavitation)

Cavitation can be defined as the oscillatory activity (oscillation) of highly compressible bodies such as gas or vapour-filled MB or cavities in a medium exposed to an US beam.
MB are a term that refers to any vapour or gas that is mostly or completely surrounded by a liquid. It may occur in any tissue and may also be enhanced by the introduction of echo contrast US agents (Shi et al., 2000). The gas cavities can be presented naturally due to impurities or introduced synthetic MB. MB, liposomes and cationic polymers have been increasingly developed in recent years due to their special properties such as low immunogenicity, low costs, ability to deliver large size DNA as well as ease of synthesis and chemical modifications to fine-tune physiochemical properties. These lipid and polymeric systems can provide the stability to the naked plasmid DNA and enhance their transfection efficiency. Also, the plasmid DNA delivered by non-viral carriers does not get incorporated into the host chromosomes, decreasing the mutation risk in contrast to gene delivery by viral carriers (Jin et al., 2014; Zhou et al., 2012). 
Echocontrast MB are typically gas spheres with diameters typically in the range of 1 – 10 μm that are stabilized with a lipid layer to prevent rapid dissolution in the blood. Upon insonation these pre-existing circulating MB are driven to a forced oscillation state led by compression and decompression cycles of their gas core. Depending on the US intensity, the MB can either simply vibrate and/or collapse. The US mechanical forces, together with the US pressure waves themselves, induce transient pores in the surrounding media, such as cell membranes and endothelium which promotes extravasation of micro and macro molecules which allows cellular uptake of charged molecules like pDNA that would otherwise remain intravascular. The number of pores and thus the induced overall permeability is expected to increase with the number of MB (Treat et al., 2007; Yang and Lee, 2012).
There are two types of cavitation, stable and transient (collapse). There is a clear-cut distinction between these two types and the spectrum of cavitational activity ranges widely on the bubbles’ behaviour, from the relatively gentle linear pulsations of gas or vapour filled MB in low amplitude acoustic fields known as stable acoustic cavitation (or gas body activation), to highly destructive formation and collapse of vapor or gas filled cavities in an environment exposed to US beams known as transient, collapse type (inertial acoustic cavitation) (Saad and Williams, 1983; Wolfenson et al., 1995). However, inertial cavitation essentially occurs at higher US pressure. The threshold required for the development of inertial cavitation increases with elevating frequency in MHz range and that is most likely due to insufficient time to allow gas particles to diffuse into cavities during short refractory phase period of the US cycle (Williams, 1983). 
[bookmark: _Toc367703503]1.4.2.2.8 Stable cavitation

Stable cavitation or gas-body activation occurs when pre-existing MB interacts with low intensity US within the tissue or medium. The MB increase in size during exposure to US beams and this is termed as rectified diffusion, which occurs usually during successive US cycles, where the bubbles oscillate between two extreme conditions (positive and negative cycles). During the positive half of the wave cycle the bubbles are compressed to their smallest size resulting in a high internal pressure and during the negative or expanding half, the bubbles grow in size resulting in a low pressure internally. Gases diffuse out of the cavities whilst in their compressed state (positive cycle) due to higher pressure inside the bubbles than the surrounding environment; conversely gas diffuses inside the bubbles during the negative half of the cycle (expanded phase) due to low internal bubble pressure. During the expanded phase there is a greater influx of vapor than is lost by diffusion during compressed phase. These multiple, consequent compression and expansion phases that occur in successive US cycles result in developing of resonant bubbles size which are relatively stable within the US field.
[bookmark: _Toc367703504]1.4.2.2.9 Inertial cavitation

This kind of cavitation generally occurs only within the high pressure US fields in which MB undergo rapid volume changes within the US wave and they become much smaller than their resonant sizes called cavitation nuclei. These bubbles rapidly increase in size and become unstable over a few cycles of US exposure. This unstable state terminates to an end when the bubbles are compressed and violently collapsed to their smallest radius (Figure 1.5) due to inertia of the diffusing fluids and gas (Miller et al., 1996). These imploded bubbles generate a high enough temperature and pressure for a very short time to cause water hydrolysis of water vapour, free radical formation and other chemical reactions (1998; Suhr et al., 1991). Bubble collapse generates shock waves and sheer forces within the medium and if these shock waves happen near to fluid/solid interface (for example cell membrane), high velocity fluids are pushed towards the solid structure (Miller, 1987). The chance of cavitation tends to increase by increasing the total number of MB, also it is influenced by the size of MB as, they require less energy input (low frequency US) for the bubbles near to the resonance size for oscillation to occur. Cavitation is less likely to occur at higher ultrasound frequencies, as there is less time for MB to expand in the negative half of the cycle. Similarly, raised ambient pressure hinders MB to expand and decreases the likelihood of cavitation. 
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Figure 1.5 An illustration of stable and inertial cavitation and the effects of   acoustic fields of the same frequency but different intensity on MB behaviour
(a) Stable cavitation means repeated oscillation of the MB around this resonant diameter, gradually increasing the MB diameter until reaching resonance size due to oscillation of pre-existing MB by low intensity US beams. (b) Inertial cavitation occurs in high intensity US and associated with multiple very rapid growth of MB diameters for few cycles and sooner collapse causing production of free radicals, shock waves and local heat. (Adapted from Professor C. Newman, University of Sheffield, U.K).

[bookmark: _Toc367703505]1.4.2.2.10 Mechanical index (MI)

MI describes the likelihood of causing a nucleus of optimum size to undergo inertial cavitation in response to short pulse US. It can be calculated from the following formula:
                                             MI = P / √f 
Where f is the driving frequency in MHz and P is the peak rarefactional (negative) pressure (PNP). MI is an indicator of the potential for in vivo bio-effects (A higher MI means a larger bio-effect) and it also explains the likelihood of inertial cavitation to happen in a medium containing small number of cavitation nuclei (Apfel, 1982; Meltzer, 1996). The United States Food and Drug Administration (FDA) and US manufacturers are using maximum MI for diagnostic transducer of 1.9 MI. MI will be used in this thesis as one of the US parameters for in vivo transfection optimisations.
[bookmark: _Toc367703506]1.4.2.2.11 Acoustic microstreaming

The mechanical effects of US are mediated largely by acoustic cavitation including acoustic microstreaming (Figure 1.6) and free radical production (Williams, 1983). This acoustic microstreaming refers to microscopic movements; sheer force, strains and radiation pressure that happens in the presence of cavitation nuclei such as MB. The acoustic microstreaming occurs around the vibration of the bubbles during inertial cavitation in tissue and liquid (Nyborg, 1982). In a similar vein, investigators have been utilising high frequency US to facilitate gene transfer in vitro and in vivo in the presence of contrast agents (MB) to enhance US gene delivery. This led to increased plasmid transfection efficiency in vitro and in vivo by several orders of magnitude (Newman and Bettinger, 2007).
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[bookmark: _Toc329388057][bookmark: _Toc329389744]Figure 1.6 Illustration of microstreaming
Generation of acoustic microstreaming of the media surrounding the cells from the oscillation of stable MB in transient cavitation.







[bookmark: _Toc367703507]1.4.2.2.12 Sonochemical effects and free radical production

Free radicals are highly reactive species produced as a result of inertial cavitation that combine with other free radicals (Figure 1.7) or other compounds to regain a stable state. A large temperature rise locally occurs when transient bubbles collapse. The heat generation leads to hydrolysis of water resulting in H+ and OH- radical formation, which reacts with each other and undissociated water and gas molecules such as oxygen making a secondary species, like OOH- and hydrogen peroxide (H2O2) (Williams 1983). These secondary species are then involved in a variety of non-specific reactions like deamination and hydroxylation, which could result in the chemical modification of biological molecules.
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Figure 1.7 Effect of inertial cavitation on MB behaviour
The MB (A) in compression phase of US wave expands to its largest volume to MB (B) in rarefaction phase of US wave. Then finally collapses and releases free radicals, cavitation nuclei (C) that rise a local temperature in inertial cavitation. 

[bookmark: _Toc367703508]1.4.2.2.13 Effects of US on cell membranes

It has been demonstrated that US beam exposure increases human cell membrane permeability without causing complete cell destruction (Korosoglou et al., 2006). But, at higher intensity or frequency of US waves can cause cell lysis and decreases cell viability (Carstensen et al., 1993). This is due to building up of standing waves when a significant proportion of US travelling waves through the compressible media such as cell membrane are reflected back, resulting in high sheer stress and force in the adjacent tissues causing damage to the plasma membranes of the viable cells and death (Dyson, 1982).
Some investigators have discovered beneficial effects of low frequency US (LFUS), for example transdermal drug delivery significantly increases skin permeability to a variety of drugs and in killing of staphylococcus epidermidis by significant reductions in bacterial counts that incubated at 37°C for 24 hours (h) (Singer et al., 1999).
[bookmark: _Toc367703509]1.4.2.2.14 Effects of US on DNA

The physical effects of US on DNA degradation is seldom to be a significant problem because the generated sheer force would likely destroy the other cell content before it destroyed the DNA (Williams, A. R. 1983). However, there is a possibility of highly reactive chemicals and long-lived free radicals that are generated within a cavitational field could damage or chemically alter the DNA (Miller and Thomas, 1996).
[bookmark: _Toc367703510]1.4.2.2.15 US in gene transfer and current status of this technology

US has been demonstrated to facilitate cell and plasma membrane permeability through temporary disruption of cell membranes (Zhou et al., 2011), which should encourage DNA entry into the cells through the cavitation process and transient cell membrane pore formation (Figure 1.8). As mentioned in previous sections, cavitation is associated with a significant sheer stress especially at fluid/membrane interfaces that lead to transient disruption of cell membranes. From this aspect it was initially hypothesised that this could encourage DNA entry into primary vascular cells (SMC) and whether US could be used as a novel technique to deliver or enhance transgene expression following injection of naked and other non-viral-complexed DNA.

US is a relatively recent technique for gene delivery via increased cell membrane permeability. (Miller et al., 2002). Although the use of viral vectors is generally considered to be more efficient and appropriate for large quantities of DNA transfection, safety concerns and pre-existing immunity remain an issue. Introducing mechanical alternative methods like US gene delivery have become a more convenient way of gene delivery with less immunological side effects (Wells, 2010). One of the most characteristic features of US is that its beam can be focused and directed precisely to a particular tissue. Thus, MB contrast agents can be used as a new vehicle for drug and gene therapy in different disease systems such as cardiovascular, skeletal and cancer and various tissue types in vivo, in vitro and ex vivo (Zhao and Lu, 2007).
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[bookmark: _Toc329388059][bookmark: _Toc329389746]Figure 1.8 Combined effects of US and MB on cell membrane permeability
Insonation of circulating MB are driven to a forced oscillation state led by compression and decompression cycles of their gas core, depending on the US intensity, the MB can either simply vibrate and/or collapse (A). US induced permeabilisation of the plasma membrane by sonoporation of the cell membrane mediating pDNA subsequent intracellular uptake through the endocytosis and temporary pore formation in the surrounding media (B).


[bookmark: _Toc367703511]1.4.2.2.16 Ultrasound gene delivery in vitro

A study in 1999 by Lawrie and colleagues found that cultured porcine VSMC and EC were transfected successfully with naked or liposome-complexed luciferase reporter plasmid for 3 h. US parameters were with US exposure (USE) for 60 sec at 1 MHz, 0.4 W/cm2, 30 min into this transfection period demonstrated enhanced gene expression level of luciferase reporter plasmid and increase luciferase activity 48 h later by 7.5-fold and 2.4-fold, respectively. Luciferase activity of EC was similarly enhanced 3.3-fold by lipofection adjunctive USE. USE had no effect on cell viability, although it reduced VSMC but not EC proliferation (Lawrie et al., 1999). Also in vitro transgene delivery of green fluorescent protein plasmid (pEGFP) conjugated with cationic MB into embryonic kidney cells 293 under US conditions of 1 MHz transducer, 2 W/cm2 power intensity and 25% duty cycle was resulted in 75% of the cells achieved successful expression of pEGFP compared to controls, however, the more value of acoustic power and MB concentration, the less transfection efficiency and cell viability (Tlaxca et al., 2010). Another study for ultrasound-targeted MB destruction (UTMD) in vitro for pEGFP in the cultured human retinal pigmented epithelial cells was able to enhance gene expression without marked tissue damage in the treated groups compared to controls under optimal US conditions, and this may has a potential therapeutic advantages as a safe non invasive method to transfer targeted genes directly to the human diseased retina (Wan et al., 2015).
[bookmark: _Toc367703512]1.4.2.2.17 Ultrasound gene delivery in vivo

Since 1996, there have been several proven reports of US enhanced gene transfection or transgene expression in vivo, summarised in Table 1.2. SC injection of Lac-Z plasmid into MC38 cell tumors in nude mice, after 3 days, there was a threefold enhancement of galactosidase activity for the mice exposed to continuous waves of US at 20 W/cm2 for 30 sec compared with SC injection alone (Manome et al., 2000). Huber et al confirmed similar results using pulse wave US. Galactosidase plasmids were injected SC into the prostate tumor cells that have implanted SC in Copenhagen rats followed by focused pulsed US waves. This induced a 10-fold increase of galactosidase transfected cells expression in the ELISA assay (Huber and Pfisterer, 2000a). Also an IM injection of rat hind limb with Lac-Z plasmid led to a 10-fold increase in luciferase expression after MB echo contrast agent (Optison) in the presence of topical external US compared with IM injection alone. US without adding MB showed no significant gene expression (Taniyama et al., 2002b). 

Another recent in vivo study for UTMD was carried out by an injection of combined pEGFP and MB into rat subretinal space followed by local US beam exposure (US probe was placed directly on the corneal surface) at of 1 MHz, the US intensity was 2 w/cm2 and the pulse repetition frequency was 100 Hz, with 50% duty cycle for 5 min duration. This was resulted in significant pDNA expression of EGFP in the rat retina pigment epithelial tissue and neural retina respectively in the treated US transgene group compare to group injected with plasmid/DNA alone. There was no any damage to the corneal and retinal tissue that can be seen histologically, additionally, no infiltration of the inflammatory cells was detected in the treatment area by UTMD (Li et al., 2016). 

Also, recently treatment with UTMD at 1 - 1.9 MI and US frequency 7 – 14 MHz in rats left coronary artery ligation for 45 min followed by reperfusion, increased engraftment signals, enhanced the delivery and numbers of bone marrow cells (BMC) transfusion in ischemic myocardium at day 14 post arterial ligation compared to controls. Because delayed administration of BMC (4 weeks) post reperfusion does not improve cardiac function. Subsequently UTMD treatment promoted neovascularization, cardiomyogenesis and decreased post-infarction cardiac remodelling. This ultimately decreased cardiac tissue fibrosis, improved cardiac function at 4 weeks post UTMD treatment, as compared with control group (Chen et al., 2016b). 




	Model
	Plasmid
	Frequency (KHz) Mode (cw/pw)
	Peak Intensity (W/cm 2
	Mechanical Index
	Optimal Transfection
	Toxic
	Reference

	MC38 murine colon carcinoma cells injected SC into mice
	-Gal (CMV)
	1000
CW
	10-20
	Unknown
	Three-fold gene expression enhancement compared to control
	No comment on toxicity
	Manome, et al 2000

	Dunning prostate tumour injected SC in rats
	Blue fluorescent protein    (BFP)      
	1180
PW
	0.3-833
	0.01-0.46
	10-15 fold enhancement  compared to controls
	20% reduction in viability
	Huber, et al  2000

	Rabbit femoral artery
	BFP
	2000
PW
	50
	Unknown
	12-fold enhancement of BFP expression with USE compared to controls
	No increase in toxicity compared to controls
	Amabile, et al  2001

	Rat carotid arteries 
	p53
	1000
CW
	2.5
	Unknown
	Increased p53 transfection led to a 50% reduction in intima/media ratio compared to control
	No comment on toxicity
	Taniyama,et al  2002b

	Rabbit ischemic hind limb model
	HGF
	1000
CW
	2.5
	Unknown
	Increased capillary density and improved 
 blood flow
	No comment on toxicity
	Taniyama, et al  2002a


Table 1.2 In vivo US transfection optimisations and possible side effects


[bookmark: _Toc346277099][bookmark: _Toc367703513]1.4.2.2.18 Ultrasound gene delivery ex vivo

Some studies have investigated whether ex vivo gene transfer of tissue inhibitor metalloproteinase 3 (TIMP-3) plasmid using MB UEGD reduces adverse SVG remodelling post-arterialization. However, using viral vectors remained the main concern in patients. In the study by Akowuah et al (2005) using UEGD, study maximal luciferase control plasmid activity was 3000-fold compared to naked plasmid alone and the gene expression of TIMP-3 was successfully achieved in porcine VSMC in vitro using specific US exposure conditions at 1 MHz, 6% duty cycle, 1.8 mechanical index, in the presence of 50% echocontrast MB/DNA (v/v). These applied US conditions plus echocontrast MB in vitro were then utilized for in vivo subsequent studies. White pigs that had a carotid interposition SVG were either un-transfected or had undergone UEGD with control β-Galactosidase (lacZ) or therapeutic TIMP-3 plasmids in ex vivo. After 28 days post-surgical grafting, vascular total vessel area (TVA) and lumen were significantly higher in the TIMP-3 group compared to controls (un-transfected or lacZ-transfected). These results conclude that non-viral gene therapy of TIMP-3 plasmid by UEGD have successfully achieved significant effects biologically in ex vivo white pig model of SVG. This study confirmed the potential therapeutic effects of UEGD in the prevention of SVG failure (Akowuah et al., 2005). 

Another study of a targeted canine (dog) liver lobe was selected, because (1) liver lobe size of a small dog is similar to a portion of the human liver; (2) the dog liver blood circulatory system is similar to human; and (3) availability of dog disease models, such as canine haemophilia. US was applied to the liver transcutaneous, simultaneously with injection of plasmid DNA/MB complexes into a segmental branch of the portal vein (PV) with the occlusion of the inferior vena cava (IVC) to increase the availability of the DNA/MB complexes during US exposure to facilitate DNA uptake. US conditions of 1.1 MHz, 13 mm diameter transducer and 3.3 Megapascal (MPa) peak negative pressure (PNP) increased luciferase activity five folds in the treated liver lobe. For larger tissue sizes and to obtain more effective treatment in canines, a planar unfocused US transducer at diameter of 52 mm, 2.7 MPa and with 15 kW capacity US amplifier was used to produce large effective US beams. These conditions increased gene expression level up to 692-fold with minimal liver tissue damage indicated by transaminase and histological analysis. These experiments represent a very important developmental step toward US-mediated gene transfer and therapy in large animals and support the use of US-mediated gene transfer in the clinical field (Noble et al., 2013) .
[bookmark: _Toc367703514]1.4.2.2.19 UEGD in hemophilia treatment 

Hemophilia is an X-linked inherited bleeding disorder that has two classifications, hemophilia A and hemophilia B, depending on the underlying mutation. Although the disease is currently can be treated with weekly multiple replacement of recombinant clotting factor by intravenous deliveries. But this is considered still non-curative disease, this approach represents a significant cost both in terms of quality of life and monetarily. Gene therapy including non-viral delivery vectors is an attractive alternative and efficient approach to the treatment of hemophilia that would ideally provide life-long correction of clotting activity with a single injection (Rogers and Herzog, 2015). A clinical trial performed at University College London showed that patients suffering from severe form of hemophilia B-factor XI (< 1% FIX) were injected with an AAV8 vector encoding a codon-optimized FIX by peripheral vein administration. A single intravenous therapeutic vector infusion in 10 hemophilia B patients resulted in a dose-dependent increase in circulating FIX levels between 1 and 6% of the normal value over a median period of 3.2 years which was equate to in terms of clinical outcomes and no further FIX injections were required to be continued after this gene therapy (Nathwani et al., 2011; VandenDriessche and Chuah, 2015). However, FIX expression could be detected after directed liver gene therapy and the levels were transient. This was possibly due to the pre-existing immune response and clearance of transduced hepatocytes by AAV-specific T cells consistent with the occurrence of transient hepatic toxicity as measured by elevated serum transaminase (Manno et al., 2006; Mingozzi et al., 2007). 

Also because of high safe profile and less cost of US gene delivery method compared with viral gene transfer. The optimum and favourable transfection conditions of US gene therapy can be found in the combination of UTMD and plasmid vectors, including low toxicity, low immunogenicity, the potential for repeated application, organ specificity and broad applicability to acoustically accessible organs (Bekeredjian et al., 2006). Non-viral US gene therapy to the livers of hemophilia B (FIX−/−) mice after intrahepatic injection of high-expressing human factor IX plasmid was mixed with US MB contrast agents or phosphate-buffered saline (PBS) (Anderson et al., 2016). This was simultaneously exposed to US at 1 MHz, constant treatment time US exposure, and an acoustic peak negative pressure amplitude of 1.8 MP. This US treatment resulted in 2 to 13 fold enhancements in hepatic hFIX gene expression compared to the controls. Therapeutic range of hemophilia factor nine (hFIX) at 63 ng/mL can be achieved by UTMD in vivo and was enough for treating hemophilia patients by US transfection of one liver lobe at 4-MPa. This was 66 times relatively more than those groups treated with naked DNA alone. Histologically, there was transient liver tissue damage due to local intrahepatic injections of MB conjugated plasmid and US exposure at 4-MPa, which was healed and repaired after few days. (Miao et al., 2005).  Thus UEGD has had varying degrees of success in hemophilia patients. However, more success has been achieved.
[bookmark: _Toc367703515]1.4.2.2.20 Role of UEGD in cancer treatment 

Vascular endothelial growth factors (VEGF) facilitate angiogenesis in cancer tissue through binding to different receptors. VEGF receptor 2 (VEGFR2) has been known to be involved in the signalling cascade system responsible for endothelial cell proliferation and migration contributing to neovascularisation.  Rat model of heterotopic mammary adenocarcinoma was treated with UTMD (1.3 MHz and a transmit power of 0.9  W/cm2) of Intravenous (IV) administration of cationic MB (1 × 109) bearing 500 µg plasmid DNA encoding VEGFR2 short hairpin (sh) RNA (supressing tumor angiogenesis) 10 days post implantation.  This resulted in a significant reduction of tumor volume (n = 18) at day 17 after UTMD compared to untreated group due to targeted knockdown of VEGFR2 and reduced neovascularisation in heterotopic tumors that underwent UEGD (Fujii et al., 2013). It is well understood that rAAV is used as promising vector in cancer gene therapy. However, unfortunately it has lower expression efficiency in less permissive cells 
like cancer cells that limits extensive application. UTMD gene transfection enhances rAAV vector gene expression levels in these less permissive cancer cells such as human renal cell carcinoma. This is because UTMD increased rAAV transfer by three fold, and also enhanced viral genomic DNA expression by more than nine-fold, with less effect on cell viability. This resulted in growth inhibition of human renal cell carcinoma in which UTMD could be a promising tool in cancer gene therapy (Li et al., 2014).

In summary, although UEGD produces lower gene expression level than viral vectors, it has several advantages over viral methods such as good safety profile and tissue or organ targeting of gene transfer. Based on the above studies, this thesis assessed the effects of UMGD of IL-1Ra in a mouse vascular injury model, as a proof of concept study for UEGD of a potentially therapeutic secreted protein. 

