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1. Introduction 

1.1 From systemic to intra-articular gene therapy 
The first experiments of gene therapy (GT) in arthritis were done in the mid- nineties.  
Arthritis is a chronic, inflammatory disease responsible for joint inflammation and 
destruction resulting in an imbalance between pro-inflammatory and anti-inflammatory 
cytokines production. Moreover, we know that bone destruction is more active than bone 
regeneration. Therefore, there are different ways of targeting the disease. At the moment, 
there are three classes of drugs commonly used:  
1. Non-steroidal Anti-inflammatory Agents (NSAIDs),  
2. corticoids,  
3. Disease Modifying Anti-rheumatic Drugs (DMARDS).  
Biotherapies have been used for a decade. These treatments restore the balance of many 

functions such as the immune system and the bone metabolism. Agents used in biotherapy 

include recombinant proteins, monoclonal antibodies, growth factors, and vaccines. The 

efficiency of these treatments depends on the stage of the disease. Serious side effects and 

infrequent persistent remission are known as drawbacks. Furthermore, the systemic 

administration of immune regulator can affect several immune responses and trigger 

infections.  

The objectives using gene therapy in arthritis are mainly 1) to obtain a therapeutic quantity 

of therapeutic molecule without side effects, 2) to get a long expression of the therapeutic 

molecule without multi injections, 3) to target the joint specifically resistant to the usual 

treatment (Fiocco  & Punzi, 2011).  

Arthritis models are still being used to improve gene therapy strategies: for instance we use 

induced arthritis models such as collagen induced arthritis (CIA) in mice developing sub- 

chronic poly arthritis or adjuvant induced arthritis or spontaneous models such as Tumour 

Necrosis Factor (TNF) transgenic mice.   

Our team who had the first results in 1996 has seen many changes over the years in its 

approach due to scientific progress. Our first gene therapy experiments used the ex vivo 

strategy (using autolog transfected cells (immortalized fibroblast from DBA/1 mice) or 

heterolog transfected cells (xenogenic fibroblasts from Chinese hamster ovary (CHO) with 

plasmid encoding murine IL-4 or IL-13); then the viral vectors experiments were used until 

the risk of using this methods arose (Bessis et al., 1996). We also used a non viral vector as 

plasmid (Bloquel et al., 2004, 2007; Saidenberg-Kermanach et al., 2003). Several teams tried 
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to optimize the transfer of plasmid whereas others tried to improve the safety of viral 

vectors.  

In order to decrease the risk of a systemic diffusion of the transgene and to target the joint 
which might not respond to the usual treatment we have developed a local intra-articular 
(i.a) gene delivery strategy. 
It is important to note that i.a strategy has been the only choice for the two existing clinical 
trials using GT in patients with rheumatoid arthritis.  
One of the two trials has been done using an adeno- associated virus (AAV) 2 encoding the 
human soluble Tumour necrosis factor receptor type I (hTNFR-Is) fused to the Fc fragment 
of human IgG1. The TNF-┙ binds the soluble TNFR-Is instead of binding the cell membrane 
receptor. The second clinical trial used cells transfected with a retroviral vector encoding IL-
1Ra which binds the membrane receptor of IL-1 and prevents the binding of IL-1.  
In this chapter, we will show the methods evaluated in arthritis models for the gene therapy 
challenges in rheumatoid arthritis. 

1.2 Intra-articular gene therapy 
Knees are formed of four bones (Femur, Tibia, fibula, patella) surrounded by a membrane 
called synovium. It produces the synovial fluid which lubricates and nourishes the bones 
and the cartilage. In rheumatoid arthritis, the synovium is overrun by white blood cells 
which produce inflammatory molecules as TNF-┙, IL-1-┚, IFN-┛. Intra-articular GT consists 
of a therapeutic gene injection in the articular space to allow a local production of the 
therapeutic molecule. In mice, the needle is placed in the middle of the patella (seen through 
the skin after having shaved the knee) as far as the femur, and gently withdraw the needle 
to allow the gene to mix with the synovial fluid. The uncertainty of this method is to find 
out which cells are being targeted. Synoviocytes, osteoclasts, osteoblasts, chondrocytes are 
interesting targets because synoviocytes are able to produce pro-inflammatory cytokines, 
osteoclasts are responsible for the bone degradation, the osteoblasts allow the bone 
regeneration and chondrocytes are responsible for formation, maintenance, and repair of 
articular cartilage. 
Intra-articular treatments are currently used for patients with RA such as corticoids which 
are injected locally. The new approach by gene therapy is a challenge in rheumatology. 
Intra- articular GT allows to reduce the number of injections, the quantity of therapeutic 
molecules and to target the joint resisting the usual treatment (Bessis  & Boissier, 2003).  