[bookmark: _Toc367703516]1.5 Overview of interleukin-1 biology

IL-1 is the one of a family of regulatory pro-inflammatory cytokines and is synthesised as a precursor protein, which is secreted from nucleated cell types such as macrophages, monocytes, fibroblasts, EC and lymphocytes (Garlanda et al., 2013; Mizel and Farrar, 1979) IL-1 plays a critical role in the innate inflammatory immune response in atherosclerosis and vascular injury.
[bookmark: _Toc367703517]1.5.1 Biology and function of the interleukin-1 family of proteins
  
The IL-1 family has 3 different isoform members: IL-1, IL-1 and IL-1Ra, and each member is encoded by a separate gene. Cells which secret IL-1 express all genes of the IL-1 family and the level of secretion depends on the expression level for each gene. The structure and biological activities of IL-1 and IL-1 are different and they are firstly synthesised as a precursor protein (proIL-1 and proIL-1) with molecular weight of 31 Kilodalton (kDa) each. Both, the proIL-1 and mature IL-1 are biologically active mainly through an autocrine role, presumably through binding to intracellular receptors. In contrast proIL-1 is biologically inactive and require intracellular converting enzyme (ICE) caspase-1 or IL-1-converting enzyme, which cleaves the IL-1 precursor to its active mature and secreted form at 17 kDa shorter peptide (Dinarello, 2009; Spulber and Schultzberg, 2010).
IL-1 precursor is initially synthesised mainly from activated macrophages, EC and neutrophils in association with cellular microtubules and translated in endoplasmic reticulum, unlike other secretory proteins, which translated on ribosomes. Although it remains in the cytosol without any organelle accumulation because of the lacking leader signal peptide that require activated cysteine protease to cleavage of the IL-1α precursor into a mature molecule, it is not usually found in the circulation unlike IL-1 (Stevenson et al., 1992).
Mature IL-1 mRNA level increases rapidly after 15 min post inflammatory stimulation and lasts for 4 hours after which time concentration starts to drop. Synthesis of large amounts of IL-1 mRNA in monocytes relies on different stimuli such as hypoxia (Ghezzi et al., 1991), and complement C5a (Schindler et al., 1990), although most IL-1 mRNA produced is never translated into of IL-1 protein and gets degraded. 
There are two receptors for IL-1: IL-1RI and IL-1RII. The IL-1RI acts as a signalling receptor (affinity for IL-1ra>IL-1>IL-1) whereas soluble IL-1RII acts as a decoy receptor  (acts as regulatory factor of IL-1-mediated activity, by binding IL-1 and preventing its binding to the signalling receptor) (affinity of IL-1>IL-1>IL-1ra) (Dinarello, 1998). Both receptors occur in a membrane-bound and a soluble form and IL-1RI, often termed the master regulator of inflammation and natural immunity, when it is stimulated by IL-1 binding. In order for signal transduction to occur, these receptors have to interact with the IL-1R accessory protein (IL-1RAcP) to activate downstream signalling cascades (Figure 1.9) (Brissoni et al., 2006). IL-1 signalling mediated activity is controlled and inhibited by an endogenous IL-1Ra, that when it binds to IL-1RI prevents the interaction with IL-1RAcP. That ensures, the IL-1 potency and action should be regulated and controlled by these two IL-1 bioactivity endogenous regulators (IL-1RII and IL-1Ra) (Spulber and Schultzberg, 2010). 
IL-1 has a specific role in autoimmune reactions, inflammation and wound healing as a protective mechanism against infection (Dinarello, 2011a) through IL-1 and IL-1 enhance RNA expression of large numbers of genes in different cell lines (Turner et al., 2009) which leads to increase expression of adhesion molecules on EC to enable transmigration and proliferation of inflammatory cells at the site of infection or inflammation (O'Neill, 2000). The intracellular and extracellular signalling of IL-1 has both stimulatory or/and inhibitory mechanisms that strengthen or weaken the IL-1 response. Once the IL-1 binds to its receptor, it leads to phosphorylation that causes activation of kappa-B nuclear factor (Henmi et al., 2009) and finally results in protein kinase activation and IL-1 signalling activation. Also induces expression of other cytokines such as IL-6, IL-8 and cyclooxygenase (COX-2) which also contribute dramatically in immune and inflammatory mechanisms by the transcription mechanism (Weber et al., 2010). Nevertheless, autoimmune or excessive altered inflammatory response through IL-1 receptor associated kinase may have severe adverse effects in our body and could lead to several illnesses such as diabetes, cancer and cardiovascular diseases (Ringwood and Li, 2008).
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[bookmark: _Toc329388060][bookmark: _Toc329389747]Figure 1.9 Signalling pathway of interleukin-1
Releases of IL-1 from the activated macrophage and its stimulatory and inhibitory effects on inflammation. When IL-1 binds to IL-1R-ACP this leads to a positive stimulatory effect and activation. On the other hand, when IL-1Ra binds to IL-1R-ACP this causes an inhibitory effect and no activation. Reproduced from  (Dripps et al., 1991).



[bookmark: _Toc367703518]1.5.2 Evidence supporting a role for IL-1 in vascular disease, injury and repair 

IL-1 plays a critical role in atherosclerosis in which it has been associated with several steps in the development of atherosclerotic plaques and enhancing vascular inflammation and plaque instability related to myocardial ischemia and injury (Carter, 2005; McCarty and Frishman, 2014). IL-1 also plays a crucial role in regulating inflammation within the vascular wall through inflammatory migration, proliferation, apoptosis of SMC leading to thinning of the fibrous cap due to overexpression and activation of metalloproteinases enzymes resulting in destabilization of atherosclerotic plaques and rupture (de Nooijer et al., 2006; Ramji and Davies, 2015). Moreover, following VSMC injury they themselves can produce IL-1 and other cytokines (Schultz, et al., 2007).
IL-1 has several inflammatory effects upon VSMC and EC by the process called auto-induction of platelet derived growth factor (PDGF) by VSMC that can also drive neointima formation (Schultz et al., 2007). IL-1 expression has been shown in atherosclerotic lesions with IL-1 mRNA and IL1-α mRNA detected in intimal foam cells of the atherosclerotic plaque, while VSMC have expressed IL-1α mRNA only (Moyer et al., 1991). IL-1 has also been shown to play an important role in animal models of vascular injury and atherosclerosis. Work from Sheffield University utilising the high fat feeding of genetically modified Apolipoprotein E knockout mouse (Apo-E-/-) has shown that neointima formation which was induced by carotid artery ligation was significantly reduced in the mice deficient in IL-1 receptor signalling (IL-1R1-/-) compared to control mice (IL-1R1+/+) (Chamberlain et al., 2006b). Moreover, supplementation of ApoE-/- mice with IL-1 caused the development of neointima and premature thrombus formation (Chamberlain et al., 2006b).
Furthermore IL-1 also contributes in a plaque rupture and thrombus formation through an induction of monocyte chemo-attractant protein (MCP) and macrophage – colony stimulating factor (M-CSF) (Bujak and Frangogiannis, 2009; Libby et al., 1995). A recent study demonstrated the effect of IL-1 on the ischemic or dead cardiac muscle by promoting apoptosis or hypertrophy of the muscle that negatively affects cardiac function via the nitric oxide pathway (Ing et al., 1999; Kherbeck et al., 2011). Furthermore, others have demonstrated that genetic variations in the IL-1 genotype regions increase the risk of coronary artery disease through the oxidation of phospholipids carried on lipoprotein-a in the circulation resulting in coronary artery diameter narrowing and blockage, leading to adverse cardiac events (Tsimikas et al., 2014). 
[bookmark: _Toc367703519]1.5.3 Overview of IL-1Ra and signalling pathway

IL-1Ra is a broadly expressed acute phase protein that serves to dampen inflammation through the binding to both IL-1RI and IL-1RII and by competitively inhibition of IL-1α and IL-1 action.  Binding to IL-1RI prevents the triggered recruitment of IL-1R-AcP and/or activation of IL-1RI signalling. IL-1Ra blocks the proinflammatory actions of IL-1 including prostaglandin E2 and IL-6 release from EC. This results in production prevention of hepatic acute phase proteins, neutrophil expansion and other inflammatory cells infiltration, which is responsible for systemic inflammation, thrombocytosis and fever generation (Arend et al., 1998; Henmi et al., 2009).

When IL-1α (precursor or mature) or mature IL-1β firstly binds to the IL-1RI (ligand binding chain) followed by recruitment of the co-receptor chain termed IL-1R-AcP forming the receptor heterodimeric complex (IL-1RI, IL-1 and co-receptor). The signal transduction is started with recruitment of the adaptor protein called myeloid differentiation primary response gene 88 (MyD88) to the intracellular Toll-IL-1 receptor (TIR) domain. This leads to several IL-1R–associated protein kinases phosphorylation, NF-κB translocation and signal to the nucleus, and the expression of other inflammatory genes took place. However, when IL-1Ra binds to IL-1RI, there is no signal because of the failure to form a receptor heterodimeric complex with IL-1RAcP which is very crucial to initiate signal transduction (Dinarello, 2011b). Therefore there is no protein kinases phosphorylation, no NF-κB translocation and no signal to the nucleus results complete inhibition of inflammatory cells activation and recruitment. 
[bookmark: _Toc367703520]1.5.3.1 Types and functions of IL-1Ra

IL-1Ra is a naturally occurring specific receptor antagonist that has two forms, secreted (sIL-1Ra) which has a signal peptide (acute phase reactant) and intracellular form (icIL-1Ra) that lacks the signal peptide. Recombinant human IL-1Ra (hIL-1-Ra) has a molecular weight of 17 kDa and binds to IL-1 receptor and blocks IL-1 signalling (Huch et al., 1997). 100-fold excess of IL-1Ra to the amount of IL-1α or IL-1  is required (Arend et al., 1990) to block IL-1 signalling. Expression of sIL-1Ra is found in peripheral blood cells, lung, liver and spleen, while icIL-1Ra is found in skin, umbilical vein and human coronary artery SMC (Bresnihan et al., 1998). IL-1Ra has a definite role in the defense mechanism against endotoxin induced cellular injury and is therefore an important innate anti-inflammatory protein in several different diseases like collagen vascular disease, pulmonary and cardiac diseases (Arend et al., 1998). Up-regulation of IL-1Ra will inhibit the migration and proliferation of the VSMC and inflammatory cells through the stimulation of cytochrome p21 and p53 leading to reduced kinase enzyme expression. Furthermore, IL-1Ra can also lead to down regulation of matrix metalloproteinase in treated VSMC (decrease VSMC proliferation) that is responsible for multiple inflammatory processes and plaque disequilibrium (Kim et al., 2010). 
[bookmark: _Toc367703521]1.5.3.2 Therapeutic applications for IL-1Ra (Anakinra) in pre-clinical and clinical studies 

IL-1Ra is licensed for the treatment of rheumatoid arthritis, juvenile rheumatoid arthritis (Stills disease) (Kalliolias and Liossis, 2008). IL-1 has a significant role in progression of connective tissue disease like rheumatoid arthritis and there is a dramatic improvement of the disease, which is achieved by using recombinant IL-1Ra injection. However, to reach the therapeutic level a high dose of multiple consequent SC injections of IL-1Ra is required (Bresnihan et al., 1998; Lewthwaite et al., 1995). An animal in vivo study was confirmed that the affected diseased mice suffered from chronic granulomatous disease (mutated nicotinamide adenine dinucleotide phosphate complex (NADPH) of colitis had improved after IL-1Ra treatment through the reduction of neutrophil recruitment, blocking of IL-1-dependent mechanisms and autophagy restoration (de Luca et al., 2014).
There is a strong association between atherosclerosis and long-term inflammation and the formation of intimal fatty streaks, and highlighting anti-inflammatory treatments of IL-1Ra in patients with coronary artery disease (Klingenberg and Hansson, 2009). Many studies have confirmed the expression of IL-1 and IL-1Ra in diseased human coronary arteries (Dewberry et al., 2000; Satterthwaite et al., 2005).  Also there is a clinical trial was carried out by recruiting 186 Non-ST elevation MI patients in 3 UK centres to receive either IL1-Ra or placebo, which showed (IL-1) inhibition by naturally occurring IL-1Ra may inhibit the atherosclerotic process in Non-ST elevation patients. This study investigated the effects of IL-1Ra on acute coronary syndrome (ACS) and ischemic heart disease (IHD) patients (Crossman et al., 2008) and this approach could open a new interesting therapeutic application of IL-1Ra in ACS patients. Another randomized clinical trial study had carried out by injecting 100 mg of IL-1Ra subcutaneously once daily for 14 days in the morning into the abdomen or thigh by recruiting 182 patients with non-ST elevation ACS NSTE-ACS, presenting < 48 h from onset of chest pain. This resulted in reduction of CRP inflammatory markers by blocking the action of IL-1 which is a driving influence of inflammation in NSTE-ACS which has important role as a target in ACS (Morton et al., 2015).

Moreover, there is ongoing study about therapeutic benefits of IL-1 inhibitor (Canakinumab; human monoclonal antibody) through the significant decrease in C- reactive protein and other inflammatory biomarkers levels as compared with placebo. This protocol is called Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) (Ridker et al., 2011). Also Mendelian randomized study analysis of cardio-metabolic effects of genetic up-regulation of the IL-1Ra allele and inflammatory biomarkers on coronary heart disease, ischaemic stroke and type 2 diabetes mellitus. There was a genetic effects for each inherited IL-1Ra allele expressed in these participants on inflammation biomarkers (i.e decreased CRP, IL-1Ra and IL6) compared with people who carried no IL-1Ra-raising alleles. Also the increased serum concentrations of IL-1Ra associated directly with decreased serum concentration of IL6 and CRP. This resulted in significant increase of increased LDL-cholesterol concentrations and risk of coronary heart disease in people who carry partial or no IL-1Ra alleles compared to who carry all 4 IL1Ra allele (Interleukin 1 Genetics, 2015). 
[bookmark: _Toc367703522]1.5.3.3 limitations of IL-1Ra drug existing treatment

As mentioned earlier, CANTOS protocol needs repeated SC injections of Canakinumab for a period of 4 years, to achieve its maximum therapeutic effect (Ridker et al., 2011). Similarly, IL-1Ra it needs to be given as a daily SC injection because of its short t ½. This repeated daily SC injection of IL-1Ra has been associated with systemic and local toxic reactions that range from mild reactions like local pain, flushing, pruritus, erythema and swelling to severe life threatening autoimmune disorders like severe erythroderma or bullous skin reaction (Asnis and Gaspari, 1995). A recent study demonstrated the correlation between patients who receive daily SC injections of IL-1Ra and severe depression and these depressive symptoms have resolved after discontinuation of Anakinra treatment (Jonville-Bera et al., 2011). Stating the above mentioned complications emphasize the need to find another alternative method for IL-1Ra delivery such as gene delivery. Another study confirmed the positive therapeutic effects of IL-1Ra in the treatment of osteoarthritis (OA) by using adenovirus as vector of gene transfection in rabbits. The study demonstrated that the therapeutic levels of IL-1Ra can be achieved by repetitive gene transfection and multiple injections (Chen et al., 2010). Despite recent advances, concerns remain about the utility of viral vectors for clinical use. There is an alternative updated method of delivering IL-1Ra in vivo and in vitro through the gene delivery by different vectors that can lead to a maximum anti-inflammatory therapeutic effect (Bandara, Mueller et al., 1993). This was demonstrated in Intra-articular gene expression of IL-1 antagonist and/or soluble tumor necrosis factor-alpha (sTNF-α) (chondro-protective and anti-inflammatory effects) in osteoarthritic mouse ankle and rabbit knee joints by direct injections of adenoviral-mediated intra-articular gene delivery results in significant reductions of disease pathology in both the treated and contralateral untreated joints through local and distal effects of sTNF-α and IL-1 antagonist gene therapy in blocking pathologies within treated and untreated distant arthritic joints.  (Kim et al., 2002). 
[bookmark: _Toc367703523] 1.6 Animal disease model selection 

Ligation of a femoral artery in the mouse leads to progressive neointima formation in the segment of vessel immediately proximal to the occlusion.  This predictable and consistent response forms the basis of a widely used model of vascular injury in which potentially therapeutic interventions can be tested.  We have previously shown that delivery of recombinant h-IL-1Ra reduces neointima formation in this model as was demonstrated in a study of vascular ligation C57BL/6 males wild type mice that infused continuously with IL-1Ra subcutaneously at 25 mg/kg/day IL-1Ra for 4 weeks. IL-1Ra significantly reduced Neointima/Media ratio (N/M) compared with placebo (P < 0.05) (Chamberlain et al. 2006), and these amongst other data informed progress towards the above mentioned and ongoing investigation of IL-1Ra treatment in patients with ACS.  In the second phase of the investigation, we will compare the efficacy of optimised UEGD of IL-1Ra plasmid with continuous SC osmotic mini-pump delivery of recombinant hs-IL1Ra in this model. 
[bookmark: _Toc367703524]1.7 Hypothesis and objectives
[bookmark: _Toc367703525]1.7.1 Hypothesis

We hypothesized that multiple US exposures in the repeated local IM injections of IL-1Ra plasmid loaded with commercial MB, provide sufficient therapeutic levels of IL-1Ra to reduce or prevent neointima formation in a vascular injury diseased mouse model.
[bookmark: _Toc367703526]1.7.2 Objectives

 (1) Assess the biological function and identity of control (pGL3-Conrol and pEGFP-N1) and therapeutic (PVMV6-SIL1Ra) plasmids in vitro.

 (2) Optimization of US gene transfer for the best level of gene expression and   duration in vivo.

 (3) Apply the optimal UEGD condition of PVMV6-SIL1Ra in disease mouse model and assess the therapeutic effect of IL-1Ra on neointima formation.

 (4) Investigate any in vivo possible side effects may result from UEGD.  

















                            


     
               
                                                      Chapter 2

[bookmark: _Toc367703527]                              Materials and Methods
[bookmark: _Toc182465034]














This chapter describes general methods in this thesis in vitro and in vivo. Some specific methods used will be discussed within the relevant results chapters.
[bookmark: _Toc322637470][bookmark: _Toc367703528]2.1 Animals

All animals used in the experiments were obtained from a designated supplier and conducted under Home Office licenses (personal license PIL 50/3932, project license 70/7992 held by Professor Sheila Francis). All animal strains were male wild type C57BL/6 mice and their weight ranged from 25 gm to 30 gm and age from 12 - 18 weeks. All were fed standard balanced unmodified food (Chow) from South Yorkshire, Western bank hospital, United Kingdom. There was no genetic modification in any of the animals. 
[bookmark: _Toc322637471][bookmark: _Toc367703529]2.2 Ultrasound equipment and microbubbles contrast agents
[bookmark: _Toc322637472][bookmark: _Toc367703530]2.2.1 Ultrasound machine

US equipment (Figure 2.1) was purchased from Sonidel limited (SP100 sonoporation platform, Sonidel, California, USA). This low cost, flexible and highly sophisticated unit was designed and used for in vitro, in vivo and ex vivo drug delivery applications, DNA transfer and gene therapy. It has an Output frequency fixed precisely at 1 MHz for optimised and reproducible penetration of US waves through tissue culture or tissue based-targets. US power density/intensity options range between 0 – 5 W/cm2 with adjustment of 0.1 W/cm2. Duty cycles widely range from 5 - 100% in 5% increments and emitting at a pulse repetition frequency of 100 Hz. Also, there is an automated control treatment time duration (time of US exposure) that may be adjusted in sec for up to 90 sec and thereafter in min for a treatment time up to 60 min. The treatment head is water sealed and compatible with operational water immersion. It has a geometric surface area of 1.5 cm2 and diameter 1.38 cm. For the best US wave conduction, the treatment head should be immersed in the conductive specific US gel to facilitate the transmission of US waves between the head and the skin or tissue.
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[bookmark: _Toc329388061][bookmark: _Toc329389748]Figure 2.1 Ultrasound sonoporation equipment with its transducer (Sonidel).









[bookmark: _Toc322637473][bookmark: _Toc367703531]2.2.2 Commercial contrast agents MB

In this study I used two commercial MB specifically for in vivo US enhanced gene transfer experiments, which have either; neutral or positive charged surface (cationic) (SONIDEL ltd Ireland) (Table 2.1). Both of these MB are sterile liquid preparation of polyethylene glycol-stabilized (PEG), lipid-shelled stabilised phospholipid monolayer enclosing a perfluorobutane gas. PEGylation is routinely achieved by incubation of a reactive derivative of PEG with the target molecule. The covalent attachment bond of PEG to the DNA or therapeutic protein can mask the MB agent from the host's immunogenicity and antigenicity, which prolongs its circulatory bioavailability time by reducing renal clearance with minimal impact on tissue viability.  These MB can be stable up to 6 months at 4°C and are ready to use without requirement of a special device for mixing. For neutral MB, each vial has 2 ml containing 1 x 109 particles per ml at a diameter of 1.7 μm, and for cationic MB 2 ml vial containing 0.821 x 109 particles per ml with same diameter as neutral MB. For injection into mouse hind limb muscle we have mixed volumes of 50% DNA with 50% of MB immediately before US exposure (18 μl DNA at 1 mg/ml mixed with 18 μl of MB). They facilitate gene transfer optimisation by increased plasma membrane permeability through their oscillation and cavitation in the fluid/tissue interface in the presence of the acoustic field.
Table 2.1 Specifications of commercial MB
	Type of MB
	Composition
	Concentration
	Dimension

	 Neutral (SDM201) SONIDEL 
	PEG lipid-shelled + perfluorobutane gas
	     1 x 109  MB/ml 
	1.7 μm diameter

	Cationic (SDM202) SONIDEL 
	PEG lipid-shelled + perfluorobutane gas
	    0.821 x 109 MB/ml

	1.7 μm diameter 



[bookmark: _Toc322637474][bookmark: _Toc367703532]2.3 In vivo imaging system (IVIS)

[bookmark: _Toc346277121][bookmark: _Toc363929864][bookmark: _Toc367703533]IVIS is a Non-invasively advanced pre-clinical in vivo imaging technology (Figure 2.2) used in small animals (mice and rats) in vivo with fluorescence and luminescence light detection facility. IVIS platform can address the widest range of applications with the high and accurate level of sensitivity for bioluminescence and fluorescence. Essentially, it comprises a dark box, a tray to hold the animal, a light source and a camera. It can study protein (like luciferase) functionality at a particular moment in time and trace the light signals of the protein over multiple time points. 
The efficiency of pDNA-luciferase delivery was assessed in vivo by biolu- minescence imaging of luciferase activity using an IVIS Spectrum system. Mice were anesthetized with inhaled isoflurane, injected subcutaneously with 150 mg/kg of luciferin and placed in the IVIS system, followed by seven consecutive scans from the time of luciferin injection (2 min acquisition time/scan). Images were processed using the vendor's software (Living Image 4.2) and are depicted in radiance units (photons/sec/cm2/steradian or p/s/cm2/sr). Analysis was performed by drawing an ellipsoidal region of interest (ROI) over the targeted sonicated areas (hind limbs) and the highest total light flux value (photons/sec or p/s) detected from all seven scans was used in all calculations. 
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Figure 2.2 in vivo imaging system
This equipment was used for analysis of luminescence light signals in live    mice after 4 days from luciferase plasmid US transfection, which represented the gene expression level.

[bookmark: _Toc322467724][bookmark: _Toc322637475][bookmark: _Toc367703534]2.4 Antibiotics

All in vitro reagents and solutions were supplied from Sigma-Aldrich Company Ltd., Haverhill, UK.
To ensure that only strains that contained the right plasmid were found on plates or in the media, antibiotics were added whenever appropriate and the antibiotics concentrations were as follows (1) Ampicillin (Amp) 100 mg/ml in distilled water, filter sterilised and stored at -20°C (2) Kanamycin (Km) 50 mg/ml in distilled water, filter sterilised and stored at -20°C.


[bookmark: _Toc322467725][bookmark: _Toc322637476]


[bookmark: _Toc367703535]2.5 Luria-Bertani (LB) agar and media

LB medium is one of the most common growth media used to grow different strains of bacteria such as E. coli.
The plates of LB Agar were made by adding 15 g/L of agar to LB medium (5 g Yeast extract, 10 g Peptone/tryptone, 5 g NaCl of 100 mM and 1 litre of distilled water before autoclaving. LB agar was mixed and autoclaved then cooled down to about 37°C before appropriate antibiotics were added.  Agar was poured gently into plates to avoid bubbles and left until solidified, then plates were stored wrapped in cling film at 4°C.
[bookmark: _Toc322467726][bookmark: _Toc322637477][bookmark: _Toc367703536]2.6 Rat aortic SMC line culture

Sterile aseptic technique was used at all times for tissue culture. Aortic rat SMC were grown in incubators at 37°C with humidified air of oxygen concentration of (95%) and CO2 (5%). The cells were grown in complete growth media (CGM), which contained Dulbecco’s minimal essential medium (DMEM) supplemented with antibiotics (100 mg/ml of penicillin and 50 mg/ml of streptomycin), 2 mM L-Glutamine, non-essential amino acids and 15% (v/v) fetal calf serum, after that they were placed in gelatin coated (0.2% w/v) tissue culture flasks. The aortic rat SMC, were stored in a freezer at -80°C and they were utilised for experiments at passage 10 of culture. The cells become confluent after about three to five days which depended on the cell seeding density. The cells were washed twice with phosphate-buffered saline (PBS) in order to remove serum in the CGM, and incubated with 0.1% (v/v) of 1 ml 0.25% trypsin and 0.02% (v/v) ethylenediaminetetraacetic acid (EDTA) from the stock for around 5 min at 37°C to detach the cells and separate them from each other. The suspension containing the cells, was placed in a universal container and 9 ml of CGM was added (to stop the action of trypsin which if left for a longer period will lyse the cells). They were slowly mixed and 1 ml of the mixture was aspirated and placed in a 250 ml tissue culture flask and 9 ml of CGM was added (1 in 10 cell dilution factor) and left in the incubator for 3 - 5 days for the next splitting.

[bookmark: _Toc322467727][bookmark: _Toc367703537][bookmark: _Toc322637478]2.7 Regrowing transformed bacteria from glycerol stocks

The plasmids used throughout this study using three promoters (2 cytomegalovirus (CMV) and one Simian virus (SV40) encoding two different reporter genes, firefly Luciferase (Luc) and Green Fluorescent Protein (GFP) and one therapeutic secretory form gene (SIL-1Ra). The details of promoters and source of the plasmids are shown in Table 2.2. Details of the construction for three plasmids maps are described in the Appendix section of this thesis.

[bookmark: _Toc329387773][bookmark: _Toc329388079][bookmark: _Toc329388569]Table 2.2 Details of plasmids used

	        Plasmid
	   Promoter
	      Gene
	        Source

	 pGL3-control
	    SV40
	     Luciferase
	 Promega UK Ltd, Southampton, UK

	 pEGFP-N1
	CMV/SV40                     Enhancer
	      GFP
	Clontech laboratories Inc, Palo Alto, CA, USA

	 pCMV6-SIL1Ra
	    CMV
	      SIL-1Ra
	 OriGene gene synthesis, SE, USA




These plasmids; (1) pGL3-Ctrl (luciferase) Amp-resistance (2) pEGFP-N1 Km-resistance (3) pCMV6-SIL1Ra Km-resistance were transformed into Top10 strain of E.Coli, and stored as glycerol stocks in -80°C freezer because these DNA are not known to occur naturally and are prepared and synthesised chemically by the cloning. For large scale preparation of these plasmids, 10-20 μl glycerol stocks of bacteria were plated on to LB plates that contain 100 mg/ml for AMP or 50 mg/ml for KM (final concentration) for selection purposes of the plasmid expressed antibiotic resistance of those bacteria and left the plated bacteria to grow overnight. Once the bacterial colonies were visible on the agar, a single clean colony was picked and inoculated into 10 ml of LB medium for one litre of water which contained 100 mg/ml of AMP and incubated overnight at 37°C, and agitated at 250 rpm (revolution per min) in a small environment orbital shaker with adequate space for enough aeration. After overnight incubation the mixture were transferred to a 500 ml flask containing 200 ml LB medium and antibiotic, then incubated and agitated at 250 rpm once again overnight at 37°C. After 8 to 10 h of incubation, the bacterial culture was spun down at 5000 rpm for 10 min at 4°C, supernatant was removed leaving the bacteria as pellet. 
[bookmark: _Toc282762526][bookmark: _Toc322467728][bookmark: _Toc322637479][bookmark: _Toc367703538]2.8 Large scale preparation and purification of plasmid DNA

The main aim was to grow and isolate plasmids in bulk from glycerol stocks. 
Gene Elute HP Plasmid Maxiprep kit (Sigma-Aldrich Company Ltd., Haverhill, UK) was used in this method. All reagents were prepared at room temperature (RT) apart from the neutralisation solution (3 mM potassium acetate, pH 5.5) stored at 4°C. Glycerol stocks of transformed Top10 E. coli were used. All reagents were dissolved then 750 μl RNase solution (enzyme used to destroy RNA remnants) was added to resuspension buffer p1 (50 mM Tris-Cl, pH 8.0, 10 mM Na EDTA) and vortexed to ensure complete resuspension, the rest was stored at 4°C. Wash solution 2 was diluted with 120 ml of 97% ethanol before first use.
[bookmark: _Toc182465040][bookmark: _Toc282762531][bookmark: _Toc322467729]12 ml Resuspension solution (+RNase) was added to bacterial pellet and suspended by pipetting and vortexing, then bacteria were lysed by adding 12 ml Lysis solution P2 (200 mM NaOH, 1% (w/v) and mixed thoroughly by instantly inverting gently 6 - 8 times. The mixture was left until it became clear and viscous but not more than 5 min. Syringes were placed without plunger upright in rack and 12 ml of cooled neutralisation solution buffer P3 (3 mM potassium acetate, pH 5.5) was added to the mixture for precipitation and gently inverted 4 to 6 times until there was a white aggregate. 9 ml binding solution was added, inverted and poured into 60 ml filter syringe, left to settle for 5 min. Binding columns were placed onto vacuum manifold and the vacuum was applied. 12 ml column preparation solution was added to column and passed through then lysate was pushed gently through the syringe filter into column (using plunger). These series of steps remove cell debris of bacteria. 12 ml wash solution 1 was added to column and passed through. 12 ml wash solution 2 (+ ethanol) was added to column and passed through. Column and vacuum were left on for 10 min, or until completely dried.  Finally 3 ml Elution solution was added and spun column at 3000 rpm (for maximum recovery of plasmid centrifuge the column at 3000 rpm speed for 5 min and for maximum concentration of plasmid centrifuge the tube at 1000 rpm speed. The DNA precipitation was carried out by adding 24.5 ml of 70% (v/v) isopropanol (because DNA is insoluble in isopropanol) and then centrifuged at 10,000 rpm for 30 min at 4°C. The supernatant was removed carefully without disturbing the precipitated DNA pallet. Then, the DNA pallet was washed with 8 ml of 70% ethanol and centrifuged at 10,000 rpm for 10 min. Again, the supernatant was removed carefully and DNA pellet left to dry in the air for 30 min. 1 ml of free nuclease resuspension water was added. Plasmid DNA presented in the elute was analysed by spectrophotometer to measure its concentration and stored in microfuge tubes at 0.2 μg/ml and was ready for use, short, term storage at 2 - 8°C, and long-term storage at -20°C.

[bookmark: _Toc322637480][bookmark: _Toc367703539]2.9 Restriction digest

The restriction digest mixture made for each DNA (2 μl restriction buffer D for all plasmids 1 μl restriction enzymes (HinD III, Xba l and Not I) were added accordingly for each tube and 2 μl Plasmid DNA) incubated for 2 h at 37°C, add 5 μl loading buffer (Buffer D) and 10 μl water (total volume 20 μl) then 5 μl of the resulting digestion mix was then analysed by electrophoresis in 1% (w/v) agarose gel alongside a sample of the original undigested plasmid (supercoiled).
[bookmark: _Toc182465042][bookmark: _Toc282762533][bookmark: _Toc322467730][bookmark: _Toc322637481][bookmark: _Toc367703540]2.9.1 Agarose gel electrophoresis

Gel electrophoresis was used qualitatively to check DNA preparation and quantitatively to determine relative insert size and vector concentrations in cloning reactions. It was used also to separate and purify specific DNA segments in cloning. Agarose gel was prepared in TAE buffer (Tris base,121 g,  Glacial acetic acid, 28.6 ml; 0.5 M EDTA (pH 8.0), 50 ml) and heated to boiling point for 2 min in a microwave oven. The molten agarose was cooled down, 1 μl of ethidium bromide (10 mg/ml) was added for every 25 ml of the gel solution and poured into a gel casting tray of a minigel tank, relevant combs inserted and the agarose left to set. The gel was then placed in a gel tank and submerged in TAE buffer. 2 μl of DNA sample which contained 0.1 volume of 10x restriction buffer as added to 10 μl loading solution (0.25% v/v Bromophenol blue, 0.25% v/v xylene cyanole, 30% w/v glycerol) and loaded into each well. A marker lane was always included that contained Q-step 4 quantitative DNA ladder marker (Yorkshire Bio, U.K). Electrophoresis was carried out at 80 V for at least 60 min, then the gel was transferred to tray and was shaken for 10 min. Lastly, the gel was viewed under UV trans-illuminator and photographed.
[bookmark: _Toc185428501][bookmark: _Toc282762535][bookmark: _Toc322467731][bookmark: _Toc322637482][bookmark: _Toc367703541]2.10 Transfection
[bookmark: _Toc182465045][bookmark: _Toc185428502][bookmark: _Toc282762536][bookmark: _Toc322467732][bookmark: _Toc367703542][bookmark: _Toc322637483]2.10.1  In vitro transfection of VSMC with different plasmids

VSMC were seeded in 24 well gelatin-coated plates at approximately 20,000 to 25,000 cells per well in 500 μl of growth medium. Antibiotics were not used in any wells for the following experiment. The following day, transfection was performed using one of three different plasmids (pEGFP-N1, pGL3-Ctrl and pCMV6-SIL1Ra) with the cells at 80-90% confluence. 
pEGFP-N1: green fluorescent protein plasmid
pGL3-Ctrl: luciferase protein plasmid
pCMV6-SIL1Ra : secretory interleukin-1 receptor antagonist plasmid 
[bookmark: _Toc182465046][bookmark: _Toc185428503][bookmark: _Toc282762537][bookmark: _Toc322467733][bookmark: _Toc322637484][bookmark: _Toc367703543]2.10.1.1 Lipofectamine transfection protocol and its mechanism

The main aim of this in vitro chemical transfection using either reporter or therapeutic plasmids was to test, determine and confirm the in vitro biological functions and activities of these plasmids by doing in vitro gene expression before consideration or move forward towards in vivo transfection or gene expression. Luciferase is considered as reporter light producing plasmid, light emitted from the successfully transfected SMC with the plasmid was detected by light sensitive apparatus called Dual-Glo luciferase assay system, in the availability of its specific substrate called Dual-Glo luciferase reagent (Promega, UK Ltd, Southampton). The reagent was added to the well plate containing duplicated cells in culture media and left for 10 min. Transfection chemical reagent was available in a liquid form at a concentration 1 mg/ml and stored at +4°C.  Lipofectamine-DNA complex has high transfection efficiency into eukaryotic cells once added directly in culture media, furthermore there is no need to change the media or remove the complex after 4 h however, complex and media can be removed after 4 - 6 h without any change in the transfection efficiency. For optimum in vitro transfection efficiency, the optimisation should be at DNA (μg): lipofectamine (μl) ratio 1:2, 90% to 95% of cells needed to be confluent, no antibiotics in the media during transfection (cause cell death), Use serum free media like (DMEM) to dilute lipofectamine and 0.8 μg of DNA per well. As the main aim of this project was to optimise in vivo US gene delivery, we decided to utilise one set of in vitro optimization conditions throughout all experiments.
[bookmark: _Toc322637485][bookmark: _Toc367703544]2.10.1.2 Method for lipofectamine transfection in vitro

The luciferase reporter assay is very common used tool to study gene expression at the transcriptional level. It is also widely used because it is relatively inexpensive, convenient and gives quantitative measurements instantaneously.

For the pGL3-Ctrl expressed protein, firefly luciferase result in the following reaction. 
	Luciferase
AMP + ppi + oxyluciferine + CO2 + Light

ATP + Luciferin + O2              

The light emitted represents the level of luciferase plasmid expressed in the SMC.

DNA was diluted and mixed gently in 50 μl of DMEM media per well. The mixture was left for 5 min at RT. Transfection agent was mixed gently before use, and then 2 μl diluted in 50 μl DMEM medium. Then, the diluted lipofectamine was added to the diluted DNA (total volume 102 μl) and incubated for 20 min at room temperature to allow DNA-lipofectamine complex to be formed (this complex can be stable for a maximum of 6 h). While waiting, the growing media DMEM of cultured SMC was replaced with new growing media (500 μl/well). After 20 min incubation, a 100 μl of DNA-lipofectamine complex was added to every well containing media and cells. The plate was rocked from side to side gently to ensure appropriate mixing of the solutions. Then, the plate was incubated at humidified 37°C in a 5% CO2 incubator for 24 - 48 h (because cells are well grown and maintained viable at certain specific temperature and gas mixture typically, 37
 °C, 5% CO2 for mammalian cells. After this period of time the SMC were ready to assay transgene expression using plate reader (company name and model), which detects light units emitted from successfully transfected SMC with pGL3-Ctrl. Fluorescent microscope detects green light of successfully transfected cells with pEGFP-N1. ELISA to detect SIL-1Ra protein released from transfected SMC with pCMV6-SIL1Ra. Every plasmid was tested in 8 separate experiments in triplicate wells (N = 8). Two reporter plasmids, pGL3-Ctrl, pEGFP-N1 and one therapeutic plasmid pCMV6-SIL1Ra were tested.
[bookmark: _Toc322637486][bookmark: _Toc367703545]2.10.1.3 General ELISA protocol for IL-1Ra analysis

All reagents are from Sigma-Aldrich Company Ltd., Haverhill, UK. (Table 2.3)

[bookmark: _Toc329387774][bookmark: _Toc329388080][bookmark: _Toc329388570]Table 2.3 Contents of solutions for IL-1Ra ELISA analysis

	      Name of solution
	                   Ingredients

	PBS
	137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.2, 0.2 μm filtered

	Capture antibody
	1800 μg/ml of mouse anti-human IL-1Ra

	Wash buffer
	0.05% (v/v) Tween-20 in PBS, pH 7.2 - 7.4

	Reagent diluent
	1% Bovine serum albumin (BSA) in PBS, pH 7.2 – 7.4, 0.2 μm filtered

	Detection antibody
	18 μg/ml of goat anti-human IL-1Ra in 1 ml of reagent diluent

	Substrate solution
	1:1 mixture of color reagent A (H2O2) and color reagent B (Tetramethylbenzidine)




A 96-well plate was coated with a diluted capture antibody in 1 ml PBS and was filled with 100 μl/well then the plate is sealed and incubated overnight at RT. The following day each well was aspirated and washed with wash buffer twice with 400 μl/well. The fluid was completely removed for every wash by blotting the plate against a clean paper towel. The well plate was blocked and incubated at RT for 1 h after adding 300 μl of reagent diluent to each well. The standard was prepared at 140 ng/ml of recombinant human IL-1Ra in 0.5 ml of reagent diluent, a seven points standard curve using 2 fold serial dilutions in reagent diluent, and a high standard of 2500 pg/ml is recommended. The well plate was then washed twice after 1 h. 100 μl of standard or samples were added for each well after an appropriate dilution, then the plate was sealed with an adhesive strip and incubated for 2 h at RT followed by aspiration and washing the plate twice as before. 100 μl of detection antibody was added to each well that was already diluted in reagent diluent, as mentioned above, then the plate was covered with a new adhesive strip and left at RT for 2 h; then the washing was carried out twice as before. 100 μl of diluted Streptavidin-HRP (1.0 ml of streptavidin conjugated to horse radish peroxidase, dilute to the working concentration required using reagent diluent) (worked dilution) was added to each well, followed by covering the plates with an adhesive strip and incubated at RT (in the dark) for 20 min then an appropriate washing was repeated twice. 100 μl of Substrate solution was added to each well and incubated for another 20 min in the dark. A 50 μl of stop solution (2 NH2SO4) was added to each well and the plate gently tapped from side to side to ensure thorough mixing. Finally, the optical density was determined for each well immediately using a micro-plate reader or photometer adjusted to 450 nm wavelength. This specific wavelength selected by an optical filter is appropriate to detect the amount of transmitted lights by light detector located on the other side of the plate reader, which typically related to the concentration of the IL-1Ra.
[bookmark: _Toc367703546][bookmark: _Toc322637489]2.10.1.4 Specific ELISA protocol for mouse serum creatine kinase analysis (CKmm) 

[bookmark: _Toc322637490]All solutions and reagents bought from WUHAN EIAAB SCIENCE CO., LTD CHINA.
In this experiment we were testing the level of CKmm protein in mouse serum, which is an indicator of skeletal muscle tissue injury or damage post UEGD. This test used to recognize minimum raise of mouse natural CKmm of less than typically 1.56 units/liter (U/L) at detection range 6.25-400 U/L.
[bookmark: _Toc322637491][bookmark: _Toc367703547]2.10.1.5 Method for CKmm ELISA

All buffers, reagents, standard, detection reagents, diluents, substrates and stop solutions included with the kit have not mentioned their chemical constitutes in the kit protocol.
[bookmark: _Toc182465049][bookmark: _Toc185428506][bookmark: _Toc282762539]The wash buffer was prepared by adding 30 ml of concentrated wash buffer to distilled water to prepare 750 ml of wash buffer. The standard was reconstituted with 1.0 ml of sample diluent produces a stock solution of 400 U/L which served as high or undiluted standard and the sample diluent served as zero standard (0 U/L). Detection reagents A and B were diluted to the working concentration (1:100) using assay diluent A and B, respectively. The standard was left to sit for 15 min with gentle agitation prior to making serial dilutions. The serial dilution for the standard curve was performed by adding 500 μl of stock standard to the prefilled tubes with 500 μl sample diluent in serial manner. Samples were diluted 1:1, 1:2, 1:10 and 1:20 with sample diluent. All reagents were mixed gently thoroughly before pipetting. 100 μl of standard and/or samples were added to each well and covered with a plate sealer for two hours incubation at 37°C. Then the liquid was removed from each well without washing and 100 μl of detection reagent A working solution was added to each well. The plate was covered with the plate sealer and incubated for one hour at 37°C. Each well was aspirated and washed three times with washing buffer (0.05% (v/v) Tween-20 in PBS, pH 7.2 - 7.4) diluted 25 times concentrate (each well approximately 400 μl) using a multi-channel pipette or squirt bottle. The fluid was removed completely and the plate was inverted and blotted against clean and dry tissue paper after each wash. 100 μl of detection reagent B working solution was added to each well and the plate was covered with new plate sealer, then incubated for 1 h at 37°C. The plate was washed 5 times in the same manner as before. 90 μl of substrate solution was added to each well and the plate was covered with new a plate seal and incubated for 15 - 30 min at 37°C away from the light. A 50 μl of stop solution was added to each well and the plate tapped gently to ensure thorough mixing for the uniformity of the color. Lastly, the optical density of each well was determined by micro plate reader and set to 450 nm.
[bookmark: _Toc322637492][bookmark: _Toc367703548]2.10.2 Optimisation of in vivo ultrasound transfection 
[bookmark: _Toc322467734]
The main purpose was to enhance in vivo US gene expression levels through frequent optimising transfections of previously in vitro tested control and therapeutic plasmids.
[bookmark: _Toc322637494][bookmark: _Toc367703549]2.10.2.1 Preparation of luciferin substrate for in vivo bioluminescence assays
   
Luciferin substrate powder was obtained from Caliper life sciences, Wellfield UK (D-luciferin, Firefly, potassium salt, 1.0 g/vial).
A fresh stock solution of luciferin was prepared and filled in a syringe at 15 mg/ml in Dulbecco's Phosphate-Buffered Saline (DPBS w/v). The solution was vortexed and filtered through a 0.2 μm filter into Eppendorf tubes. Each mouse was injected with luciferin at 10 μl/g of body weight. In other words, every mouse should receive 150 mg/kg luciferin body weight (for example for 10 gm mouse, inject 100 μl to deliver 1.5 mg of luciferin). Luciferin was injected subcutaneously and left for 10 - 15 min before imaging by IVIS. 
[bookmark: _Toc367703550][bookmark: _Toc322637495]2.10.2.2 Ultrasound transfection protocol

18 C57/BL6 male mice strain (wild type) at age 12 - 18 weeks (25 – 30 gm body weight) were prepared by sedating them one by one using isoflurane anaesthetic agent in the induction chamber at 4% isoflurane, 95% oxygen and flow at 1 L/min for 1 - 2 min. The mice were then transferred to the procedure area and kept pain free by connecting a regular flow of oxygen and isoflurane (1 - 3% of isoflurane in 100% O2, flow at 1 L/min) to their mouths and noses. The hind limbs of the mice were shaved using a fur trimmer. The site of injection was marked with a highlighter pen (to guide position of the US transducer). The US transducer was applied directly after IM injection of luciferase plasmid using an insulin syringe, at 0.979 μg/μl concentration, and MB (neutral or cationic MB solution at 1.7 x 109 particles/ml concentration or 0.821 x 109 particles/ml and 1.7 μm diameter (50% of plasmid volume injected, Sonidel ltd, UK). The site and depth of IM injections were similar for all mice. The level of gene expression (luciferase) was analysed in the form of luminescence light signal detected by IVIS camera 3 - 4 days after US transfection. On the third day the 3 mice were anaesthetised and injected with SC luciferin substrate at the same time (within 30 sec) and placed directly into the IVIS machine. The luminescence signals were analysed before SC injections of luciferin and after the injections with different time duration. The hind limbs that have received US beams have similar conditions of US (at intensity 1.9 W/cm2, duty cycle 25% and 1 MHz frequency) and different time of exposure ranging from 3 - 6 min. Day zero was always considered as the first day of US transfection. 6 different UEGD parameters have been analysed (one condition per hind limb) as below (Figure 2.3).
[bookmark: _Toc322467735][bookmark: _Toc282762540][bookmark: _Toc182465050][image: ]                                     In vivo US transfection

[bookmark: _Toc322467736]
[bookmark: _Toc322637496][bookmark: _Toc329345031] Figure 2.3  Steps for in vivo ultrasound transfection 
[image: ]
[bookmark: _Toc322467738][bookmark: _Toc322637498][bookmark: _Toc332876285][bookmark: _Toc367703551]2.10.2.3 In vitro Luciferase DNA assay for in vivo UEGD of skeletal muscle tissue 

All materials and methods are similar to section 2.10.2 except the data were analysed after 4 days from the day of procedure using Promega kit (Promega, UK Ltd, Southampton) for in vitro DNA luciferase assay of in vivo skeletal muscle UEGD (Sacrifice procedure).
The target skeletal muscle tissues of mice hind limbs were dissected and kept in a liquid nitrogen container until transferred to -80°C freezer. The tissues were well ground (like a powder) in small cold mortars by using small pestles for 30 sec in the presence of liquid nitrogen. The ground skeletal muscle tissue were collected in small tubes and returned back to the liquid nitrogen container. 500 μl of luciferase extraction buffer was added to each sample for dilution. The mixtures were briefly mixed very well by vortex and by pipetting 2 - 3 times. The samples were then centrifuged for 1 min at 15000 G speed and 4°C temperature. 20 μl of duplicate supernatants were added to the 96 reading well plate. 100 μl of luciferase assay reagent was dispensed to each well containing lysate solution. The plate was immediately placed into the plate reader machine for luciferase luminescence assay. The Illuminometer has been programed at 2 sec measurement delay followed by 10 sec measurement read for luciferase activity. The total reading time may be shortened to less than 5 min if sufficient light is produced.