2. From ex vivo to in vivo gene transfer 

Two strategies have been assessed in order to introduce the gene into the joint: 1) the gene 
has been introduced into the cells before their injection into the joint (ex vivo gene therapy) 
or 2) the gene has been injected directly into the joint (in vivo gene therapy). 

2.1 Ex vivo gene therapy 
The choice of the ex vivo gene strategy requires to choose the cell type which must be 
transfected.  It seems clear that using autolog cells are more effective than using heterolog 
cells. To regulate immune response in inflammatory diseases such as rheumatoid arthritis, 
cells presenting antigen (CPA) (dendritic cells, macrophages or B cells) are good candidates. 
However, it is difficult to transfect these cells in vivo therefore using ex vivo gene therapy is 
more feasible. CPA are interesting in the ex vivo strategy because they are able to reach the 
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inflamed area such as an arthritic joint where they interact with T cells to regulate immune 
response (Burke, 2003; Kim et al., 2006; Stoop et al., 2010).  They are also able to migrate in 
the spleen and the lymph node to regulate the immune response (Ahrens et al., 2005; Kim et 
al., 2001).  
Dendritic cells (DC) can direct the differentiation of T cell from Th0 towards Th1, Th17 or 
Th2.  The activity of Th1 cells is predominant in animal model of autoimmune diseases such 
as RA at the expense of Th2 cells. Genetically modified DC allow to direct cell differentiation 
towards Th2 cells which have a therapeutic effect in decreasing Th1 activity.  
In collagen induced arthritis (CIA), intravenous (i.v) injection of DC transfected with anti 
inflammatory cytokines (IL-4) can decrease the inflammation. After the injection, cells have 
been found 6h later in the lymph node and the spleen but not in other tissues or organs such 
as muscle, heart, lung and kidney. Transfected DC migrate to the secondary lymphoid 
organ where they modulate the T cell activity. These T cells produced less IFN┛ than T cells 
from splenocytes of untreated mice.  This shows that the injection of DC –IL-4 has directed T 
cells from Th0 to Th2 rather than to Th1 type (Kim et al., 2001).  
On the other hand, DC transfected with adenovirus encoding FasL are able to induce T cell 
apoptosis in a specific manner. According to the authors it seemed that it was more efficient 
to direct T cells towards apoptosis than to direct them towards Th2 differentiation 
(Okamoto et al., 1998).   
More recently, the discovery of small interfering RNA (siRNA) has allowed a change of 
strategy (Fire et al., 1998).  Instead of introducing a gene into DC to increase expression of 
the transgene, DC can be transfected with a siRNA which will block the production of a 
pathogenic molecule. 
It is known that CD40, CD80 and CD86 are important in the regulation of T cell activity by 

DC. From these data, Zheng et al. have studied the efficiency of DC transfected with siRNA 

targeting CD40, CD80 and CD86 in CIA. The i.a injection of transfected DC in mice resulted 

in less bone destruction and a reduced number of immune cells (neutrophils and 

mononuclear cells) infiltrating the joint (Zheng et al., 2010). 