[bookmark: _Toc346277141][bookmark: _Toc367703552][bookmark: _Toc322637504] 2.11 Mouse model of neointima formation 
[bookmark: _Toc322637506][bookmark: _Toc367703553] 2.11.1 Arterial ligation

All surgical tools were bought from Fine Science Tools, UK Ltd, Cambridge.
The whole surgical procedure has been done under general anaesthesia (GA) and sterile conditions in a surgical theater.  The mouse was anaesthetised by isoflurane inhalation GA (1 - 3% of isoflurane in 100% O2, flow at 1 L/min). The animal was positioned under a dissecting microscope with ring light attachment in supine position on heat mat. SC dose of analgesia (vetergesic, 5 mg/ml) (0.05 ml stock + 0.9% NaCL normal saline (NS) was given at 0.1 ml of the diluted stock to each mouse. The right side hind limb was cleaned with hydrex and alcohol and shaved above the level of the knee joint up to the groin area with surgical blades or a razor. A small incision in the skin (0.5 cm) was made by a small pair of sharp scissors just above the knee joint toward the mid-thigh and hip joint (attention has been made to avoid injury of the underlying structures by lifting the skin up with forceps before cutting). During surgery, the mouse’s femoral artery of the right hind limb was exposed and isolated from the neurovascular (vein and nerve) bundle using blunt ended forceps and doing longitudinal blunt dissection along the course of the artery (to avoid hind limb paralysis). The exposed hind limb was hydrated every 5 min with NS. After the artery was completely separated from the nerve, the blunted curved ended forceps were passed underneath the femoral artery with silk 6-0 suture (non-absorbable) below the artery and was pulled from the other side by the other forceps. Two surgical knots were made at the proximal end of the femoral artery near to the external iliac artery (dependent on the mouse anatomy) and the surgical wire was cut by a pair of vannes scissors. The wound was stitched with 2 - 3 knots using 5-0 suture. The animal was moved carefully to the recovery incubator at 37°C and monitored until awake. The mouse hind limb was checked for pain, pedal reflex and paralysis. 
[bookmark: _Toc322637507][bookmark: _Toc367703554]2.11.2 Organ tissue collection and arterial dissection

The animal was weighed before starting the procedure and a 100 μl Pentabarbitol was injected intraperitoneally using 0.5 ml or 1 ml insulin syringes. The mouse was closely watched in the incubator for 2 - 3 min until the animal had an abnormal ataxic movement and started losing consciousness (complete loss of pedal reflex). Then, the mouse was placed and fixed well in a supine position by tape. The skin of the chest was held by the blunt forceps, and an incision was made using sharp scissors (care was taken for underlying structures). The skin was dissected with the scissor for a better surgical wound window. The chest cage was opened by the surgical scissor through holding it up with the forceps to avoid bleeding from the underlying vital organs, heart, liver, spleen till the heart is clear. 1 ml insulin syringe was inserted into the heart and the blood was taken and collected in small Ependorff tubes. 1 ml of NS was injected slowly into the left ventricle, followed by an injection of 1 ml of 10% (v/v) formalin. A careful longitudinal surgical wound (to avoid arterial injury) was opened in the groin area at the site of the ligated femoral artery. Blunt dissection was done proximal, distal and underneath the knot. The artery was cut with the small sharp scissors exactly at the knot and about 0.5 cm proximally. The dissected artery was placed in 10% formalin over night for fixation. After 24 h formalin fixed tissue was washed with and stored in 1x PBS.
[bookmark: _Toc322637508][bookmark: _Toc367703555]2.11.3 Hind limb skeletal muscle tissue dissection

All the surgical instruments were similar to that used in femoral artery dissection protocol (2.11.1 and 2.11.2).
The animals were prepared as mentioned above. All four limbs were fixed well by adhesive tab. The skin of the thigh was held and lifted above by blunted forceps and a small incision was made using a small sharped scissor on the site of plasmid loaded bubbles injection and US exposure. Wide dissection and splitting of the skin was done by a blunt scissor until a complete separation of the skin from the muscle and fascia. A longitudinal wound was made using the sharp scissors for the complete exposure of the skeletal muscle. Complete separation of the muscle from the bone was performed using the small sharp scissors.  The dissected muscle tissue was placed in 10% formalin for 24 h. After 24 h formalin fixed tissue was washed with and stored in 1x PBS.
[bookmark: _Toc322637510][bookmark: _Toc367703556]2.12 ALZET osmotic pump protocol

For the continuous delivery of the test agents that has short t 1/2 (the time required for the drug concentration to fall to half of its initial amount) (drugs or placebo) in rats, mice or laboratory animals at controlled fixed rates. These osmotic pumps were bought from Charles River UK Ltd. Kent.




[bookmark: _Toc322637512][bookmark: _Toc367703557]2.12.1 ALZET pump preparation

ALZET osmotic pump 200 μl at the rate 0.25 μl/h with dimensions 3 cm length, 0.7 cm diameter, 1.1 gm weight and 1 ml total displacement volume. Thus a 200 μl pump can give 33 days worth of therapy.
The empty ALZET pumps were weighed together with its flow moderator. The sterile pumps were filled with a little extra volume (to avoid air bubble formation) of either normal saline or Anakinra (Human recombinant IL-1Ra stored at 4°C in a glass bottle at 100 mg/ml) using a syringe and blunt-tipped filling tube. The flow moderator was removed when the pump was in an upright position to insert the filling tube through the opening at the top of the pump until it can go no further (this places the tip of the tube near the bottom of the pump reservoir). The plunger of the syringe was slowly pushed down (until back pressure was detected) while the pump was held in an upright position. The filling was continued until the solution appeared at the outlet of the pump and the filling tube was removed carefully. The excess solution was wiped off using sterile cotton then the flow moderator was fully inserted until the cap or flange was flushed with the top of the pump (overflow fluid volume was wiped off). The filled pump with the flow moderator in place was weighed and the difference between the filled and empty pump was the net weight of the solution loaded. The weight in milligrams (mg) was approximately the same as the volume in μl. The prefilled ALZET pumps were primed by putting them in 37ºC sterile 0.9% NaCL saline for at least 4 - 6 h (preferably overnight) before implantation into the animals. 
[bookmark: _Toc322637513][bookmark: _Toc367703558]2.12.2 ALZET pump insertion

The mice were anaesthetised as mentioned previously. The dorsal aspect of the neck was cleaned with Hydrex and shaved with new sterile razor blades. A does of SC analgesia (Vetergesic, 5 mg/ml) was injected prior to a small incision being made on the dorsal side of the neck. A small incision on the dorsal side of the neck was made by small sharp scissors on the opposite side to the Vetergesic injection. A dorsal SC pocket was (two cm length and one cm width) made using blunt dissection scissors. An ALZET pump containing 25 mg/kg/day IL-1Ra or placebo was placed into this pocket (pump top down toward the tail). The surgical neck wound was sutured with 5-0 silk suture, and the mouse was allowed to recover in the incubator lying on its side. Infusion of drug or placebo was continuous for the duration of the study (4 weeks).
[bookmark: _Toc322637514][bookmark: _Toc367703559]2.13 Dehydration and histology of the ligated femoral artery and skeletal muscle tissue
[bookmark: _Toc322637515][bookmark: _Toc367703560]2.13.1 Tissue dehydration and embedding

Each piece of tissue was sandwiched between two sheets of filter paper (not needed for large tissue), and then placed inside a yellow plastic cassette. The samples were labeled in pencil (resistant to deletion by ethanol). All the cassettes were placed in a beaker and covered with cling film with increasing concentration of alcohol gradually starting with 1 h 50% (v/v) ethanol emersion, followed by 70% (v/v) ethanol overnight, then 90% (v/v) ethanol for 1 h, after that 100% ethanol one for 1 h, then 100% ethanol two (new alcohol) for 1h, followed by 50:50 (v/v) ethanol/xylene over 1h, then xylene 1 for 1h, then xylene 2 for 1 h, then pots were placed in a molten wax (60°C) for 1h and finally moulds were filled with molten wax and  encasing the appropriate  histology tissue. More wax was added and lids/holders were placed on and left to solidify overnight. For the skeletal muscle tissue, just one embedding was needed; however double embedding was required for the femoral artery sections (longitudinal and transverse). For arterial sections, the stitched artery was placed in the corner of the cassette in a straight position and was marked by a piece of paper for identification. The wax mould was left overnight and cut as small square along the length of the artery and then was embedded again with the arterial lumen faced up as cross sections. 
[bookmark: _Toc322637516][bookmark: _Toc367703561]2.13.2 Tissue sectioning

The mice were killed four weeks after surgery by an over dose of IP pentobarbital and blood was taken three times during the duration of the experiment for analysis of CKmm and IL-1Ra levels. The vasculature was then flushed with PBS and perfusion-fixed by ventricular injection of formalin before the ligated vessel, then the operated femoral artery was harvested, processed, and embedded overnight into paraffin wax.
The microtome was cleaned and brushed off the wax by using a small amount of xylene. A new blade was inserted in the microtome and the position of the blade guard was left up until a clear sign was displayed indicating that the blade was still inserted. The solidified wax with tissue in was placed in ice before start cutting. Microtome was adjusted at 5 microns. Cutting was started until the appearance of the black stitch knot and arterial lumen became obvious. Eight transverse sections were collected on slides (two on each slide) and were marked as litter A (group A). Then second, third and fourth groups were collected similarly to group A and have marked as group B, C and D consequently. 

The data were analysed following the approach of sampling and analysing sections at a constant distance from the arterial ligature (500 μm), also 100 microns space were cut and left between each group (5 μm-thick sections were taken along the entire length of each artery at constant intervals of 100 μm). Cutting was similar for skeletal muscle tissue. The vascular sections were histologically stained with Alcian blue/elastic van Gieson for elastic tissue and was designed to differentiate between muscular and connective tissue. All layers of the arterial wall (the neointima, media, lumen, and total vessel area) determined by image analysis (Lucia G, Nikon, UK). Neointima, media, and total vessel area were all measured directly. Lumen area was calculated from perimeter measurements to correct for fixation and sectioning errors (tissue shrinkage and cutting).
[bookmark: _Toc367703562] 2.13.3 Histological staining
[bookmark: _Toc322637518][bookmark: _Toc367703563]2.13.3.1 Haematoxylin and Eosin stain (H&E) for skeletal muscle tissue

Slides were rehydrated initially by immersing them in 100% xylene over 10 min, then were put in 100% xylene for 10 min, followed by 2 min of 100% ethanol, after that 2 min of 90% (v/v) ethanol and 2 min of 70% (v/v) ethanol respectively and finally they were washed by running distilled water over 2 min, then stained with haematoxylin 1 or 2 min and rinsed with distilled water.  The slides were stained with eosin for 30 sec and then rinsed with water. Quick dehydration was performed in 70%, 90% and 100% (v/v) gradually increased ethanol concentration, followed by immersion in xylene (30 sec each). Because eosin is partially soluble in alcohol therefore leaving slides for more than one min in each alcohol concentration will degrade the stain. 
[bookmark: _Toc322637519][bookmark: _Toc367703564]2.13.3.2 Miller’s Elastin/Van Gieson staining for the femoral artery sections

Slides were rehydrated as mentioned above (section 2.13.1), then oxidised with potassium permanganate (0.25% w/v aqueous potassium) for 3 min (This oxidisation generates the dark brown colour and rapidly stains virtually arterial sections), followed by distilled water rinsing. Bleaching with oxalic acid (1% w/v aqueous oxalic acid) was done for 3 min duration, then, rinsed with distilled water. Two min Carazzi’s haematoxylin immersion was required to stain the nuclei and few sec of differentiation in acid alcohol (1% (v/v) HCL in 70% (v/v) IMS (ethanol) was performed. The slides were washed for 5 min “Blue” with hot running tap water, then stained with Alcian Blue (1% (v/v) Alcian Blue in 3% (v/v) aqueous acetic acid, pH 2.5) for 5 min. Next, they were rinsed with distilled water followed by 95% (v/v) ethanol wash was finished. The sections were stained with Miller’s Elastin (re-made commercial supply) stain for half an h, then rinsed and differentiated in 95% (v/v) ethanol and rinsed with distilled water. Also, they were stained with Curtis’ modified Van Gieson (10 ml 1% w/v Ponceau S aqueous to 90 ml saturated aqueous, picric acid added to 1 ml glacial acetic acid) for 6 min. All the slides were dehydrated again in 70%, 90%, 100% ethanol and 100% xylene (v/v)  (1 min each). Then, they were mounted using DPX and left overnight to dry.
[bookmark: _Toc367703565][bookmark: _Toc322637520]2.14 Assay for expression of transgene 

100 times magnification power was used for the femoral artery and skeletal muscle cross sections. Within these histologically stained sections; the neointima, media, lumen, and total vessel area (all layers of the arterial wall) were determined by image analysis (Lucia G, Nikon, UK).

Measurements of N/M ratio was performed by calculating the following parameters using an Excel spread sheet:

Cross-sectional area = corrected EEL area
Media area = corrected EEL area – corrected IEL area
Neointimal area = uncorrected IEL area – lumen area
N/M ratio = Neointima area / media area

[bookmark: _Toc322637521][bookmark: _Toc367703566]2.15 Statistics

The n number in the figure ligands represents the number of separate experiments. For In vitro experiments each treatment was applied in triplicate wells. Averages were expressed as means and standard error of the mean. Continuous data obtained was compared together by using either paired or unpaired t test accordingly as appropriate. Also, groups of normally distributed data were compared with a one-way ANOVA followed by Bonferroni’s test for multiple comparisons. A probability of less than 0.05 was considered significant result and P values were reported as < 0.05 = *, < 0.01= **, < 0.001 =  ***, < 0.0001 =****.
[bookmark: _Toc367703567]2.16 Power calculations 

Based on 12 mice number, (6 controls and 6 treated) gave an approximate power of above 85% power which was enough to reach statistical significance in this study. In addition, we need to consider the least number of mice needed for the in vivo experiment that would be significant enough in this study.








[bookmark: _Toc322637522]

                               


[bookmark: _Toc367703568]                               Chapter 3 Results
[bookmark: _Toc367703569]
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[bookmark: _Toc346277160][bookmark: _Toc367703570][bookmark: _Toc322637524]3.1 In vitro optimisation and design of in vivo transfection protocol 
[bookmark: _Toc367703571][bookmark: _Toc322637525]3.1.1 Introduction

The aims of the work described in this chapter were (1) to confirm the identity of the plasmid DNA for reporters pEGFP-N1 and pGL3-Ctrl and (2) to assess the identity and biological function of therapeutic (pCMV6-SIL1Ra) plasmid in vitro before starting in vivo US transfections. These were performed by two different in vitro experiments. Firstly, in vitro transfection of aortic rat VSMC (passage 10 cell line) using the chemical transfection agent lipofectamine was performed. Secondly, confirmatory tests for the expected DNA sizes on agarose gel electrophoresis were performed. Once in vitro plasmid identities were established by obtaining a reliable level of gene expression in vitro, then the effects of in vivo US transfections was assessed on these successfully pre-tested plasmids.

In vitro transfection experiments were carried out based on previous studies that were designed for successful gene expression. An in vitro transfection rate of at least 20% has been achieved by optimised transfection of primary VSMC with plasmid DNA using cationic non-viral techniques (lipofectamine) (Armeanu et al., 2000). 

A large number of experimental variables can affect in vitro transgene expression, including DNA concentration, DNA/lipofectamine ratio and the duration of the transfection period. Several in vitro transfection conditions for optimisation were considered in this chapter, such as DNA (μg): lipofectamine (μl) ratio 1:2, 90% to 95% of cells needed to be confluent, antibiotics free media during transfection (can cause cell death), serum free media like DMEM to dilute lipofectamine and 0.8 μg of DNA per well. However, not all in vitro transfection optimisation conditions of these plasmids were applied in this project, as they were not the main goal of this chapter.
In vitro expressions of two control plasmids (pEGFP-N1 and pGL3-Ctrl) were achieved except for IL-1Ra plasmid, which was not successful even with the result of IL-1Ra plasmid expected size on the gel electrophoresis. Because of this, DNA PCR sequencing of this non-functioning plasmid was carried out and several obvious mutations and deletions were discovered. 
[bookmark: _Toc367703572][bookmark: _Toc322637526]3.1.2 Materials and methods
[bookmark: _Toc367703573]3.1.2.1 Plasmids

Three different plasmids were used in this study, which are: (1) pGL3-Ctrl (luciferase), (2) pEGFP-N1 and (3) pCMV6-SIL1Ra. The characteristic features of these plasmids are described in section 2.7.
[bookmark: _Toc367703574][bookmark: _Toc322637527]3.1.2.2 Restriction digest and agarose gel electrophoresis

The aim of this experiment was to check plasmid DNA identity and purification by linearisation and fragmentation and to determine relative gene insert size and vector concentration in cloning reactions as described in sections 2.9 and 2.9.1.
[bookmark: _Toc367703575]3.1.2.3 Cell culture

Cultured passage 10 aortic rat SMC line (section 2.6) were transiently transfected with control plasmids (pGL3-Ctrl and pEGFP-N1) and therapeutic plasmid (pCMV6-SIL1Ra) using the steps and conditions described in section 2.10.
[bookmark: _Toc367703576]3.1.2.4 Detection and analysis of SIL-1Ra by ELISA

This test works by antigen/antibody reaction and produces color change as a signal to identify a substance or protein as an antigen, in other words, to detect and measure recombinant mouse serum IL-1Ra level. Samples antigens are attached to the well surface followed by adding specific antibody over the surface antigen that binds to the antigen. This antibody is linked to an enzyme, and finally a substance containing the enzyme's substrate is added. In this project we are trying to detect SIL-1Ra protein in mouse serum that successfully transfected with E. coli-expressed recombinant mouse IL-1Ra (pCMV6-SIL1Ra) as described in section 2.10.1.13.

[bookmark: _Toc367703577]3.1.2.5 Polymerase chain reaction (PCR) 

This technique used to amplify a particular segment of pSIL-1Ra sequence (subject or query) to several orders of magnitude, generating thousands of copies and to compare it with the wild type of pSIL-1Ra for any mutations. 
Table 3.1 PCR reagents and reaction mixtures (Sigma-Aldrich, UK)  
This works for DNA fragments up to 3 kbp.
	             Reagents 
	    Stock concentrations 
	              Volumes 

	                Buffer 
	        x10
	           5 μl

	            dNTP mix
	      10 mM of each dNTP 
	           1 μl

	           Forward primer
	      100 μM
	        0.5 μl

	           Reverse primer
	      100 μM
	        0.5 μl

	           DNA template (wild or      query)
	      10 ng/μl
	           1 μl

	           DNA Polymerase 
	       2 U/μl
	        0.5 μl

	           Distilled water 
	       X μl
	         to 50 μl total volume 



All reagents were stored in the -20°C freezer. The enzymes and dNTP stocks were placed in ice when taken outside the freezer. Everything else was thawed to room temperature. The selected volumes (as shown in table 3.1) were mixed gently, vortexed and briefly centrifuged in small 100 μl eppendorf tubes. The PCR mixture tubes contained wild and/or query pSIL-1Ra were placed in PCR machine champers for the first thermal cycle called denaturation phase at 94 °C for 1 min (breaking the hydrogen bonds between double stranded DNA, yielding two single stranded DNA molecules). Then annealing phase started at 55 °C for 2 min (annealing the primers to each of the single stranded DNA templates). This was followed by extension or elongation thermal cycle at 72 °C for 3 min, in which DNA polymerase synthesizes a new DNA strand complementary to the DNA template strand by adding free dNTPs from the reaction mixture that are complementary to the template in the 5' to 3' direction. Finally, the tubes were left to cool down in the champers to 15 °C. The total amplification cycles were about 30 cycles for each PCR reaction. The PCR results were then analyzed by sequencing and aligned with wild type (subject) from NCBI database using BLAST tools to identify any difference or mutation.

[bookmark: _Toc367703578]3.1.3 Results
[bookmark: _Toc322637528][bookmark: _Toc367703579]3.1.3.1 Transfection of SMC by pEGFP-N1 plasmid using lipofectamine transfection agent

The rat primary aortic VSMC were successfully transfected in vitro by pEGFP-N1 plasmid after adding lipofectamine and incubating them for 24 h at 37°C. The following day the normal growth media was replaced with phosphate buffered saline and pEGFP-N1 expression was visualized with a fluorescence microscope using green visible light at 530 nM emission wavelength. Transfection efficiency was optimised up to 20-30% by using lipofectamine transfection agent. This result was calculated by dividing the number of transfected SMC over the number of non-transfected cells that were counted manually under the fluorescence microscope. EGFP is a green fluorescent protein that was successfully detected inside transfected SMC by pEGFP-N1 compared to the control by fluorescence microscope (Figure 3.1).
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 Figure 3.1 In vitro transfection of SMC by pEGFP-N1 
This picture illustrates the un-transfected (A) (control) and transfected VSMC (B) by pEGFP-N1 in wells plate using lipofectamine transfection reagent. After a successful transfection of the cells, they were left in the incubator at 37°C for 24 h. The next day, the plate was visualised under a fluorescence microscope and green light was seen for pEGFP-N1 transfected cells with 20% - 30% transfection efficiency (n = 9 and scale bar is 40 μm). 


[bookmark: _Toc322637529][bookmark: _Toc367703580]3.1.3.2 Transfection of SMC in vitro by pGL3-Ctrl (luciferase) using        lipofectamine transfection reagent

The SMC were successfully transfected with luciferase plasmid by lipofectamine as was mentioned in pEGFP-N1 plasmid transfection (2.10). The transfected SMC were lysed and analysed after 24 h from the onset of the transfection process. There was significant increase in light signal (high relative absorption light units measured at frequency wave length > 600 nm) detected by micro-plate reader or photometer for the wells contained luciferase transfected SMC compared with the control (P < 0.0001) which had un-transfected SMC (Figure 3.2).
[image: ]


Figure 3.2  SMC pGL3-Ctrl in vitro transfection assay
Luciferase assay of transfected SMC after 24 h from transfection and after adding luciferin substrate. The first bar demonstrates very high signal (high absorption light units measured at frequency wave length > 600 nm) of light emission (bioluminesce) from luciferase DNA transfected SMC in comparison to the second bar (control) which shows very low absorption units that has only SMC without transfection by plasmid luciferase Mean ± SEM and unpaired T test were used (separate number of experiments = 9) and P < 0.0001. 








[bookmark: _Toc346277172][bookmark: _Toc367703581][bookmark: _Toc322637530]3.1.3.3 Attempted transfection of SMC in vitro with the SIL-1Ra plamsid using the same conditions of transfection as for reporter plasmids (pGL3-Ctrl and pEGFP-N1)

All the steps for transfection of the SIL1-Ra that obtained from the University of Sheffield, Medical School, UK were the same for pGL3-Ctrl and pEGFP-N1 plasmids and were performed at the same time using the same conditions of in vitro transfections with lipofectamine (section 2.10.1). pGL3-Ctrl or pEGFP-N1 transfection was considered as a control and was compared with the IL-1Ra plasmid. SMC transfected with Luciferase plasmid were assessed for relative light units using the plate reader. pEGFP-N1 plasmid transfection into SMC was measured by light microscopy to detect green fluorescence signal. The SMC transfected with SIL-1Ra plasmid were analysed by ELISA measuring SIL-1Ra protein secreted in the supernatant and lysate. No light signals were detected at all by ELISA in the media and lysate of SIL1-Ra plasmid transfected cells, even using the optimised conditions for in vitro transfection (n = 9), whilst transfection of both control plasmids was successful (as described in figures 3.1 and 3.2).














[bookmark: _Toc367703582]3.1.3.4 Restriction digest of the plasmids

A diagnostic digest of the three plasmids was carried out to confirm the identity of each one. Double digests of the plasmids shows two fragments, which represent the insert and vector sizes. Each double digestion gave two separate fragments and represents total plasmid size. Sample fragments are 
show in Table 3.2 and Figure 3.3.




Table 3.2 Sizes of the plasmids and DNA insert after double digest

	Plasmids
	Vector size
	Insert size
	Enzymes

	pCMV6-SIL1Ra 
	4.3 kbp
	533 bp
	HinD III and Not I 


	pEGFP-N1
	4.8 kbp
	0.8 kbp
	HinD III and NOT I 

	pGL3-Ctrl (luciferase)
	5.3 kbp
	1.8 kbp
	Hind III and  Xba l 
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Figure 3.3 Results of restriction digest showing specific fragment patterns of plasmids
Lane 1 shows a control DNA ladder at 10,000 bp size. Lanes 2 and 3 show pCMV6-SIL1Ra with double digested fragments of 4300 bp size and undigested (supercoiled) plasmid respectively. Lanes 4 and 5 demonstrate undigested and double cut plasmid DNA fragments of pEGFP-N1 plasmid with approximate total fragments size 4800 bp. Lanes 6 and 7 also show supercoiled and double digestion of PGL3-Ctrl plasmid respectively with fragment size approximately 5300 bp. (All plasmids are double digested with restriction enzymes).  




[bookmark: _Toc346277174][bookmark: _Toc367703583][bookmark: _Toc322637531]3.1.3.5 Investigating the failure of yielding SIL-1Ra protein from SIL-1Ra plasmid transfection
[bookmark: _Toc346277176][bookmark: _Toc367703584][bookmark: _Toc322637532]3.1.3.5.1 Sequencing results for SIL-1Ra cDNA

Sequencing of IL-1Ra cDNA (obtained from the University of Sheffield, UK, Medical School, Department of Infection, Immunity and Cardiovascular Disease) identified up to 69 nucleotide mutations (about 22 amino acid deletions) compared with wild type plasmid (control), explaining the lack of functional IL-1Ra protein in the cells or supernatant (Figures 3.4 and 3.5)


CCCGGGCGGATCCACCATGGATTACAAGGATGACGACGATAAGATCTCCCCGACAGAATG 60  Subject
CCCGGGCGGATCCACCATGGATTACAAGGATGACGACGATAAGATCTCCAG--------- 51  Query
                
GAAATCTGCAGAGGCCTCCGCAGTCACCTAATCACTCTCCTCCTCTTCCTGTTCCATTCA 120 Subject
------------------------------------------------------------     Query
                                                                            

GAGACGATCTGCCGACCCTCTGGGAGAAAATCCAGCAAGATGCAAGCCTTCAGAATCTGG 180 Subject
-AGACGATCTGCCGACCCTCTGGGAGAAAATCCAGCAAGATGCAAGCCTTCAGAATCTGG 110 Query

GATGTTAACCAGAAGACCTTCTATCTGAGGAACAACCAACTAGTTGCTGGATACTTGCAA 240 Subject
GATGTTAACCAGAAGACCTTCTATCTGAGGAACAACCAACTAGTTGCTGGATACTTGCAA 170 Query
              

GGACCAAATGTCAATTTAGAAGAAAAGATAGATGTGGTACCCATTGAGCCTCATGCTCTG 300 Subject
GGACCAAATGTCAATTTAGAAGAAAAGATAGATGTGGTACCCATTGAGCCTCATGCTCTG 230 Query
                

TTCTTGGGAATCCATGGAGGGAAGATGTGCCTGTCCTGTGTCAAGTCTGGTGATGAGACC 360 Subject
TTCTTGGGAATCCATGGAGGGAAGATGTGCCTGTCCTGTGTCAAGTCTGGTGATGAGACC 290 Query
                

AGACTCCAGCTGGAGGCAGTTAACATCACTGACCTGAGCGAGAACAGAAAGCAGGACAAG 420 Subject
AGACTCCAGCTGGAGGCAGTTAACATCACTGACCTGAGCGAGAACAGAAAGCAGGACAAG 350 Query
                

CGCTTCGCCTTCATCCGCTCAGACAGCGGCCCCACCACCAGTTTTGAGTCTGCCGCCTGC 480 Subject
CGCTTCGCCTTCATCCGCTCAGACAGCGGCCCCACCACCAGTTTTGAGTCTGCCGCCGGC 410 Query
                

CCCGGTTGGTTCCTCTGCACAGCGATGGAAGCTGACCAGCCCGTCAGCCTCACCAATATG 540 Subject
CCCGGTTGGTTCCTCTGCGCAGCGATGGAAGCTGACCAGCCCGCCAGCCTCACCAATATG 470 Query

CCTGACGAAGGCGTCATGGTCACCAAATTCTACTTCCAGGAGGACGAGTAG--------- 591 Subject
CCTGACGAAGGCGTCATGGTCACCAAATTCTACTTCCAGGAGGACGAGTAGGATATCAAG 530 Query


Figure 3.4 Alignment and translation of IL-1Ra gene sequence (query) against reference sequence (wild type; subject) 
Gene cDNA sequence of IL-1Ra (query) was aligned with wild type (subject) from NCBI database using BLAST tools to identify any difference, for the blue highlighted (ATG start codon, TAG stop codon). We have discovered an obvious difference including 69 nucleotides deletions (more than 22 amino acids) highlighted in yellow. There are also 3 nucleotides changes caused by 3 different amino acids substitutions that are highlighted in yellow. These mutations affect the function of IL-1Ra plasmid. 
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Figure 3.5 The alignment between wild type and mutant cDNA of IL-1Ra
The chromatograms (A1, A2 and A3) show part of the cDNA wild type sequencing, (B1, B2 and B3) represent part of the alignment of the mutant IL-1Ra gene which shows 3 single mutations and their substituted bases are G, G and C respectively (blue arrows) which result in different amino acids conversions as follows: (1) CTG (Leucine) to CGG (Arginine), (2) CAC (Histidine) to CGC (Arginine), (3) GTC (Valine) to GCC (Alanine).

[bookmark: _Toc322637533][bookmark: _Toc367703585]3.1.3.5.2 Sequencing results of new pCMV6-SIL1Ra plasmid 

A new plasmid (bought from OriGene gene synthesis, SE, USA) with its therapeutic gene was prepared and produced in large quantities as mentioned in section (2.8). Maxiprep from glycerol stock of pCMV6-SIL1Ra was conducted as before and sequencing of the Maxiprep product was performed. The DNA sequencing of the wild type plasmid was identical (100%) to the new ordered plasmid as it is shown below (Figure 3.6).

[image: ]

Figure 3.6 Alignment of new pCMV6-SIL1Ra sequence (query) against reference   sequence (subject)
No differences were found between the reference and the query new pCMV6-SIL1Ra vector by alignment from NCBI database using BLAST tools (identical amino acid protein).
[bookmark: _Toc367703586][bookmark: _Toc322637534]3.1.3.6 ELISA result for the SMC media transfected with new pCMV6-SIL1Ra plasmid

For further confirmation of new pCMV6-SIL1Ra identity and unique biological function as a secretory protein in the growing media of SMC, because we successfully transfected cells with pCMV6-SIL1Ra secrete SIL-1Ra protein in the SMC media. In vitro transfection of SMC was performed as mentioned in chapter 2 (section 2.10) (n = 8) using two plasmids, pGL3-Ctrl (control), pCMV6-SIL1Ra (target) and media + lipofecatamine control. The supernatant for the SMC transfected with pCMV6-SIL1Ra were tested with various dilutions with the media (1:1, 1:2, 1:10 and 1:20). There was a significant increase of recombinant human IL-1Ra protein level in the media of transfected SMC with pCMV6-SIL1Ra plasmid compared to the controls (un-transfected SMC and luciferase plasmid transfected SMC), P < 0.0001 (Figure 3.7).






















[image: ]




Figure 3.7 SIL-1RA protein level in SMC media
ELISA assay was performed for the transfected SMC media after 24 h from the transfection day. There was a statistically significant increase in SIL-1Ra protein (bar 3) for the SMC transfected with pCMV6-SIL1Ra plasmid compared to the controls (un-transfected SMC media and luciferase plasmid transfected SMC media. P < 0.0001). Mean ± SEM and one way Anova for multiple comparison were used (independent experiments = 8), Luci = luciferase plasmid, nM = nanomolar.

[bookmark: _Toc322637535]



[bookmark: _Toc367703587] 3.1.4 Discussion

The results from the experiments in this chapter demonstrates that successful in vitro expression of two reporter plasmids (pGL3-Ctrl luciferase and pEGFP-N1) and one therapeutic plasmid, which is the secretory form of IL-1Ra (SIL-1Ra plasmid) have confirmed the identity and specifications of these plasmids. Moreover, Agarose gel electrophoresis and restriction digest of the plasmids demonstrated the expected DNA band sizes for three different plasmids.

The data obtained from the in vitro work demonstrated a successful in vitro transfection of SMC by pEGFP-N1 plasmid (green cells under fluorescence microscope) with transfection efficiency 20 - 30% by optimisation through the lipofectamine fixed protocol and in the absence of US wave exposure. These results are supported by a paper that was published in 2005, which demonstrated that higher transfection efficiency of rat aortic SMC in vitro is due to high binding affinity of the cationic lipids (lipofectamine) to plasmid DNA (Narang et al., 2005). Although only a modest 20 - 30% transfection efficiency was achieved, we were able to demonstrate a significant increase in SIL1-Ra in the SMC media. This could have been further improved using a number of optimisations. Several conditions were tested in previous studies which affect optimisation and safety of non-viral (chemical) vector-mediated gene transfer, including the type, structure, charge, formulation of the vector, DNA/vector ratio, cell types, charge and size of complexes  (Kichler et al., 1998; Sakurai et al., 2000). 

Non-viral formulation of a cationic DOPE liposome and a cationic targeting peptide complexed with plasmid DNA efficiently stabilise the nanoparticles and receptor targeting whilst the liposome component is vital for endosomal escape to prevent degradation of the DNA which dramatically affect gene expression level (Munye et al., 2015). Munye and colleagues found that there were differences between minicircle DNA and plasmid DNA in transfections of airway epithelial cells, by showing in vitro, luciferase gene expression from minicircles was 5 – 10-fold higher than with plasmid DNA, also in e-GFP plasmid expressions in vitro both the mean fluorescent light intensity and percentage of cells transfected was 2 - 4 fold higher with minicircle DNA than with plasmid DNA (Munye et al., 2016). These studies demonstrate the variability in transfection efficiency depending on procedure used.

These factors play an important role in transgene expression which cannot always be tested, for example increasing plasmid DNA concentration by a hundred times will result in a significant DNA expression. However, using such a large amount of DNA is not feasible due to expense and the time consuming nature to obtain large quantities of DNA. Furthermore high concentrations of DNA can be toxic to the tissue and cells (Felgner et al., 1987). On the other hand, the lower the amount of the cationic agents, the lower the cytotoxicity and significant transfection efficiency (Munoz-Ubeda et al., 2011). This is because cationic reagents carry positive charges, which facilitate negatively charged DNA to attach easily and making cationic reagent-DNA complex.

In vitro transfection of primary aortic rat SMC was carried out successfully for pGL3-Ctrl (reporter plasmid), and this result was confirmed by the presence of light signals (high relative absorption light units) detected by the micro-plate reader in the well plate and significant gene expression of luciferase plasmid compared to the control. In vitro transfection of cell line aortic rat SMC was carried out for the three plasmids (pGL3-Ctrl, pEGFP-N1 and IL-1Ra plasmid) at the same time point and under the same optimised conditions. The two control plasmids were expressed in vitro successfully (n = 9). However, there was no sign of in vitro expression for the IL-1Ra plasmid by doing ELISA analysis for the lysate and supernatant of transfected SMC, because the plasmid is secretory form in which it secretes IL-1Ra protein in the transfected SMC media, and this negative gene expression happened even after the highest level of optimisations. 

Genetic sequencing was performed and we found a significant deletion in the DNA with nucleotide mutations, which was the reason for dysfunctional plasmid and unsuccessful in vitro expression for IL-1Ra plasmid. A limitation of this study was that DNA sequencing was not performed for the other two control plasmids (pGL3-Ctrl and pEGFP-N1). However, these plasmids demonstrated successful in vitro gene expression. The objective plasmid (pCMV6-SIL1Ra) was then ordered and demonstrated identical sequencing to wild type protein. Once again we tested in vitro pCMV6-SIL1Ra transfection and demonstrated its successful functionality and expression by detecting IL1-Ra protein (antigen) in the supernatant of the transfected SMC by doing antigen/antibody reaction test (ELISA). There was a significant difference between the transfected SMC and the control as shown in this chapter (Figure 3.7).

In conclusion, these data show the identities and in vitro expressions of three different plasmids, which were confirmed by performing Agarose gel electrophoresis, DNA sequencing analysis and in vitro transfections of rat aortic SMC line. There were obvious mutations (22 amino acids) in IL-1Ra plasmid that were detected by doing DNA sequencing of the target gene. The next logical progression from demonstrating in vitro transfection efficiency is to apply in vivo gene expression and optimisation by using the new technique of US gene transfer of the pre-tested plasmids. This is the focus of the next chapter of this thesis.































[bookmark: _Toc322637536][bookmark: _Toc367703588]                                  Chapter 4 Results

[bookmark: _Toc367703589]             In vivo ultrasound transfection optimisation 
 


                                        
                                







[bookmark: _Toc322637538][bookmark: _Toc367703590]4.1 Optimising ultrasound enhanced gene delivery in vivo using reporter plasmids
[bookmark: _Toc322637539][bookmark: _Toc367703591]4.1.1 Introduction

Focused gene deliveries have many potential clinical applications. However, nucleic acids such as plasmid DNA are unable to cross biological cell membranes passively, which must therefore be actively crossed to reach intracellular organelles. A possible solution for this issue is the use of locally directed US irradiation to burst circulating loaded pDNA-MB to induce temporary and transient permeabilisation of surrounding cell membranes. In this study we report on an optimisation of the US gene delivery technique using naked pDNA encoding luciferase and commercial Sonidel MB that were co-injected intramuscularly into mice hind limb skeletal muscles and were immediately exposed to US from a focused 1 MHz transducer with different nucleic acid concentrations and US parameters (at intensity 1.9 W/cm2, duty cycles 5%, 10%, 25% and 40% and 3 - 6 min of US exposure time). Gene expression levels were quantified relative to a control using an IVIS bioluminescence camera system at various days after sonication.
In vivo US-mediated MB gene transfer is a non-viral and potentially relatively safe compared to viral methods of gene delivery. Thus, US mediated gene delivery is a promising new technique for the clinical translation of localized gene delivery (Sanches et al., 2014). Several parameters were investigated in this project for in vivo US optimisation. The most favorable conditions consisted of a 1 MHz therapeutic US irradiation applied locally for 3 min, 20% duty cycle, a power output of 2 W/cm2, which had been tested previously on rat tibialis anterior skeletal muscle. These optimal transfection conditions significantly enhance the in vivo gene expression efficiency of rat muscle without damage to the muscle (Tang et al., 2012). Based on this study, this chapter aimed to investigate: (1) pre-tested in vitro control plasmid (luciferase plasmid) for in vivo US transfections, (2) optimisation in the C57BL/6 mouse hind limb skeletal muscle model because of easy accessibility to mouse hind limbs during plasmid IM injection and (3) local US exposure and determine whether UEGD could enhance the gene expression level. There are many conditions that can affect the level of gene expression that we have tested in vivo, for instance, DNA concentration, duration, frequency, duty cycle and intensity of US exposure and type of contrast agent. Once a reliable level of DNA expression (luciferase plasmid) was achieved, the effect of US enhanced gene delivery was tested in vivo in mice hind limb skeletal muscle tissue with and without US exposure and in the presence or absence of MB agent (Sonidel). Moreover, in the presence of US waves, different time duration was applied to maximise the level of gene expression for best optimisation. We aimed to test the duration of gene expression in vivo after single US transfection, to see how many times in vivo US transfections were required to maintain a high level of gene expression. Also, we aimed to know the effect of multiple in vivo US transfections on the efficiency and persistence of gene expression for the pretested optimised US condition.
[bookmark: _Toc367703592][bookmark: _Toc322637540]4.1.2 Materials and methods
[bookmark: _Toc367703593]4.1.2.1 Animals

All animals used in this work were male C57BL/6 mice and their detailed descriptions are given in section 2.1.
[bookmark: _Toc367703594]4.1.2.2 General US transfection in vivo

The general method and protocol of US targeted (hind limb skeletal muscle) in vivo transfection was described in details in chapter 2, section 2.10.2.
[bookmark: _Toc367703595]4.1.2.3 Advanced US transfection in vivo 
[bookmark: _Toc367703596]4.1.2.3.1 Optimisation 1
All the steps are the same as the experiment in section 2.10.2 with some additional points: using 48 male C57/BL6 mice strain at 12 - 18 weeks of age instead. All mice have received the same concentrations of DNA at 0.979    μg/μl. Two different types of commercial MB solutions were used (neutral SDM201 and cationic SDM202) at the same concentration 1.7 x 109   particles/ml and diameter 1.7 μm. All mice were injected intramuscularly with the half volume of MB reagent (50% volume of DNA) at 18.35 μl and the numbers of MB was 31.2 ✕106 particles. After injection of MB + plasmid-DNA (pDNA) solution, the mice hind limbs were locally sonicated immediately in order to reduce pDNA degradation and MB clearance by the mice metabolic circulation during the later performed sonication step. 
The data were analysed by IVIS after 4 days from the day of US procedure for light signals luminescence analysis of luciferase plasmid expression. 18 different conditions were analysed (8 controls and 10 treated, one parameter per hind limb) for UEGD that had the same US parameters at intensity 1.9 W/cm2, duty cycle 25% and 1 MHz frequency except for the last 4 conditions as shown in this chapter (Table 4.2).
[bookmark: _Toc367703597]4.1.2.3.2 Optimisation 2  

Similar steps have been performed in section 2.10.2 but with using different MB contrast reagents, 2 control and 2 treated groups as the following table 4.1 shows.

Table 4.1 In vivo UEGD optimisations using different contrast MB

	Group number
	Plasmid 
36 μg/μl
	 MB type
	US 1 MHz,
1.9 W/cm2, (min)
	Comment

	         1
	          -
	         -
	      3 min
	Control
 US 40% DC

	         2
	         +
	         -
	       -
	control Plasmid only 

	         3
	         +
	     neutral
	        3 min
	 + 40% DC 

	         4
	         +
	     cationic
	        3 min
	 + 40% DC 







[bookmark: _Toc367703598]4.1.2.4 Duration of in vivo gene expression after single ultrasound transfection

All the steps of the basic US transfection are the same as the experiment in section 2.10.2. However, we have used only one US condition to measure the duration of US gene expression. The best in vivo optimised condition of UEGD (1 MHz US frequency + 40% DC + cationic MB + 36 μg DNA luciferase + 1.9 W/cm2  + 3 min US duration) that was tested before has been applied for one time (single US transfection) and the light flux level for luciferase plasmid was detected and traced by IVIS after 4 days from the procedure day (day zero) for a total period of 11 days. 
[bookmark: _Toc367703599]4.1.2.5 Duration of in vivo gene expression after multiple ultrasound transfections

All the procedures are the same as the previous experiment in section 2.10.2.
Using the best in vivo optimised condition that was tested before (mentioned in the above section (4.1.2.4). Repeated US transfections were performed (3 times, days 0, 4 and 8) and 4 days gap between each transfection for a period of 16 days. The light flux level of luciferase plasmid (gene expression level) that was detected by IVIS, was analysed 4 times after UEGD (days 4, 8, 12 and 15) as it is shown in the following (Figure 4.1).


[image: ]

Figure 4.1 In vivo multiple US transfections
Frequent US transfections using luciferase plasmid in mouse hind limbs (3 times, days 0, 4 and 8), then followed by IVIS analysis (every 4 days) for light unit detection in successfully expressed luciferase plasmid mice (days 4, 8, 12 and 15).