As described, DC are good cell candidates for ex vivo GT. The knowledge of their 
differentiation and their capacity to modulate the immune response has allowed the 
improvement of the therapeutic effect of genetically modified DC.  
The new challenge now is to use regulatory T cells (Treg). Their suppressive activity on T 
cells effectors and their implication in tolerance process could be used in GT. The first study 
using T reg has shown that it was difficult to transfect these cells. Recently, Hombach et al. 
have demonstrated that primary T reg cells stimulated via the complex TCR/CD3 and the 
co-stimulatory molecule CD28 improve the gene transfer in these cells. It is important to 
note that the stimulation and the transfection have no effect on the properties of these cells 
(Hombach et al., 2009). From these data, Wright et al. have assessed the therapeutic 
potential of Treg transfected with TCR specific of antigen in arthritis induced adjuvant 
(AIA) model. They showed that primary Treg cells transfected with specific TCR and T 
CD4+ transfected with specific TCR and Foxp3 are able to reduce the disease (cartilage 
destruction and inflammation) (Wright et al., 2009).  
Apart from DC and Treg cells, others such as mesenchymal cells, autolog fibroblasts or 
human like fibroblasts extract from human joints have also been used in arthritis models. 
The choice of the cell type depends on the immune response targeted, the feasibility to 
transfect them and the way to administer them: subcutaneously (s.c), i.v or in the joint. 
Several teams now develop a local ex vivo gene therapy to increase the number of 
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therapeutic cells in the inflamed target and to regulate locally the imbalance of the immune 
system or the bone metabolism. 
The i.a strategy using ex vivo gene therapy has been studied in a big animal eg a rhesus 
monkey in CIA. Skin autolog fibroblasts from the animal and xenogenic CHO were 
transfected with a plasmid encoding LacZ then grafted in the synovium. This study showed 
that labelling in the joint grafted with autolog fibroblasts was stronger compared with the 
labelling in the joint grafted with heterolog cells CHO. The accessibility of these autolog 
fibroblasts is a serious advantage (Bessis et al., 2007).  
Fibroblast-Like Synoviocytes (FLS) are the largest type of cells in the synovium and 
therefore they are more interesting to treat inflammation in the joint. In RA, they are partly 
responsible for the inflammation in producing pro-inflammatory cytokines. Their pro-
inflammatory activity depends on their environment. Ex vivo GT was discussed because FLS 
are not easy to transfect and their access is difficult. However several teams showed the 
efficiency to use these cells to treat AIA (Adriaansen et al., 2006; Yamamoto et al., 2003). 
Synovial Mesenchymal stem cells which are also in the synovium are more attractive than 
FLS because they are more accessible and they expand easily. They are used more 
specifically in the case of cartilage repair but the advantages mentioned above could be 
interesting to treat the inflammation and the destruction of cartilage (Horie et al., 2009).  
To conclude on the type of cells used in ex vivo i.a GT, it is important to note that cells have 
to be transfected easily, extracted easily and have a good adhesion with the local joint 
environment. 
Despite ex vivo GT being more complex than direct gene injection one of the clinical trials 
used ex vivo gene therapy. In this trial, autolog fibroblasts have been infected with a 
retroviral vector encoding IL-1Ra (Evans et al., 2005).  Then, these cells have been injected in 
the joint.  Wehling et al have published the first result of this strategy in 2009 (Wehling et al., 
2009). Due to the serious secondary effects which happened in another unrelated protocol at 
the time of the trial, the team only injected two patients instead of six.  Furthermore, they 
used the same retroviral vector backbone (MFG) which was the problem. The transfected 
cells have been injected in 3 metacarpophalangial joints in the hand. An intra-patient control 
system has been done with injection of autologous non transfected cells. For the first patient, 
the joint receiving 3.106 cells was less painful than the joint receiving 106 cells. Surprisingly, 
the pain in the joint receiving untransfected cells was reduced too.  This first patient noticed 
an improvement as early as the day after the surgery whereas the second patient was less 
responding. She only noticed an improvement two to three weeks after surgery. Moreover 
she felt a slight pain improvement in the untreated joint.  So, the feasibility was proven, 
however two surgical procedures are needed: one to take the autologous synoviocytes out 
and the second one to transplant these transfected cells.  Evans et al. noticed that 
synoviocytes are able to produce IL-1Ra after three passages. This result shows the stability 
of the transfection. It is an important property which keeps the production of the 
therapeutic transgene for a long time (Wehling et al., 2009). 

2.2 In vitro gene transfer progresses 
Pioneers of the gene therapy were convinced that they could use viruses to bring a 
therapeutic gene into the cells (Hill  & Hillova, 1972; Sambrook et al., 1968). For a long time, 
researchers have been using the property of the viruses to get into the cells naturally. 
However it was the risk of using these viruses which urged the researchers to find a non 
viral strategy. But early studies have shown the difficulty to transfect cells with non viral 
vectors. New vectors and new vectorisation methods had to be developed.  
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Calcium phosphate was one of the first methods used to transfect mammalian cells with 
DNA. Calcium phosphate and plasmid are able to co precipitate which allows DNA uptake 
into the cells. Cationic lipid and polymer have the same property. In vitro transfection 
reagents using different carrier molecules are now commercially available and have the 
advantage of being reproducible to always give the same results. Furthermore, using these 
reagents, fewer procedures are needed than in classical transfection methods. Calcium 
phosphate, polymer were used to transfect cells with non viral vectors but later on, they 
were used to increase the transfection with viral vectors such as adenovirus (Lee  & Welsh, 
1999).  
A second method using electricity was set up in the nineties: electroporation and 
nucleofection are two examples (Gresch et al., 2004). With these technical strategies, 
electroporation and nucleofection, many more cell types can be used in GT. As a summary, 
the pulsed electric fields using electroporators modify the membrane potential resulting in 
breakdown of the lipid bilayer to form pores. These modifications are reversible and 
temporary. First of all, the vector encoding gene of interest and cells are mixed with a 
specific transfection buffer in a specific plate. Then, electric fields are applied. The choice of 
the waveform is an important step. Generators used to apply current can deliver two types 
of waveforms: an exponential decay waveform and a square waveform. However, it is 
important to note that: 1) the square waveform increases the temperature which leads to the 
death of the cells whereas the exponential decay waveform avoids overheating. 2) 
Furthermore, with the square form, the medium of the culture can change the transfection 
efficiency whereas the medium culture has less effect using exponential decay waveform 
(Lambert et al., 1990). The first electroporators were made to transfect DC or macrophage. 
But the number of cells transfected and their viability were limited. To transfect cells using 
the electroporator, the cells are put in a chamber where they received high electrical field to 
create transient pores in the cell membrane. A high number of cells and a high quantity of 
plasmid must be used to obtain a significant quantity of cells transfected.  
Despite the progress of the electroporation the high percentage of death cell remained 
consequent. Another method called nucleofector has been applied. This apparatus increases 
the efficiency of the transfection and survival rate of the transfected cells compared with the 
classical protocol using lipofectamine or electroporation. Nucleofection has a better 
reproducibility than using electroporation. A review reports the efficiency of the gene 
transfer in different primary cell types and cell lines by nucleofection (Gresch et al., 2004). 
The lower primary cell type transfected was the human B cells and the lower cell line 
transfected was PC12 cells. It seems that the variation is not due to the transfection method 
but it depends on the preparation of the cells (human B cells and PC12 cells) and the donor 
of cells in the case of primary cells. Despite using electroporator or nucleofectors it is still 
difficult to transfect cells with a large plasmid (14.7 kb). Further studies are needed to 
improve the transfection of the cells with a larger plasmid. The improvement of 
electroporators which can deliver different voltages during the transfection and the 
improvement of the electrodes could improve the transfection (Cepurniene et al., 2010; 
Rebersek et al., 2007). 
Furthermore, plasmid mobility is not well known. Authors are studying the role of 
electrophoresis in plasmid traffic in the cells to increase the DNA transfer (Cepurniene et al., 
2010; Mir, 2009). 
Electroporation involves several parameters: the form of the wave as seen above, the voltage 
(low or high) and the duration of each pulse applied. According to the parameters used, 
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both following effects can be observed: a thermal effect and electrochemical effects. Whereas 
pulse duration using microseconds or milliseconds has been used for a long time in order to 
destabilize the membrane and to involve the penetration of chemical agents (bleomycin) or 
DNA, the efficacy of this method using nanosecond is now being studied. The overheating 
created when electric pulses are applied is a drawback of the electroporation. Therefore 
duration could be limited to avoid this increase of heat and using nanoseconds could avoid 
the rise of temperature. Silve et al. explained the advantages and the limits in using 
nanoseconds in the book called Advanced Electroporation Techniques in Biology and 
Medicine (Silve et al., 2010).  
With technical improvements primary cells such as synoviocytes can be transfected easily. 
Electroporation provides transfection efficiency, minimizes cell death in decreasing the 
quantity of the vector injected.   
Despite the technical progress, the success of the ex vivo GT  in arthritis models and the 
success of the first clinical trial in rheumatoid arthritis, the strategy remains difficult for 
patients who have to undergo two surgery procedures. This approach is still being used 
although other teams have focused their research on the in vivo GT. 