[bookmark: _Toc367703600]4.1.3 Results
[bookmark: _Toc367703601]4.1.3.1 In vivo ultrasound transfection optimization
[bookmark: _Toc367703602][bookmark: _Toc322637541]4.1.3.1.1 In vivo transfection by UEGD for luciferase plasmid and IVIS analysis after 3 days 

After confirmatory results for successful transfection of rat aortic cell line SMC in vitro by lipofectamine transfection protocol, the same reporter plasmid (luciferase) was used to transfect mouse skeletal muscle cells in vivo by enhanced US MB technique. As described in Materials and Methods chapter (2.10.2), the data were analysed by IVIS after 3 days from the day of US procedure. There were no significant light signals detected by IVIS after 3 days from the procedure. The DNA luciferase was not expressed after 3 days for all 6 different conditions of UEGD at intensity 1.9 W/cm2, duty cycle 25% and 1 MHz frequency (3 - 6 min of US exposure and 24, 36 and 48 μg/μl of DNA) as illustrated in (Figure 4.2).


















(A)
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 C1              C2                T1               T2               T3                T4



(B)

	Mouse
limb number
	Plasmid
(μg/μl)
	Bubbles volume (μl)
	US exposure time (min)
	US Comments

	           C1
	            -
	          -
	          
     
          3 min
	1.9W/cm2  intensity, 25% duty cycle

	            C2
	           24
	      12.25 
	             -
	             -

	            T1
	           24
	      12.25 
	           6 min
	1.9W/cm2  intensity, 25% duty cycle

	            T2
	           36
	       18.35 
	            3 min
	1.9W/cm2  intensity, 25% duty cycle

	            T3
	           48
	        24.5 
	            6 min
	1.9W/cm2  intensity, 25% duty cycle

	            T4
	           36
	       18.35 
	            6 min
	 1.9W/cm2  intensity, 25% duty cycle







                                    

(C)
                                             3 days after UEGD

[image: ]
                           

Figure 4.2  Luciferase DNA expression after 3 days from UEGD
As illustrated above in A, B and C; C1 and C2 are controls and T1 - T4 represent treated groups. For limb C1 (US control) and Limb C2 (24 μg DNA + MB control), no light signal detected by IVIS compared to limbs T1 (24 μg DNA + MB + 6 min US) and T2 (36 μg DNA + MB + 3 min US). There is still no signal with a higher concentration of DNA and longer duration of US treatment for limbs T3 (48 μg DNA + MB + 6 min US) and T4 (36 μg DNA + MB + 6 min US). Mean ± SEM (n = 6), One-way ANOVA followed by Bonferroni’s test for multiple comparisons, Ph/sc = photons/sec.
[bookmark: _Toc322637542][bookmark: _Toc367703603]4.1.3.1.2 In vitro analysis after 4 days from UEGD

As explained in chapter 2 (section 2.10.2) all 6 UEGD conditions for the mice hind limbs were the same as previous experiment except, the data were analysed after 4 days from the time of US in vivo transfection using in vitro DNA luciferase assay (Promega). Because the IVIS was under maintenance we decided to assess in vivo gene expression using an assay for luciferase in vitro (Figure 4.3). 


                                        4 days after UEGD
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Figure 4.3 In vitro luciferase DNA analysis after 4 days from various conditions of in vivo UEGD 
Control conditions (C1 = US only and C2 = DNA + MB). C1 shows lowest level of DNA expression. The controls and treated groups (T1, T2 and T3) parameters show similar low levels of DNA expression. The T4 case (36 μg DNA + MB + 6 min US) has the highest Luciferase DNA expression in all 6 conditions (p < 0.05 (*). The T4 case demonstrates higher gene expression than T1, T2 and T3. Mean ± SEM (n = 8), One way ANOVA followed by Bonferroni’s test for multiple comparisons. 

[bookmark: _Toc322637543][bookmark: _Toc367703604]4.1.3.1.3 Advanced UEGD optimisation

In this experiment we designed 18 different groups (n = 6 for each group) for further in vivo US transfection optimisation. The first 8 conditions are the control groups of UEGD to see the effect of the treated groups against each control. These controls are for background, US only, DNA only, MB, MB + US with different US exposure durations.  All control conditions (1 - 8) have similar low level of luciferase DNA expression. Conditions 9 - 18 are the treated groups. Some control and treated groups (1 - 12) received the same US conditions with different exposure times from 3 - 6 min (at intensity 1.9 W/cm2, duty cycle 25% and 1 MHz frequency). The conditions 13 – 18 demonstrate different US optimisations as shown in Figures 4.4 and 4.5. Treated conditions 9 - 12 produced a similar amount of IVIS light flux (photons/sec), but higher than controls. The strongest light signal was detected in parameter 16 (36 μg DNA + cationic MB + 3 min US, intensity 1.9 W/cm2, duty cycle 40% and 1 MHz frequency) in comparison to other control conditions (p value < 0.05). Condition 15 (36 μg DNA + Neutral MB + 3 min US, intensity 1.9 W/cm2, duty cycle 40% and 1 MHz frequency) has a higher light signal than other parameters but still lower than case 16. Because of the strongest light signal of luciferase DNA was detected by IVIS after 10 min from the time of luciferin SC substrate injection, we have considered 10 min as the standard time to analyse and compare all 18 different conditions (Table 4.2).











[bookmark: _Toc329387776][bookmark: _Toc329388082][bookmark: _Toc329388572]Table 4.2 Conditions for advanced UEGD optimisation
Experimental parameters show different UEGD conditions. Each number describes the experimental conditions applied per hind limb (e.g sonication) listing all parameters that differ between groups. The following parameters were kept unchanged for all sonications: US frequency = 1 MHz, US intensity = 1.9 W/cm2. Echocontrast MB are 50% of pDNA volume. Group 1 to 8 represent controls. Group 9 to 18 are treated mice. 
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Figure 4.4 In vivo US transfection optimisation
In vivo bioluminescence represents bioluminescence images (p/s/cm2/sr) of different 18 conditions of the respective animals. The highest intensity image per group is shown. All images are at the same intensity scale. The minimum scale value corresponds to intensities observed in controls.


                   






                               
                                         

                                                 4 days after UEGD  
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Figure 4.5 Optimisation of in vivo UEGD by using 18 different parameters (look at the table above) 
The data were analysed after 4 days from in vivo UEGD. The mice hind limbs 1 - 8 represent controls. All control conditions that have similar low levels of luciferase DNA expression. Case 16 has the highest statistical significant light signal detected by IVIS (Ph/sc) of all conditions (36 μg DNA + cationic MB + 3 min US, intensity 1.9 W/cm2, duty cycle 40% and 1 MHz frequency) (p  < 0.0001) compared to case 1 control. Condition 15 (36 μg DNA + Neutral MB + 3 min US, intensity 1.9 W/cm2, duty cycle 40% and 1 MHz frequency) has higher light signal than other parameters with high error bar but still lower than case 16. Mean ± SEM (n = number of each condition = 6), One-way ANOVA followed by Bonferroni’s test for multiple comparisons. 


[bookmark: _Toc322637544][bookmark: _Toc367703605]4.1.3.1.4 Luciferin substrate optimisation
In this study as mentioned in the previous experiment, all animals were scanned by IVIS 4 days after sonication. Based on the results from previous experiment, we considered 36 μg DNA + cationic MB + 3 min US, intensity 1.9 W/cm2, duty cycle 40% and 1 MHz frequency as the best optimum UEGD condition was achieved and we applied it in this experiment, because of the highest expression of luciferase DNA. The maximum light signals were detected by IVIS was after 10 min from the time of SC injection of luciferin substrate (Figure 4.6). There was no light emitted before luciferin injection, with some light signals were seen after 30 sec and 5 min later after SC injection of luciferin. After 15 and 20 min the light signals reduced gradually until they reached their lowest level after 25 min and raised slightly again, possibly because of the variability of luciferin excretion metabolism between the mice.
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Figure 4.6 luciferin substrate optimisation
The highest signals of luciferase pDNA lights were detected after 10 min from SC injection of luciferin substrate. The IVIS signals (Ph/sc) decreased slowly until reaching their lowest level after 25 min from the time of injection. (n = 6), One-way ANOVA followed by Bonferroni’s test for multiple comparisons, p < 0.05.









[bookmark: _Toc322637545][bookmark: _Toc367703606]4.1.3.1.5 Optimisation of UEGD using different MB contrast agents
MB contrast agents play an important role in the UEGD process by increasing DNA cell membrane permeability through US transient cavitation and formation of MB + DNA complexes (More details explained in introduction chapter; section 1.4.2.2). The reason why attention needs to be paid towards the kinds of MB contrast agents used in vivo US transfection because different MB types can alter the transfection efficiency significantly. Two kinds of commercial MB were tested in this experiment, neutral (no charge) and cationic (positively charged). 2 controls and 2 treated conditions were examined which are, US control only (C1) at 3 min US, intensity 1.9 W/cm2, duty cycle 40% and 1 MHz frequency and plasmid control only (C2) at 36 μg. Treated 1 (T1) at 36 μg DNA + neutral MB + US and treated 2 (T2) at 36 μg DNA + cationic MB + US (Figure 4.7).


	1.1.1.1.1.1 Limb number
	Plasmid (36 μg/μL)
	Bubbles type
	US 1 MHz, 1.9 W/cm2, (min)
	Comment

	[bookmark: _Toc346277200][bookmark: _Toc363929938][bookmark: _Toc367703607]   C1
	         -
	         -
	       3 min
	Control US 40% DC

	[bookmark: _Toc346277201][bookmark: _Toc363929939][bookmark: _Toc367703608]   C2
	         +
	         -
	       -
	Plasmid only control 

	[bookmark: _Toc346277202][bookmark: _Toc363929940][bookmark: _Toc367703609]   T1
	         +
	     neutral
	        3 min
	   + 40 % DC 

	[bookmark: _Toc346277203][bookmark: _Toc363929941][bookmark: _Toc367703610]   T2
	         +
	     cationic
	        3 min
	   + 40 % DC 


 (A)






(B)
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Figure 4.7 The effect of different MB on UEGD
The data were analysed (A, B and C) after 4 days of US transfections by IVIS by Mean ± SEM (n = 6), One way ANOVA followed by Bonferroni’s test for multiple comparisons. The C1 indicates for US control only, C2 = plasmid luciferase control only, T1 (treated 1)  =  plasmid + US + neutral MB and T 2 (treated 2) = plasmid + US + cationic MB.  Bar 4 shows highest statistically significant light signal than bar 1, 2 and 3, P value < 0.05.

[bookmark: _Toc322637546][bookmark: _Toc367703611]4.1.3.1.6 Duration of in vivo gene expression after single ultrasound transfection 

From previous experiments, the first light signal of luciferase plasmid (and therefor gene expression) was noticed after 4 days from the US transfection. However, the duration of gene expression derived from transfected plasmids still remained to be investigated. Here we used the same optimal case of in vivo US gene expression that we achieved before (36 μg DNA + cationic MB + 3 min US, intensity 1.9 W/cm2, duty cycle 40% and 1 MHz frequency) and the light signals (ph/sc) were traced by IVIS for a period of 11 days. In this experiment comprising successfully transfected areas (hind limbs), the time course of luciferase plasmid expression was measured by IVIS from day 4 – 11 and was the highest and remained stable among days 4, 5 and 6 (Figure 4.8). The expression level of the plasmid then reduced gradually from day 7 until it reached the level of very limited expression on day 11 (very low light flux signals were detected by IVIS).
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Figure 4.8 Duration of gene expression in vivo after single US transfection
The data in A, B and C demonstrate the level of IVIS luminescence light signals (ph/sc) of luciferase plasmid from 3 - 11 days after UEGD (using one-way ANOVA of multiple comparison test, n = 6). No light signals were detected after 3 days, but the light signals dramatically increased to their highest peak level after 4 days for US transfection and remained almost the same for 3 days (4, 5, and 6). The gene expression level then started to decrease gradually from day 7 until it reached to its lowest on day 11. 
 
[bookmark: _Toc322637547][bookmark: _Toc367703612]4.1.3.1.7 Frequent interrupted ultrasound gene deliveries in vivo 

The same optimum condition for luciferase in vivo US gene expression that was achieved before was applied in this study in order to maintain a high level of gene expression in vivo for longer duration of time (reproducibility of US gene expression). Multiple in vivo US transfections were performed (3 times) with 4 days gaps between each transfection (days 0, 4 and 8). IVIS analysis was performed during the whole period of study (15 days) every 4 days (days 4, 8,12 and 15) after every in vivo US transfection. During the period of study, there was a high relative level of light flux (gene expression) detected by IVIS (ph/sc), especially on days 4, 8 and 12 (UEGD every 4 days). But on day 15 the light flux level was reduced to a lower level from the last US transfection (8 days) (Figure 4.9). In other words, the multiple US transfections helped retain levels of gene expression in vivo, but this gene expression disappeared once transfections were stopped (data not shown in the Figure).
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 Figure 4.9 In vivo multiple US transfections
In vivo bioluminescence representative bioluminescence images (p/s/cm2/sr) of the respective animal and the highest intensity image per group is shown. All images are at the same intensity scale (A). The data shows the level of in vivo gene expression (IVIS light signals, ph/sc) 4 days after sonication of luciferase plasmid at 36 μg DNA + 3 min US + cationic MB for a period of 15 days after 3 subsequent US transfections and 4 days gap in between (B). There was a high reproducible level of light flux detected by IVIS on days 4, 8, 12 and 15. The level of gene expression became lower on day 15 in comparison to days 4, 8 and 12 (C). However, there were still no significant differences between these days by using one-way ANOVA of multiple comparisons (n = 6 and P = 0.8981).	     
4.1.4 [bookmark: _Toc322637548][bookmark: _Toc367703613] Discussion

Although UEGD is less efficient, but it has several advantages over other vectors of gene delivery and these include: (1) for all components of the treatment, it has low toxicity profile (2) low immunogenicity compared to viral vectors, (3) non invasiveness (e.g., the vectors and MBs can be administered IV or IM, and the targeted organs or tissue can be sonographically-accessible through the skin and the therapeutic US beams can be delivered), (4) it has beneficial potential for repeated application safely, (5) treated organs or tissues can be targeted with high specificity, and finally (6) this technique is relatively cheap, broadly applicable and accessible (Marshall, 2000; Schratzberger et al., 2002; Shapiro et al., 2016). 
We aimed to assess in vivo US gene delivery optimisation of the previously in vitro tested plasmid (pGL3-Ctrl). Regarding the analysis and light signals detection by IVIS after in vivo US gene transfer, the 4 days duration after UEGD was the best time for IVIS analysis to detect light signals which relate to the level of gene expression of luciferase plasmid. However, there was no light flux measured by IVIS after 3 days from the day of US transfection. The signal intensity detected by IVIS in bioluminescence is proportional to the amount of functional luciferase and is therefore considered an imaging-biomarker for successful gene transfection with pDNA-luciferase (Rettig et al., 2006).

The results demonstrated no expression of DNA in skeletal muscle cells after 3 days from UEGD, which was not detected by IVIS, either by injecting pDNA and echocontrast MB (Sonidel) without US exposure or with maximum period of US exposure (six min) and highest DNA concentration (48 μg/μl). The reason behind that may be because of insufficient time for pDNA luciferase to be expressed (enzymatic reaction took place). However, one study revealed that US transgene transfection for 1 min at 1 MHz, 2.5 W/cm2 in vivo with the presence of Optison MB-plasmid DNA complex mixture can feasibly result in a significant increase in luciferase gene expression after two to three days from the procedure more than ten times than the IM injecting naked DNA alone at the rat pretibial hind limb muscle and gene expression level was analysed by luciferase assay system for firefly luciferase activity (Taniyama et al., 2002a). Another study found that naked p-DNA at 200 μg encoding luciferase gene and mixed with SonoVue MB were co-injected intravenous in mice. These mice hind limbs skeletal muscles were exposed to US at 1 MHz, 1.25 MPa, for 30 sec. Gene expression was analysed and quantified relative to controls using IVIS bioluminescence camera system at day 7 after US sonication resulted in increased gene expression reflected by stronger bioluminescence light signals (Sanches et al., 2014). 

The greatest light flux signals that were captured by IVIS were after 10 min from mouse SC injection of luciferin substrate, and this is because of the systemic absorption and excretion of the substrate. Positively charged commercial cationic MB showed higher gene expression levels than neutral bubbles, and most likely because of the higher binding capacity of cationic bubbles to negatively charged DNA than the neutral MB. This is supported in a previous study, which demonstrated that the use of cationic MB has improved in vivo US-targeted therapeutic gene delivery to the ischemic myocardium (reduced infarct size and improved cardiac perfusion and function due to high DNA-carrying capacity of the cationic MB and bound 70% more plasmid DNA than the anionic MB (Sun et al., 2013).  Some studies demonstrated that, the combination of DNA (pGL3-Ctrl), MB (DNA loaded MB) and US exposure will increase the transfection efficiency and expression of the luciferase in its highest level compared to unloaded bubbles without US in vitro and in vivo. This luciferase loaded MB in presence of low frequency US increases gene expression in vitro more than five-fold (p = 0.0003) than the transfection without US and MB (Frenkel et al., 2002; Sanches et al., 2014).

In this chapter, in vivo UEGD optimisation can be a very complex process, because of so many contribution factors that can affect, alter and control the level of gene expression and its efficiency. We examined 18 different UEGD optimisation conditions to identify and achieve the best optimum in vivo mouse hind limb gene expression. These conditions were 8 controls and 10 treated in each hind limb of the mouse (n = 6), all US treated groups were exposed to similar US frequency (1 MHz) and intensity (1.9 W/cm2), but with different duration of time exposure (3 – 6 min) and duty cycle (5,10, 25 and 40 %). We found that, there was no significant variations between all control conditions (1 - 7) except case control 8 (DNA + cationic MBs) demonstrated significant gene expression level (Figure 4.5) compared to case 1 control. Generally speaking, all US exposure groups + DNA + MBs showed higher gene expression level than unexposed US groups. It was also clearly seen that the groups treated with US + cationic MBs had higher significant gene expression than those treated with US + neutral MBs (9  - 18) except for case 9, because of higher conjugation between DNA and positively charged MBs.

Although other US treated groups showed significant high level of gene expression than the control, but still lower than case 16 with higher error bars. 
In relation to local in vivo US gene transfer optimisation in mouse skeletal muscle cells by changing and using different parameters, the highest consistent optimised in vivo US gene delivery expression was achieved in this study at 40% duty cycle, 1.9 W/cm2 US intensity and 1 MHz frequency in 3 min duration of US exposure at 36 μg/μl DNA plasmid concentration which was demonstrated by significantly higher flux of light detected by IVIS. Other studies supported this data by significantly enhancing the in vivo gene transfection efficiency of rat skeletal muscle without muscle damage (p < 0.05) under in vivo US optimised favourable conditions of 1 MHz US irradiation applied for 3 min, a power output of 2 W/cm2 and a 20% duty cycle (Tang et al., 2012). These parameters are similar to our optimised US transfection condition, apart from the duty cycle at 20% compared to our 40%. Also, we found that, the duration of in vivo US gene expression was reproducible and the highest level of US pGL3-Ctrl expression remained stable for 3 days after single US transfection and was reduced gradually and diminished after 11 days (gene expression level was analysed by IVIS after 4 days from the UEGD procedure). However, previous studies found that strong efficient expression of luciferase plasmid could be found for up to 30 days both in vitro and in vivo.  This high gene expression was achieved after the treatment with DNA-PEI complex (Polyethylenimine) and 1 MHz pulsed US exposure compared to untreated groups without US (only very low transfection levels could be obtained). This is due to aggregation of plasmid DNA that facilitates its internalisation and endocytosis (Lee et al., 2012), which occurred at 3 h after US exposure and the protective effect of DNA/PEI complex showed against digestion of DNAse enzymes as compared with groups without PEI (Lee et al., 2012). Moreover, 3 times of local recurrent in vivo US transfections (4 days between each) over the duration of 15 days produced relatively high and reproducible pGL3-Ctrl expression in mouse hind limb skeletal muscle tissue.
The data presented in this chapter clarify that in vivo local US transfection and expression of pGL3-Ctrl was successful and can be optimised through the changing of different conditions such as DNA concentration, type of contrast agents, exposure time, duty cycle, frequency and intensity of US beams. The optimal in vivo US gene transfections and expressions conditions were determined. Also, the best time for IVIS analysis of pGL3-Ctrl expression was after 4 days from the procedure day of US transfection. The total duration of in vivo US gene expression that was detectable after a single one US transfection was about 11 days. Furthermore, multiple in vivo US transfections (3 times) can produce relatively high gene expression levels without significant variations between them, which was represented and analysed by IVIS in the form of luminescence light flux of pGL3-Ctrl in the mouse hind limb. The next work will deal with 3 main points. (1) Selection of a suitable diseased animal model (2) apply and demonstrate the effect of UEGD optimised condition on a chosen diseased mouse model using therapeutic SIL-1Ra plasmid (3) discover any possible biological side effects that may occur from in vivo US gene transfection.
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[bookmark: _Toc322637550][bookmark: _Toc367703616]5.1 Effects of in vivo UEGD  (IL-1Ra plasmid) on vascular injury model
[bookmark: _Toc322637551][bookmark: _Toc367703617]5.1.1 Introduction

Gene therapy has an important therapeutic potential for treating diseases caused by a genetic disorder as it can effectively compensate for a gene mutation rather than treating the disease on a symptomatic level. The treatment mostly utilise an engineered gene vector that must be delivered into targeted cells or tissues either via viral or non-viral routes. Viral vectors have high transduction and transgene expression levels and are most commonly used in clinical trials, however safety concerns as mentioned in 1.3.3 sections, e.g. insertional mutagenesis motivated the scientific community to find an alternative, safer non-viral vectors (Ginn et al., 2013).
US gene transfection is a relatively safe future application for non-viral gene delivery for different kinds of illnesses as US is non-invasive, cheap, easily focused to the targeted organ or tissue without causing tissue damage. This leads us to pay more attention to UEGD and find out the more appropriate, non-invasive and safe method for prevention and treatment of these high mortality diseases rather than other forms of treatment. 

A previous study was conducted to at the University of Sheffield in 2006 on vascular injury model to assess neointima formation, in which C57BL/6 male wild type mice (carotid artery ligation model) received continuous IL-1Ra subcutaneously through an Alzet pump containing 25 mg/kg/day IL-1Ra for 4 weeks. IL-1Ra significantly reduced N/M ratio  (reflecting in part decreased VSMC proliferation) compared with placebo (P < 0.05) (Chamberlain et al. 2006). Based on these data, we have investigated a similar and also well established yet somewhat similar vascular injury model, namely femoral artery ligation of C57BL/6 wild type male mice at 12 - 18 weeks of age, 25 - 30 g weight that are fed standard balanced unmodified food (Chow). Also, because hrIL-1Ra has a very short duration of action and needs continuous SC injections to produce a therapeutic effect, we aimed to find an alternative safe and efficient method such as UEGD. Our aim was to discover the effect of the best in vivo optimised condition of multiple US gene deliveries of pCMV6-SIL1Ra on neointima formation in a diseased C57BL/6 mouse model.
For feasible practical reasons, we decided to chose and demonstrate if continuous SC infusion of IL-1Ra would also have the vascular response to injury in the femoral artery. Whilst waiting (during experiments to verify plasmid integrity) to try IL-1Ra we tested an IL1- antibody to see if the femoral vascular response to injury is IL-1 dependent. We then compared SC infusion of IL-1Ra with UEGD of IL-1Ra.