2.3 In vivo gene therapy 
In RA models, two methods can be used according to expected results: 1) to obtain a 
systemic effect on systemic immune disorders, 2) to obtain a local effect targeting the 
inflamed joint.  
Systemic effects of a transgene are obtained after an intravenous (i.v), a subcutaneous (s.c) 

or an intra-peritoneal injection.  However, drawbacks of the systemic injection have been 

reported:  

1. there are side effects due to the lack of control of the diffusion of the transgene,  
2. the immunogenicity or pro-inflammatory effects of vectors (Cottard et al., 2004; Ji et al., 

1999; Zaiss  & Muruve, 2005) 
3. the need to inject a high dose of a vector in order to get an effective dose of therapeutic 

molecule.  
In vivo gene therapy, via i.m injection of the vectors in arthritis models has been studied 
thoroughly  (Bloquel et al., 2007; Chen S.Y. et al., 2009; Denys et al., 2010). The muscular cells 
have the advantage of being non-dividing cells, easy to access and they produce the protein 
encoded by the transgene for a long time (more than 6 months) (Bloquel et al., 2004).  The 
efficiency of the transfection depends on the vector and the maturation of the muscle 
(Moisset  & Tremblay, 2001). Indeed, viral vectors use viral membrane receptors to infect the 
cells. But as the cells get older they are less able to produce these receptors (Feero et al., 
1997).  In the case of non viral vectors we will see in section 2-5 that different methods have 
been studied to improve the transfection. 
Initially, i.m injection was used to treat muscular disorders and to have a systemic secretion 
of a therapeutic molecule. In RA, the i.m injection is not totally adapted because the target is 
the joint. Besides, molecules injected in the muscle have less possibility to reach the joint 
than to diffuse in the body.  Intra articular GT has also been suggested for the first time in 
1992 (Bandara et al., 1993). The advantage of this injection was very quickly identified: 1) 
easy access to the joint 1) less quantity of vectors, 2) less risk of side effects because no or 
less vector and transgene diffusion, 3) high number of cells so high potential of cells to be 
transfected, 4) the FLS have a low mitotic rate ensuring a fairly long expression of the 
transgene. The efficiency of gene transfer using a systemic or a local injection has been 
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compared. Kim et al. demonstrated that the adenoviral vector encoding IL-4 injected 
intravenously or in the joint decreased the inflammation and the destruction of the bone and 
the cartilage in established CIA. The quantity of the vector injected was respectively 109 and 
5.108 (Kim et al., 2000). Adenoviruses and Adeno-Associated-viruses (AAV) have been 
frequently used to work locally. However, as mentioned before, it seems important to 
develop a non viral strategy safer than a viral strategy. We studied the efficiency of the i.a 
gene transfer in CIA using a plasmid encoding mTNFR-Is. The knees of mice treated with 
this plasmid showed a decrease of both inflammation and destruction and there was no 
systemic effect  (Denys et al., 2010). Examples of joint inflammation and bone destruction 
are illustrated in Fig. 1. 
Although a “comparative study on intra-articular versus systemic gene electrotransfer in 
experimental arthritis” showed that i.m injection of plasmid (pVAX2) encoding IL-10 
decreased the development of the disease, the i.a injection had no effect. In this study, 
contrary to all expectations, 1) the quantity of the plasmid injected in the joint (100µg) was 
higher than the quantity injected in the muscle (25µg), 2) i.a injection had no effect (Khoury 
et al., 2006) . The difference between the two could come from the transgene: the TNF-┙ 
could play a role locally whereas IL10 does not show the importance of the choice of the 
target. In our study, the expression of the transgene after i.a gene transfer was shorter than 
after i.m injection which is an important drawback. The higher production is about 7-8 days 
after the i.a injection. It decreased rapidly and was undetectable 14 days later (Bloquel et al., 
2007; Denys et al., 2010; Khoury et al., 2006). We have shown that a second injection of a 
plasmid encoding msTNFR can allow a new expression of the transgene. However, the level 
of msTNFR obtained after the second injection was lower than the level obtained after the 
first injection may be because of a limited capacity of the cells to integrate the plasmid 
(Bloquel et al., 2007). 
 

 

Fig. 1. Examples illustrating histological analysis of knee's inflammation and destruction. 
Haemalun/Eosin staining. (A-B)  msTNFR-Is treated mice; aspect of normal synovial and 
normal cartilage. (C-D) Saline-treated mouse: inflammation and cartilage destruction of the 
knees. 

A 
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A recent clinical trial using in vivo i.a strategy has been performed. An adeno-associated 
virus type 2 expressing TNF-┙ antagonist was injected in the knee of arthritic patients. These 
patients received a second injection either 12 or 30 weeks when necessary. Twelve adverse 
events and 2 deaths were reported after the second injection (Evans, 2010). The involvement 
of the vector in the pathogenecity has been rejected because this vector has been identified 
as a “good” vector and has been used in others studies (Boissier et al., 2007; Mueller  & 
Flotte, 2008; Wu et al., 2006). In this study, viral genome was detectable in the blood as well 
as in the synovium where it remained longer.  Therefore, this study has shown not only the 
feasibility but also the risk of i.a gene therapy.  
This accident reminds us of the Jesse Gelsinger’s case which shows the difficulty to select 
patients. This accident encourages researchers to improve the non viral gene transfer to be 
used safely in future treatments for humans and to improve the choice of patients’ exclusion 
criteria. 

2.4 Contralateral effect of ex vivo and in vivo gene therapy 
It is important to underline that i.a injections could have a therapeutic effect in treated and 
untreated joints. The contralateral effect doesn’t depend on : 
1. the strategy using ex vivo or in vivo  (Kim et al., 2002; Kim et al., 2005; Whalen et al., 

1999) 
2. the vector injected in vivo because it was observed using viral vector, adenovirus, 

adeno-associated virus and non viral vector (Chan et al., 2002; Ghivizzani et al., 1998; 
Van De Loo  & Van Den Berg, 2002), 

3. the model of arthritis because it is observed in CIA, AIA and Streptococcal Cell wall 
(SCW)-induced arthritis (Chan et al., 2002; Kim et al., 2005; Lechman et al., 2003), 

4. species as observed in rabbits , in rats , in mice and also in human clinical trials (Chan et 
al., 2002; Ghivizzani et al., 1998; Van De Loo  & Van Den Berg, 2002; Wehling et al., 
2009). 

The reason of the contralateral effect with in vivo gene transfer is not well known. However, 
authors have suggested that migration of APC in the case of ex vivo strategy might be 
responsible for that particular effect (Kim et al., 2002). Indeed, studies have showed before 
that these cells are able to travel to other sites of inflammation or secondary lymphoid 
tissues such as lymph  nodes (Kim et al., 2000; Lechman et al., 1999; Morita et al., 2001). 
In the case of in vivo gene strategy, local dendritic cells might be infected by the vector and 
they migrate to regulate the inflammation in the front paws or in the contralateral paw. We 
cannot control this distant effect at the moment therefore this property could be interesting 
to develop. It would be a serious advantage to be able to treat all the joints with the 
diffusion of the protein encoded by the transgene without the diffusion of the vector. 

2.5 Technical strategies to improve in vivo gene therapy in rheumatoid arthritis 
The first in vivo non viral gene delivery consisted in a single injection of the vector. 
However, the size of the DNA and anionic charges surrounding the DNA block the efficacy 
of the endocytosis.  Mechanical, chemical or electrical approaches are being developed to 
improve gene delivery. We focused our description only on the methods used in arthritis 
models. 