We have delivered IL-1Ra by two ways, either using pCMV6-SIL1Ra UEGD or continuous daily SC infusion using Alzet pump, which previously gave similar therapeutic effects in reduction N/M ratio in a diseased mouse model. Moreover, one of our main goals is to know the therapeutic level of mouse serum level IL-1Ra after multiple US transfections of pCMV6-SIL1Ra to treat and prevent neointima formation in the animal vascular injury model compared to continuous SC Anakinra (IL1Ra as a drug) infusion. We then investigated any possible side effects of local UEGD on skeletal muscle tissue that may be caused by analysing serum levels of creatine kinase subtype “mm” (CKmm) and microscopic histological examination of the skeletal muscle tissue. We selected skeletal muscle tissue as a target for gene delivery because of easy accessibility for IM injection and the ability to easily focus US waves using the transducer. 









[bookmark: _Toc367703618]5.1.2 Materials and methods
[bookmark: _Toc367703619]5.1.2.1 Animals 

The animals used in this chapter were also male C57BL/6 mice and they were described in chapter 2, section 2.1.
[bookmark: _Toc367703620]5.1.2.2 Femoral artery ligation and skeletal muscle dissection 

The unilateral femoral artery of each C57BL/6 mouse was surgically ligated for the duration of one month. One month post ligation, the mouse hind limb skeletal muscle tissue and ligated femoral artery were dissected and harvested as described in section 2.11.
[bookmark: _Toc367703621]5.1.2.3 Effect of Il-1 antibody on mouse injury model

Weekly IP injection of placebo (NS) or Il-1 antibody was carried out for every mouse over the period of 4 weeks. The femoral artery ligation and first IP injection was performed on the same day. The mice then euthanized and dissected after 4 weeks of treatment. Control and treated groups received treatment as shown in Table 5.1.


Table 5.1 Control and treated groups of diseased C57BL/6 mice model
	             6 Mice (controls)
	         6 Mice (treated)

	Femoral artery ligation + 50 μl weekly IP placebo injection (NS) for 4 weeks.
	Femoral artery Ligation + 5 μl       weekly IP injection of IL-1 antibody (10 mg/kg/week) for 4 weeks.


  







[bookmark: _Toc367703622]5.1.2.4 Methods for multiple optimised UEGD on a diseased mouse model

All the steps of the basic US transfection were same as the experiment in section 2.10.2. Previously tested and best-optimised US transfection condition was applied to all US treated groups.
24 C57BL/6 male mice were required in 4 groups (6 in each group) (Table 5.2). All groups (control and treated) have undergone femoral artery ligations, dissections and skeletal muscle dissection as in section 2.11. The total period of time for the experiment was 31 days (Figure 5.1). The US treated groups (group 2 and 4) were subjected to US transfections (7 times) and IVIS analysis (group 2) every 4 days. The blood was taken 3 times for analysis of mouse serum IL-1Ra and CKmm. All the mice (2 controls and 2 treated groups) were euthanized on days 28, 29, 30 and 31 respectively (one group each day).



Table 5.2  Effects of in vivo multiple US (pCMV6-SIL1Ra) transfections and continuous IL-1Ra SC infusion in treated group compared to controls

	Group 1 control 
	Group 2 control 
	Group 3 treated 
	Group 4 treated 

	Left hind limb femoral 
Artery ligation + placebo 
(4 weeks)
(NO US)
	US + luciferase plasmid at 36 μg/μl + 18.35 μl   cationic MB (left and right hind limbs IM) every 4 days for 4 weeks (+ ligation)
	Continuous,SC Infusion of IL-1Ra at Alzet pump containing 25mg/kg/day,IL-1Ra (Anakinra) + left femoral artery ligation for 4 weeks (NO US)
	US + pCMV6-SIL1Ra plasmid at 36 μg/μl + 18.35 μl cationic MB (left and right hind limbs IM) every 4 days for 4 weeks + left femoral artery ligation
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Figure 5.1 Therapeutic effect of in vivo US multiple transfections
(A) Schematic diagrams demonstrating 7 times of US mouse hind limb transfections and 4 days between each UEGD, also 7 times of IVIS light units analysis for luciferase plasmid expression. (B) Shows the first 4 days of femoral artery ligations (6 mice each day) and days 14, 24 and 30 for mice blood tail sampling for serum CKmm and IL-1Ra ELISA analysis.

[bookmark: _Toc367703623]5.1.2.5 Method for continuous drug delivery 

Either placebo or IL-1Ra, were delivered subcutaneously and continuously in fixed rate by osmotic pump protocol throughout the treatment period of the mice as described in section 2.12. 
[bookmark: _Toc367703624]5.1.2.6 Histological analysis

All the steps for skeletal muscle tissue and femoral artery dehydration, staining and measurements were described in section 2.13. 
[bookmark: _Toc322637552][bookmark: _Toc367703625]5.1.3 Results
[bookmark: _Toc322637553][bookmark: _Toc367703626]5.1.3.1 The effect of Il-1 antibody versus placebo on a diseased mouse model

These experiments were performed to confirm the IL-1 dependence of neointima formation in this model. 12 C57BL/6 male mice had left femoral artery ligated as discussed in method section (2.11). 6 mice were considered as a control and were injected weekly (IP) 50 μl NS for a period of 4 weeks. The second treated group was given weekly IP injection of Il-1 antibody (Il1- ab) at concentration 10 mg/kg/week for 4 weeks. There was a significant reduction of N/M ratio in the treated group in comparison to the control (p = 0.0227) (Figure 5.2, 5.3 and Table 5.3).

Table 5.3 Lumen and Total Vessel Area (TVA) of femoral arteries 4 Weeks after Ligation (Data represents mean ±  SEM)

There was a significant reduction in neointima formation between treated and control groups (p < 0.01 = **). Lumen area was significantly increased (p < 0.0001 = ****) and decreased TVA (p < 0.001 = ***) in treated groups. No significant difference in the media between two groups (data not shown). 
	  Conditions
	Neointimal
Area (mm2)                 
	Lumen area 
(mm2)         
	Total Vessel Area (TVA) (mm2)


	Vessel injury 
+ placebo     
	0.0374 ± 0.0158              
	0.00205 ± 0.0013                  
	0.0123 ± 0.0613

	Vessel injury 
+ Il-1 ab    
	0.0042186 ± 0.0027         
	0.07132 ± 0.0018                  
	0.00461 ± 0.0165                



	Conditions
	EEL (mm2)
	ILL (mm2)
	Media (mm2)
	N/M ratio

	Vessel injury 
+ placebo     
	0.05315
	0.02848
	0.02467
	1.68

	Vessel injury 
+ Il-1 ab    
	0.1032
	0.0702
	0.0329
	0.1379
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Figure 5.2 Femoral arteries cross sections
Alcian blue/elastic van Gieson-stained arterial sections of mice stained pathologic elastin fibers and atrophic elastic fibers after femoral artery ligation showing lumen and different layers of the artery. Mice given an infusion of IL-1 ab have little or no neointima compared to placebo group of mice (Original magnifications, x100).
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Figure 5.3 Graphical representation of intima/media development in     mice after femoral artery ligation
Neointima, media, and total vessel area were all measured manually directly. Lumen area was calculated from perimeter measurements to correct for fixation and sectioning errors. At 4 weeks of vascular injury there was a significant decrease of N/M ratio in the treated group (vascular injury+ Il-1 ab) in comparison to the control (vascular injury + placebo) (P = 0.0227). Medial area did not differ between groups (data not shown), mean ± SEM and T test were used (n = 6).



[bookmark: _Toc322637554][bookmark: _Toc367703627]5.1.3.2 The effect of in vivo repeated plasmid (luciferase) UEGD on the level of gene expression

These experiments expand our experience of gene expression after repeated administrations immediately prior to the definitive IL-1Ra studies to ensure continued reproducibility of the protocols.
In this experiment, we tested and traced the effect of multiple repeated and regular US transfections for luciferase plasmid in vivo. 6 diseased mice models were used as mentioned previously. The best maximum achieved UEGD result that was tested before was used for recurrent gene delivery. Time frame was 4 days between each US transfection with IVIS analysis performed 7 times for luciferase light flux signals on days  4, 8, 12, 16, 20, 24 and 28. There was a relatively high frequent light flux level detected by IVIS (gene expression level) from day 4 to 28 (Figure 5.4). 
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Figure 5.4 In vivo repeated US luciferase plasmid transfections
Data in figures A, B and C demonstrates the level of in vivo gene expression (light signals in ph/sc by IVIS every 4 days) of luciferase plasmid for a period of 28 days after 7 subsequent UEGD 4 days in between (using one-way ANOVA of multiple comparison n = 6). There was a high reproducible level of light flux detected by IVIS from day 4 to 28 without significant variations between these 7 days of luciferase plasmid expression p = 0.58.








[bookmark: _Toc322637555][bookmark: _Toc367703628]5.1.3.3 The effect of multiple repeated US transfections using pCMV6-SIL1Ra on neointima formation

The in vivo US transfection of IL-1Ra plasmid was carried out 7 times over a period of 30 days and 4 days between each transfection. 24 C57BL/6 male mice with left side femoral artery ligation were used and there were 6 mice per each treated and each control group. The in vivo US gene deliveries for IL-1Ra and luciferase plasmids were performed at the same time with each group separately. Because gene expression level for luciferase plasmid can be traced visually by IVIS, which had exactly the same in vivo US parameters for IL-1Ra plasmid. The optimum condition of UEGD was applied on a diseased mouse model. There was a significant reduction of N/M ratio in both continuously infusion IL-1Ra treated and repeated US pCMV6-SIL1Ra transfected groups in comparison with both controls (p < 0.05). There was no difference between both control groups (Vascular injury + placebo and vascular injury + luciferase UEGD) (Figures 5.5, 5.6 and Table 5.4).

















Table 5.4  Lumen and TVA of femoral arteries 4 Weeks after vascular injury (VI) (Data represents mean ±  SEM)
Neointima was significantly reduced in both treated groups (VI + IL-1Ra infusion & VI + IL-1Ra UEGD) (p < 0.05 = *) compared to controls. However, there are no significant variations in neointima between either control or treated groups (p = 0.567 and 0.4408 respectively). Lumen area was significantly increased in both treated groups versus controls (p < 0.01 = **). Lumen area remained dilated and did not differ in treated mice (p = 0.409). TVA is decreased in treated mice versus controls (p < 0.05 = *).
	Conditions
	Neointimal area 
(mm2)                 
	 Lumen area 
(mm2)         
	Total Vessel Area (TVA) (mm2)


	                      VI + placebo                         
	0.0338 ± 0.0194          
	0.000548
± 0.000177     
	    0.05914 ± 0.0194

	 VI + Luci.P UEGD               
	0.0312 ± 0.00721        
	0.0006905 ±0.000714         
	   0.06338 ± 0.0057

	                     VI + IL-1Ra infusion            
	0.00161 ± 0.00136      
	0.00732 ± 001627               
	    0.03814 ± 0.00201

	                     VI + IL-1Ra UEGD         
	0.008018 ± 0.001919    
	0.00533 ± 0.002117           
	    0.02518 ± 0.03078



	Conditions
	EEL (mm2)
	ILL (mm2)
	Media (mm2)
	N/M ratio

	 VI + placebo                         
	0.06575
	0.03263
	0.03312
	1.0205

	 VI+Luci.P UEGD               
	0.05764
	0.03319
	0.02445
	1.2786

	 VI + IL-1Ra infusion            
	0.08385
	0.03289
	0.05096
	                    0.3159

	 VI + IL-1Ra UEGD         
	0.06188
	0.04179
	0.02009
	0.49104
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 Figure 5.5 Histological cross sections of femoral arteries
Blue/elastic van Gieson-stained of mice arterial sections 4 weeks after femoral artery ligation showing lumen, neointima and different layers of the artery. Two control and two treated groups. Mice which received an infusion of IL-1Ra and PCMV6-SIL1Ra UEGD have little or no neointima compared to placebo and luciferase UEGD control groups (Original magnifications, x100), Scale bars = 100 µm.
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Figure 5.6  Effects of multiple UEGD of pCMV6-SIL1Ra on neointima formation
The period of study was 30 days for all groups. Left side femoral artery ligation was carried out for all study groups. First and second bars represent controls. Third and fourth bars are treated groups. First bar = VI + continuous normal saline infusion. Second control bar = VI + 7 times luciferase plasmid UEGD. Third bar = VI + continuous SC Anakinra infusion. Group 4 = VI + 7 times pCMV6-SIL1Ra plasmid UEGD. Data shows a significant reduction in both treated groups compared to both controls (p < 0.05). No statistical significant difference between the two controls and two treated groups (p > 0.05). Mean ± SEM and One way ANOVA of multiple comparison test was use (n = 6).

[bookmark: _Toc322637557][bookmark: _Toc367703629]5.1.3.4 Measuring serum mouse therapeutic level of hrIL-1Ra

Blood was taken three times (on day 14, 24 and 30) from all 4 groups (2 controls and 2 treated) (as in section 5.1.2.4) for detection and analysis of mouse serum level of hrIL-1Ra. The first blood samples were taken after 4 times of US transfections, the second samples were taken after 6 times of US transfections, and the last blood samples were taken after 7 times of UEGD. The serum IL-1Ra level on all 3 days was about 600 Nanomolar (nM) in the continuously SC infused IL-1Ra treated group while in both control groups (VI + placebo and VI + luciferase plasmid UEGD) serum levels were not detected. However, the mouse serum level of IL-1Ra in the IL-1Ra plasmid US treated group was about half the level of the continuously IL-1Ra infusion treated group (Figure 5.7).
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Figure 5.7 Serum mice level of hrIL-1Ra 
Blood samples were taken from all 4 groups (control and treated) on days 14, 24 and 30. Control 1 = VI + continuous NS infusion and control 2 = VI + 7 times luciferase plasmid UEGD. Treated 1 = VI + continuous SC IL-1Ra infusion and treated 2 = VI + 7 times IL-1Ra plasmid UEGD. Serum mouse levels of IL-1Ra in both control groups were undetected while it was as high as 600 nM in the IL-1Ra continuously treated group. However, the mouse serum IL-1Ra in IL-1Ra UEGD treated group was about half the level in comparison with continuously IL-1Ra treated group. Group analysis of two-way ANOVA with SEM. (n = 6 per group). 






[bookmark: _Toc322637558][bookmark: _Toc367703630]5.1.3.5 The biological effects of in vivo ultrasound transfections
[bookmark: _Toc322637559][bookmark: _Toc367703631]5.1.3.5.1 Mouse serum creatine kinase subtype “mm” (CKmm) level

This particular enzyme (CKmm) is released only from the damaged or injured skeletal muscle tissue. US transfection was focused into skeletal muscle cells in the mouse hind limb. Therefore any change (raise) in the level of CKmm during US exposure or US gene delivery treatment is considered as an indicator for skeletal muscle tissue destruction. Blood was taken 3 times (on day 14, 24 and 30) from all study groups. There was no statistically significant difference or variation in the mice serum level of CKmm for all groups (treated and controls), p  =  0.419 (Figure 5.8).
























[image: ]





Figure 5.8 Mouse CKmm level analysis subtype 
Blood was taken from all groups (control and treated) on days 14, 24 and 30. Bar one and two are controls. C1 = VI + continuous NS infusion (placebo), C 2 = VI + 7 times luciferase plasmid US transfection.  Treated groups are bar 3 and 4, T1 = VI + continuous SC IL-1Ra infusions, T2 = VI + 7 times IL-1Ra plasmid US transfections. There is no statistical significant difference in mice serum level of CKmm between controls and treated groups (group analysis of two-way ANOVA with SEM), p =  0.419, (n = 6).









[bookmark: _Toc367703632]5.1.3.5.2 Mouse skeletal muscle tissue histological analysis
[bookmark: _Toc346277226][bookmark: _Toc363929964][bookmark: _Toc367703633]All the mice (control and treated) hind limbs were sectioned, fixed and visualized under the light microscope after 4 weeks time of treatment as described in sections 2.11 and 2.13 (Figure 5.9).
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Figure 5.9 Histology of skeletal muscle tissue of mouse hind limb
Histology of representative tissue specimens formaldehyde fixed, H&E stained histology slides of skeletal muscle tissues for 4 different groups. There was no difference between controls and treated groups for all groups and did not show any signs of muscle fibre damage, erythrocyte leakage, or inflammatory white blood cell infiltration. Necrotic and/or regenerating muscle fibres were not observed. Scale bar is 200 µm and 100 times light microscope magnifications.
[bookmark: _Toc322637561][bookmark: _Toc367703634]5.1.4 Discussion
IL-1 is a pro-inflammatory cytokine that is involved in the innate inflammatory response and released mainly from macrophages and monocytes, which transduces signals from foreign bacterial products through pattern recognition receptors, complement activation and TNFa (Dinarello et al., 2012). IL-1 signalling in vascular neointima formation may play a role in activation, migration and proliferation of VSMC through direct actions and via up-regulation of other growth factors or/and cytokines such as PDGF (Libby et al., 1988; Raines et al., 1989).  It is also expressed and implicated in vascular arterial wall injury and inflammation in atherosclerosis and neointima hyperplasia formation (Chamberlain et al., 1999; Satterthwaite et al., 2005). IL-1 signalling can be blocked in man by human recombinant IL-1ra (Anakinra) (Dinarello et al., 2012). Inhibition of IL-1 function is associated with reduced neointima formation in a variety of experimental animal models: (1) in carotid artery of wild-type strain C57BL/6 mice, neointima was induced by arterial ligation 4 weeks after injury. The neointima of mice deficient in the IL-1 signalling receptor (IL-1R1(-/-) was decreased significantly compared to IL-1R1(+/+) controls. IL-1R1(+/+) mice receiving 4 weeks of SC IL-1Ra also had significant reduction of neointima compared with placebo (Chamberlain et al., 2006a). (2) In Apo-E deficient mice IL-1Ra, inhibits the intimal fatty streaks formation and genetic deletion of the IL-1 receptor is associated with a reduction in atherosclerotic plaque in response to high fat diet.  Apoe (-/-) and Apoe (-/-)/IL-1R1(-/-) mice were fed high fat diet for 8 weeks and their blood pressure and atherosclerotic process development were measured. Apoe(-/-)/IL-R1(-/-) mice showed decreased blood pressure and less atheroma formation than Apoe(-/-) mice  (Chamberlain et al., 2009). Based on the above in vivo work, an appropriate diseased animal model was selected in this project by performing femoral artery ligation for 30 days in 25 - 28 gm male C57BL/6 mouse to induce neointima formation in that particular artery proximally. We also assessed the effect of IL-1Ra on this diseased animal model by a significant reduction of N/M ratio in the weekly IP treated mice with IL-1β  antibody at 10 mg/kg/week for 30 days. This is due to inhibition of neutrophil recruitment and inflammation in response to vascular endothelial injury by arterial ligation. However, neointima formation was not prevented in the group with FA ligation and weekly treated with placebo (control). This is supported by a previous study that stated an IV bolus infusion of 0.5 mg/kg human IL-1Ra followed by a continuous SC infusion of 2 mg/kg/24 h in a coronary vascular injury pig model resulted in a 23% decrease in N/M area compared to control (Morton et al., 2005). Another clinical trial study was carried out for 100 mg of Anakinra drug was injected subcutaneously daily into the thigh or abdomen for 14 days in a study recruited 182 patients with Non-ST elevation acute coronary syndrome patients  (NSTE-ACS). There was a significant reduction of C-reactive protein (which was elevated in ACS patients) in the treated group with Anakinra compared with placebo injection (Morton et al., 2015). Thus, IL-1Ra should be injected on a daily basis subcutaneously to achieve its therapeutic effects which can be expensive and inconvenient for the patients. Gene therapy is one of the promising methods to solve these issues and these can be biological (viral) and non-viral gene (chemical and mechanical, e.g US) deliveries. More than 1800 gene therapy clinical trials carried out worldwide have targeted a wide range of pathologic conditions including cancer, cardiovascular diseases, and monogenic diseases. The most common gene types transferred are cytokines, and tumour suppressors. Gene therapy approaches have also been investigated for the treatment of many diseases such as β-thalassemia, rheumatoid arthritis, myocardial infarction, and Duchenne muscular dystrophy (Ginn et al., 2013). Although the biological method of gene delivery (viral vectors) offers the greatest transfection efficiency, they also raise major safety side effects and concerns including immunogenicity, carcinogenesis, off-target delivery and difficulty of vector production (Baum et al., 2006; Bouard et al., 2009; Shapiro et al., 2016; Waehler et al., 2007). While gene therapies have many practical applications, developing suitable, effective and safe delivery vectors remained a major challenge. A mechanical method of US sonoporation in the presence of combined plasmid DNA with MB increases cell membrane permeability to the nucleic acids. This transfection is facilitated through transient pore formation in the cell membrane via the effects of MB volume fluctuations and oscillation (expansion/collapse) followed by complete restoration of cell membrane integrity. Also, US application can be specifically sonoporated and localized directly to a region of interest and deep tissues with minimal systemic effects (Sanches et al., 2014; Watanabe et al., 2010). That is why we have selected an UEGD as an alternative, cheap, safe, non-invasive and convenient tool for gene delivery. Even though UEGD has demonstrated many successful significant gene expressions in vivo and pre-clinical studies have shown benefit in animal diseased models of cardiovascular diseases, these studies have yet to be translated to human applications (Chen et al., 2016a). 
The data in this chapter were focused on the therapeutic effects of US gene delivery of IL-1Ra plasmid in a diseased animal model. We assessed multiple recurrent US transfections of control pGL3-clt for 7 times and 4 days gap between each transfection in a 30 days period. There was high reproducible and stable light flux (representing gene expression) was detected by IVIS at 7 time points. However, there were some hind limbs showing weak light flux or did not show gene expression, the reason may be because of generation of reflecting waves from the mouse bones or underneath the surface and depth of IM injections of plasmid loaded MB. 7 exposures of IL-1Ra plasmid US transfections (using the same conditions as pGL3-clt UEGD) and continuous SC infusions of IL-1Ra drug at 25 mg/kg/week concentration in 30 days was also applied. There was a (1) significant reduction of N/M ratio compared to controls (n < 0.05) (thus providing proof of concept), (2) no statistical significant difference between both controls and between two treated groups p > 0.05. Thus these significant data have established the therapeutic effect of in vivo US transfection on a vascular injury diseased mouse model. These results are supported by another study that demonstrated the effect of UEGD tissue inhibitor of TIMP-3 plasmid on vascular remodelling in porcine SVG failure. There was a significant increase in lumen and total vessel area in the US TIMP-3 group 28 days post grafting compared to non-transfected US group (P < 0.01 was achieved) (Akowuah et al., 2005). Another recent study for was carried out by using UTMD of DNA vector/cationic MB complex for direct delivery of plasmid vectors encoding human factor IX (hFIX) to the livers of hemophilia B (FIX -/-) mice. DNA vector/cationic MB complex were injected intravenously and transfected into hepatocytes by transient acoustic cavitation of the MB. UTMD resulted in transfection of hepatocytes in vivo without damage or bleeding in the liver tissues of the FIX-deficient mice. hFIX was detected by Western blot in the mouse plasma treated with therapeutic plasmid 12 days after UTMD, and also in the hepatocytes by immunofluorescence. This resulted in reductions in clotting time and improvements in the mouse FIX percentage activity in the treated group compared to control untreated mice (FIX -/-) (Anderson et al., 2016). More recently Wang and colleagues demonstrated that intratumoral delivery of small interfering RNA (siRNA) has great potential for cancer treatment, however, tumor-targeted delivery of siRNA mainly relied on the enhanced permeability and retention effect which is often insufficient of these nano-carriers inside tumor cells. To address this issue siRNA encapsulated MB were locally injected and 1 MHz low-frequency US exposure at tumour site after intratumoral injection of combined siRNA/MB led to enhanced permeability for much more siRNA delivery into deeper tumor areas resulting in better therapeutic effect on human cervical cancer xenograft model nude mice (Wang et al., 2016).