Liposomes  

Liposomes are molecules which have been used for the last three decades and have become 
more and more performing.  They were first used in vitro and the improvement in their 
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safety allowed them to be used for in vivo gene therapy to carry nucleic acids (DNA or 
RNAi). 
They are microbubbles of lipids which are anionic, cationic or zwitterion. The composition 
of the liposomes can vary and their interaction with cells depends on this composition 
(Ropert, 1999). Cationic Liposomal carrier has been considered as a good potential to 
facilitate molecule internalisation in cells because they have similarities with the cell plasma 
membrane. The advantages of liposomes in GT have first been described in the ex vivo gene 
transfer: liposomes involve the adhesion of packaged nucleic acids to the cell surface, then 
the internalisation of them by endocytosis. They also confer a protection against DNase. 
Studies have shown that Cationic liposomes increase the transfection by 3 fold in the 
skeletal muscle (Felgner, 1996). However, in vivo, some drawbacks were reported following 
liposomes nucleic acids complex injection in the serum.  Liposomes DNA complex also 
called lipoplexes could be responsible for a toxicity action and/or an inflammatory action. 
Therefore, they could limit the biodistribution. Advantages and drawbacks of Cationic 
liposomes used in vivo gene transfer have been described in the human gene therapy journal 
(Felgner, 1996).  
In arthritis models, lipoplexes are used to carry siRNA.  Khoury et al. also used siRNA 

targeting pro-inflammatory cytokines as TNF-α, IL-1β, IL6 and IL-18  (Khoury et al., 2006; 
Khoury et al., 2008). They have noted that the i.v simultaneous injection of the three 

lipoplexes blocking IL-1β, IL-6 and IL-18  has curative and preventive effects (Khoury et al., 
2008).   
Other teams have targeted the immune cells rather than the pro-inflammatory cytokines in 
CIA. Indeed, the development of rheumatoid arthritis depends on the interaction between T 
cells and CPA. Adreakos et al. used lipoplexes able to block CD40/CD40L interaction. 
Authors have developed a liposome compatible with the in vivo GT called amphotenic 
liposome which facilitates the encapsulation, the blood circulation and the cell release from 
an endosome (Andreakos et al., 2009). This liposome has been injected intravenously at the 
onset of the disease. It releases CD40 anti sense which prevents the CD40 expression on T 
cells. The improvement of the clinical signs of the disease was noticed only 24h after the 
treatment.  Furthermore, the efficacy on all paws was noted 10 days after the first injection 
of liposomes.  

Electrotransfer 

Electric fields were first used in vitro as seen in section 2-2. Since then, they have been used 
in cancerology. The strategy called electrochemotherapy helps the endocytosis of drugs in 
tumour cells. The first application was conducted in the 1990's on subcutaneous and 
cutaneous tumours (Gilbert et al., 1997; Mir et al., 1991; Titomirov et al., 1991).  
Besides, electric fields have been used to transfer genes into cells. This strategy called 
electrotransfer (ET) has also been used to kill tumour cells or to force the liver and then later 
on the muscles to produce therapeutic molecules (Aihara  & Miyazaki, 1998; Heller et al., 
1996; Rols et al., 1998).   
The action of electric fields in vivo is the same as the ex vivo electroporation:  
1. pore formation in the cell plasma membrane,  
2. penetration of the vector into the cells.  
The development of the i.m gene therapy using ET has been a major advance in genes 
transfer (Miyazaki  & Miyazaki, 2008). The stability of the transgene expression between 
individual subjects was a very major advance of this method. 
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In 1998, Mir et al. have published the parameters which give an efficient and a reproducible 
muscle cells transfection. Furthermore, they obtained a temporary permeabilization of the 
cells and of many survival cells (Mir et al., 1998).  
The generator used for the ET delivers square waves. The current is transmitted to the target 
via electrodes which are two parallel stainless steel plates, their size depending on the 
target. Fig.2. shows the position of the electrodes for the knee's elecrotransfer (A) or for 
muscle's electrotransfer (B).  
 