In our study we found also that the mouse serum therapeutic level of IL-1Ra in a continuously treated IL-1Ra group was about 600 nM, however the therapeutic level of IL-1Ra was half of that value in US treated group with IL-1Ra plasmid. Thus, a smaller amount of IL-1Ra obtained from UEGD was required compared with continuous SC infusion of IL-1Ra to achieve the same target therapeutic effect on diseased arteries. In other words, a lower level of IL-1Ra achieved by UEGD was adequate to have the same therapeutic effect of IL-1Ra SC infusion. 

Finally, we did not detect any damaging effect of US gene delivery when assessing mouse CKmm which is specific for skeletal muscle destruction. Moreover, histological examination of the locally treated areas with the US as compared to the controls showed no difference in structure of skeletal muscle. This is also confirmed by another study that local US gene transfer of VEGF with injection of MB in hind limb skeletal muscle tissue could cause the exudation of the red blood cells, whereas it had no effects on the microstructure of skeletal muscle fibers (H and E stain were used for the skeletal muscle tissues) (Zhang et al., 2006).
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[bookmark: _Toc367703637][bookmark: _Toc322637564]6.1 General discussion


Gene therapy has the potential to modulate the gene expression with the intention to prevent, stop, or reverse the occurrence of a disease process. Therapeutic exogenous nucleic acids can be used to change gene expressions, such as DNA, mRNA, microRNA, and small interfering RNA (Ginn et al., 2013). Developing effective, feasible and safe delivery vectors remains a major issue, since the negative charged of both nucleic acids and the plasma membranes result in their mutual repulsion due to opposing electrostatic forces. To overcome these limitations, various approaches have been developed such as biological (viral), chemical, and physical methods of gene delivery (Shapiro et al., 2016). Biological methods of gene delivery (viral vectors) are the most commonly used vectors, efficient and applied frequently in clinical trials. However, their uses in clinical practice raise major concerns such as mutagenesis, carcinogenesis (Baum et al., 2006), immunogenicity (Bessis et al., 2004) and off-target gene delivery (Waehler et al., 2007). Non-viral US gene therapy could address many of these safety concerns and limitations. The initial trials of US targeted MB destruction to enhance DNA delivery into the target tissues and cells were limited to in vitro cell culture. US-enhanced transfection studies eventually moved experimentally to the in vivo field, with the ultimate aim to apply US-assisted transfection to clinical practice (Fechheimer et al., 1987; Rychak and Klibanov, 2014).
 
The work presented in this thesis confirms the identity of three different plasmids in vitro, two reporters (pGL3-Ctrl (luciferase), pEGFP-N1) and one therapeutic  (pCMV6-SIL1Ra). This was achieved by restriction digest and gel electrophoresis of plasmid DNA. DNA sequencing of SIL-1Ra plasmid demonstrated obvious mutations and significant deletions. Successful in vitro transfections of aortic rat SMC by the above reporter plasmids were carried out by lipofection using the chemical reagent lipofectamine 2000. However, in vitro gene expression of SIL-1Ra plasmid was not achievable using the same transfection conditions for control plasmids, as a consequence of 22 amino acids deletions and multiple single nucleotide mutations that were discovered by cDNA sequencing. Such mutations likely contributed to the altered biological function of the protein.

US enhanced gene delivery is a promising non-viral technology of gene therapy, which has a number of advantages, such as non-invasive, safe, target-specific, relatively low-cost and no radiation and has broad application prospects, which is regarded as one hot spot in medical research. This US-mediated MB technique for local targeted gene transfer may provide an effective non-invasive method for cardiovascular and other gene therapy applications in clinical use. It may, more example, be applicable for the gene therapy of other diseases such as cancers and muscle disorders. In our study, in which there was a significant biological effect of local UEGD on neointima formation in a diseased mouse model without significant side effects from this new technique of gene therapy. However, some obstacles were faced in this project such as relatively short duration of in vivo gene expression, assessing only two types of MB and using one diseased mouse model as compared with other studies that will be described below. Given further time it would have been interesting to assess other animal disease models and MB formulations. In vivo US gene transfection optimisation plays a critical role in the level of gene expression efficiency also in the therapeutic level of certain proteins (SIL-1Ra) targeting disease processes.

In our study, in vivo US gene transfer optimisation was achieved by doing a series of changes in multiple parameters related to either US conditions and/or the DNA concentrations and type of MB contrast agents. pGL3-Ctrl was used as a reporter gene for in vivo US gene expression optimisation, which produces Luminescence light (gene expression level), which can be analysed and detected by IVIS. The highest light signal represented the best optimised in vivo gene expression and was discovered at (36 µg/µl DNA + 18.35 µl cationic MB + 3 min duration of US exposure + US intensity 1.9 W/cm2, duty cycle 40% and frequency 1 MHz) in comparison to other conditions in which gene expression levels were low. A previous study found that similar optimisation conditions used in this project significantly increased the level of in vivo gene expression of rat skeletal muscle without muscle damage under in vivo US optimised favorable conditions of 1 MHz US irradiation applied for 3 min, a power output of 2 W/cm2 and a 20% duty cycle (Tang et al., 2012). However, some other studies have found that using low dose of DNA at 10 µg/µl with cationic MB and US condition of 5 min duration exposure + intensity 2 W/cm2, duty cycle 50% and frequency 1 MHz increased in vivo mouse hind limb skeletal muscle gene expression level 7.5 times more than using 50 µg/µl DNA with the neutral MB under the same US conditions (Panje et al., 2012). This is because lower DNA dose combined cationic MB has much better conjugation of DNA/MB complex than higher DNA concentration with neutral MB. Another recent US gene expression study was carried out by injection of 50 μg luciferase plasmid-DNA and 5 × 105 MB in mice hind limbs followed directly by US local exposure at 1.4 MHz, 200 kPa, 100-cycle pulse length, and 540 Hz pulse repetition frequency (PRF) for 2 min treatment time, resulted in the optimum transgene expression compared to all other treatment groups. The IVIS bioluminescent signal measured for these hind limbs from mice on day 4 post-UEGD treatment, was 100-fold higher than the light flux signals for controls treated with plasmid-DNA injection alone, DNA/MB injection, or DNA injection with US treatment. These treated conditions resulted in efficient US gene delivery and prolonged gene expression for up to 21 days with no evidence of skeletal muscle tissue damage or off-target delivery (Shapiro et al., 2016).  

By introducing several different conditions of in vivo US gene transfer optimisation including different contrast reagents MB (neutral and cationic) at concentrations of 1.7✕109 particles/ml and diameter 1.7 µm diameter, we have improved the level of luciferase plasmid expression with 18.35 µl cationic MB (i.e total MB number = 31195 x 103) compared with the same number of neutral MB in the presence of US beams which indicate that using a positively charged contrast agent (cationic) had a significant outcome on the field of in vivo US gene delivery (p < 0.05), and this is because more DNA can be loaded with commercial cationic MB than the neutral MB. This data was supported by other work in 2013 which showed that, the use of novel cationic MB significantly increased DNA loading capacity and the US-mediated gene delivery efficiency of in vivo US transfection compared to neutral MB (Jin et al., 2013).

With regard to the duration of US gene expression in vivo, there was a stable high level of luciferase plasmid expression for 3 days locally on the mice hind limbs skeletal muscle tissue which started decreasing gradually until reaching a limited level of expression on day 11 post US transfection. However, the US gene expression levels and duration can be complicated and depends on many factors such as, the kind of cells for transfection, DNA size, MB type, DNA/MB ratio and concentration, and US parameters.  For instance in vivo and in vitro luciferase plasmid US gene expression can last up to 30 days after the treatment with US + PEI cationic MB + DNA as compared with groups without PEI and 1 MHz pulsed US (Lee et al., 2012).  Gene expression level in our study remained for 11 days and that could be because of the limited kinds of MB were used (neutral and cationic). Based on these data we concluded that the best time for the repeated in vivo US transfections was 4 days. The three times of multiple US luciferase plasmid transfections (4 day gaps between) produced a high maintained level of gene expression for a period of 15 days which then disappeared in the absence of further US transfections. On day 15 the light flux level detected by IVIS was reduced to the lower level, because the gap was wider (7 days) than 4 days from day of US gene transfer procedure. Also, the level of gene expression may disappear in the absence of multiple recurrent UEGD.

Relatively high in vivo US gene expression was successfully maintained locally in the mouse hind limb after several separated episodes of UEGD. This was achieved by application of the previously examined favorable conditions of UEGT by using luciferase reporter plasmid. The control plasmid then was replaced with the targeted secretory form of IL-1Ra plasmid on a selective vascular injured diseased animal model. Anakinra molecule is a recombinant, non-glycosylated version of human IL-1Ra with short t ½ of 4 - 7 h prepared from cultures of genetically modified Escherichia coli bacteria using recombinant DNA technology. This IL-1Ra is an important modulator of inflammation and cardiovascular disease by inhibition of inflammatory cell activation, migration, and proliferation of SMC. Continuous SC infusion of IL-1Ra (25 mg/kg/day) to IL-1R1(+/+) carotid artery ligation diseased mice model (25 g weight, 8 -12 week age) for 4 weeks significantly reduced neointima formation compared with placebo (P < 0.05) (Chamberlain et al., 2006a). Also, the continuous SC infusion of IL-1Ra at 2 mg/kg/24 h in conjunction with bolus IV infusion at 0.5 mg/kg to the coronary artery injured white pig for 14 days and analysis after 28 days has shown a significant reduction of N/M ratio compared to the control (Morton et al., 2005). Our study also further confirmed this effect on vascular injury by doing surgical ligation of one side of the femoral artery for 4 weeks on both treated and control groups of C57BL/6 male mice (weight 25 - 30 gm) to induce neointima formation. There was a significant reduction of N/M ratio in the treated group (FA ligation + IP weekly injection of IL1-β antibody), compared to the control group, p value = 0.022 (FA ligation + IP weekly injection of NS), confirming that neointima formation in this model is at least part dependent on IL-1. With regard to the reproducibility of in vivo US gene expression, there were still high levels of gene expression (luciferase plasmid) after more times of multiple US transfections (7 times, 4 days in between for one-month treatment), which gave more advantage towards multiple achievable and high efficacy of successful UEGD. These multiple seven times of high reporter plasmid expression levels of UEGD were carried out on the diseased mouse model, using IL-1Ra plasmid instead of luciferase plasmid using exactly the same parameters. Data demonstrated a significant reduction in N/M ratio in the treated groups (SC Anakinra continuous infusion and US gene transfer treated group with IL-1Ra plasmid for 28 days) compared to the controls (7 times UEGD of luciferase plasmid and 0.9% NS continuous infusion). Moreover, there were no significant variations between either of the control groups or between the treated groups p value > 0.05. This N/M reduction was as a result of systemic secretion of IL-1Ra therapeutic protein from the local targeted skeletal muscle US IL-1Ra plasmid transfection. The effect of in vivo UEGD was previously effectively tested by US targeted MB destruction of NF-kappaB decoy transfection into murine injured arteries, which showed that N/M areas in the NF-kappaB decoy US MB transfected groups less than those in the control groups (p < 0.05) (Inagaki et al., 2006). Another study of dog coronary artery bypass model using the autoallergic SVG of thrombotic and vascular anastomotic restenosis was carried out for 4 weeks. When the therapeutic gene vector of highly expressive t-PA transfected into the myocardial tissue under therapeutic US conditions of 1 MHz, 1.5 W/cm2, 6 min and IV co-injection of MB/t-PA after the bypass surgery. Successful expression of t-PA in cardiac muscles was achieved and detected by a multiclonal antibody test. Thrombosis in the grafted vessels and coronary VSMC intimal hyperplasia were successfully prevented in the US treated group with MB/t-PA into the implanted arteries. That is due to sufficient effective expression of the t-PA following US transfection treatment and persistent elevation of the serum blood t-PA in 1st, 2nd and 4th weeks after the US targeting transfection and can be a potential therapy in prevention of human vascular thrombotic diseases (Ji et al., 2014).

Furthermore, data showed here demonstrated that serum levels of human recombinant IL-1Ra in the US treated group with IL-1Ra plasmid was approximately half the level as seen in the continuously treated group with SC Anakinra infusion for 28 days. That means, less therapeutic dose of IL-1Ra required by UEGD than the continuous infusion of IL-1Ra as a drug to give the same effective treatment on N/M ratio reduction, suggesting that the Anakinra dose was supramaximal.	Comment by Chris Newman: Alter throughout thesis

Importantly, there were no side effects observed that could result from the US gene transfer technique which was confirmed by performing two separate experiments (skeletal muscle tissue histological examination at the site of US exposure and mouse serum (“CKmm”); there were no significant differences between the US treated and control groups in both experiments (p = 0.419). This was further evidenced by a previous study, which showed that US exposure of skeletal muscle in mouse hind limb after injection of MB + plasmid DNA could cause red blood cell exudation. US had no effects on the microstructure of muscle fibers by using H and E stained pictures of the skeletal muscles and provided an effective non-invasive method for gene therapy (Burke et al., 2012; Zhang et al., 2006). In vitro and in vivo US transfections have many potential advantages over other methods of transfection, most importantly, its beam can be directed and focused locally at a specific and targeted site and penetrates deeply within the body without significant adverse effects (Huber and Pfisterer, 2000b). Moreover, similar to the data obtained in this study, there was an encouraging study that was confirmed the role of local US radiation directed to the rat tibialis anterior skeletal muscle tissue and enhanced with the MB loaded EGFP plasmid as a reporter gene. The most favorable conditions for the muscle significant EGFP expression were observed after 5 days from US exposure under 1 MHz US frequency irradiation applied for 3 min, and power output of 2 W/cm2 and a 20% duty cycle with insignificant muscle tissue damage viewed by light microscope H and E staining compared to the controls (Tang et al., 2012). In our results, the best optimum local US gene delivery with no muscle damage (as proven by measurement of CKmm and H and E histology staining) was at 1 MHz therapeutic US irradiation, 40% duty cycle, 3 min US duration and 1.9 W/cm2 power output using commercial cationic MB loaded with luciferase plasmid (mouse C57BL/6 gastrocnemius muscle injection) as a reporter gene compared to controls, also the gene expression level was analysed after 4 days by IVIS instead of 5 days which was demonstrated in that study. 

We also achieved significant in vivo US gene expression of luciferase control plasmid. Lately, preclinical have demonstrated that ultrasound-mediated microbubble destruction (UMMD) in combination with vascular endothelial growth factor-C gene (VEGF-C) siRNA has an important role in breast cancer gene therapy. This is due to VEGF-C siRNA effectively suppressing the protein and mRNA expression of VEGF-C. This happened in breast cancer cells in vivo which has led to reduction in the volume and weight of the tumor in VEGF-C siRNA MB with irradiation group than that in other US un-transfected groups in vivo (Xu et al., 2013). Also, another study has confirmed that US treatment at 4.3 MHz, 1 W/cm2, for 60 sec in conjunction with MB to deliver transendocardial hepatocyte growth factor gene (HGF) into the canine diseased myocardium model (canine acute myocardial infarction model) causes a 7.1 fold enhancement in gene expression (P < 0.01) compared to saline treated controls, which lead to increased angiogenesis, improved ventricular function and myocardial perfusion following MI (Yuan et al., 2013). Also, US gene delivery via systematic transvascular route of Glial cell line-derived neurotrophic factor plamsid (GDNFp) induces the growth and survival of dopaminergic neurons in Parkinson’s disease (PD) rat model. The transcranial focused ultrasound (FUS) exposure of MB-GDNF gene complex leaded to transient gene permeability and induced local GDNF expression. This resulted in a neuroprotection effect in PD animal models to efficiently block PD syndrome progression and restore behavioural neurological function abilities. Thus, this non-invasive targeted UEGD in the central nervous system has a potential role in treatment of neurodegenerative disease (Fan et al., 2016).

Data from the two preclinical studies above support our results, which have demonstrated the therapeutic potential of UEGD in various illnesses including cardiovascular diseases. Selecting the type of MB contrast agents is crucial in an in vivo US-mediated transfection optimisation process, because it has a dramatic effect on US transfection efficiency and cytotoxicity.
Passage of US irradiation through the media results in the rapid pressure variations within the tissue, leading to the rapid cyclic compression and expansion of the MB, leading to microstreaming, cavitation and jetting. If this process happens in close proximity to a target cell or tissue, there is a formation of transient pores in the plasma cell membrane in response to such treatment (Christiansen et al., 2003). Other studies used Bubble liposomes containing the lipid nano-bubbles of perfluoropropane gas that was traditionally utilized as contrast enhancement in US. These bubbles have a smaller diameter than conventional MB and induced cavitation upon US exposure and deliver plasmid-DNA into different types of cells in vitro and in vivo. The transfection efficiency with combined effect of US/MB liposomes is much higher than with simple conventional lipofection methods (Suzuki and Maruyama, 2010). These MB are composed of a gas core and a stabilizing shell, which are usually composed of lipids, proteins, or polymers, since the average diameters of MB are 1 - 10 μm, and they can be safely injected locally or systemically and utilized in intracellular delivery of plasmid DNA, and gene expression modulation (Klibanov, 2007; Shapiro et al., 2016).
In this study, we have applied two commercial different MB reagent solutions (neutral and cationic) in UEGD with the same concentrations of 1.7x109 particles/ml and diameter size of 1.7 µm. Significant gene expression level of luciferase plasmid was demonstrated with the cationic MB in comparison to the neutral MB under the same US conditions and DNA concentration (36 µg/µl DNA + 18.35 µl MB + 3 min US exposure + US intensity 1.9 W/cm2, duty cycle 40% and frequency 1 MHz). This finding is supported by a study performed by Panje et al. (2012) which demonstrated that US enhanced gene transfer of firefly luciferase plasmid using matched size cationic and control neutral MB with US conditions of 1 MHz, 2 W/cm², 50% duty cycle, 5 min, had a significant increased in gene expression level in mouse hind limb skeletal muscle with cationic MB compared to neutral MB at lower doses of MB and DNA, because of the higher binding capacity of the cationic MB than neutral MB and their ability to partially protect DNA from nuclease degradation while neutral MB could not (Panje et al., 2012). The maximum duration achieved in our study for in vivo US expression of luciferase plasmid in mouse hind limb skeletal muscle was 11 days after 4 days from one US transfection and was sustained and reproducible for 30 days after multiple US transfections. However, sustained transgene expression of firefly luciferase plasmid in rat intervertebral disc cells was shown to remain up to 24 weeks after 7 days from in vivo US gene transfer in the presence of MB and US conditions of 60 sec/2.0 W/cm2 and was 11-fold transgene expression of luciferase activity over the plasmid DNA-only group (Nishida et al., 2006). The reason behind this could be the unique anatomical and histological structure of the disc (nucleus pulposus is tightly encapsulated by endplates and anulus fibrosus) and the avascular nature of the disc itself, which results in less immune reaction against MB or foreign DNA. Furthermore, a recent study showed that a synergetic effect following exposure to 1 MHz pulsed US and PEI cationic polymer loaded with the DNA (PEI/DNA) could significantly enhance both the transfection efficiency and expression duration for up to 30 days with less toxicity both in vitro and in vivo (Lee et al., 2012). That is because the structural nature of DNA/PEI complex showed a protective effect against digestion of DNase as compared with groups without PEI and because of high endocytotic intracellular uptake of plasmid DNA in US + PEI/DNA group. 
[bookmark: _Toc322637565][bookmark: _Toc367703638]6.2 Future work
 
Based on our findings in this project, the next expected work could be using different tissue target of local US gene transfer and different MB contrast agents for better US transfection efficiency and longer duration. With improved in vivo US gene expression efficiency and longer duration, we will require less frequent US plasmid DNA transfections to achieve sufficient therapeutic level and effect on neointima formation. In addition, it would be of interest to apply this maximum IL-1Ra plasmid therapeutic US transfection condition in other cardiovascular disease animal models such as the high fat fed mouse model, or the pig femoral artery ligation model. This is because larger diseased animal models have similar anatomical sizes and biology to human beings. Future work should also investigate the efficiency and duration of reporter gene expression by local skeletal muscle US transfection optimisation and apply this optimum condition on a diseased animal model using therapeutic plasmid DNA. Moreover, to evaluate the serum therapeutic protein level resulting from recurrent US gene deliveries and to search for any possible side effects that could happen after frequent local UEGD.
Further more, we may test the UEGD treatment on larger animal model of hemophilia, because lower protein level of factor IX is required to control the bleeding symptoms, which can be achievable by US gene transfection. 

[bookmark: _Toc367703639][bookmark: _Toc322637566]6.3  Final concluding remarks

Optimisation of in vivo US gene delivery in mouse hind limb was achieved at 36 µg/µl DNA + 18.35 µl commercial cationic MB + 3 min US exposure + US intensity 1.9 W/cm2, duty cycle 40% and frequency 1 MHz. The maximum duration of in vivo US transgene expression using luciferase reporter plasmid was 11 days after single US transfection. Recurrent stable in vivo levels of gene expressions were obtained as long as multiple US transfections were applied. In a longitudinal study there was no significant differences in gene expressions between each time point post multiple-US transfections. There was also a significant reduction of N/M in diseased mouse model (femoral artery ligation) in both treated groups with multiple US transfections of IL-1Ra plasmid and with continuous SC infusion of IL-1Ra (p < 0.05) and without significant variations between two treated groups compared with controls (p = 0.86). Importantly, no damaging effects have been observed on mouse hind limbs skeletal muscle tissue after local UEGD (Normal H&E histology and CKmm enzyme).

These studies provide clear proof of principle that repeated remote UEGD of a plasmid encoding a secreted protein can achieve sustained circulating levels adequate to exert potentially therapeutic biological effects.  The data support the further investigation of this technique for other secreted proteins with potentially therapeutic effects in clinical conditions where current therapies are suboptimal and/or are not available.  
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Diagram demonstrating the general steps of in vivo UEGD, (A) gentle mixing
of plasmid DNA + MB contrast reagent (Neutral or cationic). (B) IM mouse
hind limb injection of specific plasmid + MB. (C) Immediate US local exposure
of adjusted parameters and duration at the site of injection. (D) IVIS analysis
for luciferase plasmid light units after 3 - 4 days from the day of US
transfection.
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