  
       A             B 

Fig. 2. Electrotransfer to mouse knee or muscle. DNA electrotransfer was performed with a 
square wave electroporation system. The current is transmitted to the target via electrodes 
which are two parallel stainless steel plates, their size depending on the target. A. 
Electrotransfer to mouse knee: the pair of electrodes was placed on either side of the knees 
and then 12 electric pulses were applied during 20ms. B. Electrotransfer to mouse muscle : 
the  pair of electrodes was placed on either side of the muscle and then 8 electric pulses were 
applied during 20ms.  

In arthritis models, conventional parameters are used to deliver genes in the muscles: 8 
pulses for 20ms at low voltage (100-200V) for 1cm between the electrodes with a frequency 
of 1Hz. The parameters are changed to deliver genes into the joint: 12 pulses for 20ms at 
250V/cm with a frequency of 2Hz (Denys et al., 2010; Khoury et al., 2006). It is interesting to 
note that the parameters of the ET can be better controlled in using mathematical modelling 
or in vivo test (Miklavcic et al., 2000). The parameters programmed in the electroporator are 
set for a unique position of the electrodes. However, during the ET, it is known that the 
muscle contracts and electrodes move. As a result there is a decrease of the permeabilization 
responsible for a decrease of the efficiency of the ET. Cukjati et al have described a method 
controlled by a computer which adapts the parameters according to the changes of the 
movement of the electrodes to achieve the permeabilization at the end of the pulses (Cukjati 
et al., 2007).  
Despite the results with the application of low voltage (100-200V) and long duration (20ms), 

it seems that high and then low voltage must be applied:  1) to permeabilize the cells and 2) 

to promote the DNA transfer. These two steps have been described in several studies  

(Andre  & Mir, 2010; Hojman, 2010; Satkauskas et al., 2005) . The following elements play a 

role in the transfer of DNA in the cells: 1) the electric pulses, 2) the structure of the DNA, 3) 

the composition of the buffer in which the DNA is diluted, 4) the physiology of the muscle. 
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The damages and the physiological modifications on muscular fibres have been studied 
after electrotransfer. The parameters used can alter the muscular fibres temporarily (Gissel, 
2010; Hojman, 2010; Tevz et al., 2008). When we used a high voltage for 20ms, we did not 
notice any fibrosis (Bloquel et al., 2004).  
Mir et al have studied the ionic flux, apoptosis marker expression and muscular function 
after ET using different combinations of pulses. As explained by the authors, the effects 
depend on the combinations (Hojman et al., 2008). 
On the other hand, Peng et al. noted that the vector could be integrated not only by mature 
muscle cells but also by satellite cells after electrotransfer. These satellite cells replace the 
damaged muscular cells. Their transfection seems important in order to have a long 
expression of the transgene (Peng et al., 2005).   
Besides the role of the pulse on the efficiency, let’s not forget the electrodes configuration 
and composition.    
Two types of electrodes can be used: invasive or non invasive electrodes. In arthritis models 
we used non invasive electrodes as described before. Other electrodes have been 
constructed according to the target. Gothelf and Gelth have described different types of 
electrodes used for skin electrotransfer (Gothelf  & Gehl, 2010).  Invasive electrodes have 
been a great evolution for transfected skin and tumours as they release the pulses directly 
into the tissue. The voltage used with these electrodes is less than the voltage used with non 
invasive electrodes because the current must go through several barriers before reaching its 
target (Liu  & Huang, 2002).  However, a huge step in invasive electrode is the set up of the 
syringe electrodes. They are formed with two electrodes, one of them being used to inject 
the DNA.  
Syringe electrodes have originally been developed to treat neuronal diseases such as 
Alzheimer disease but it also opens a potential application in i.a gene therapy (Li et al., 
2010). Intra articular ET showed therapeutic effects in arthritis models (Bloquel et al., 2007; 
Denys et al., 2010). However the application of non invasive electrodes on both sides of the 
joint is not always controlled which could explain some individual differences in the results. 
Therefore, in vivo ET depends on the chosen electrodes, on the electric parameters applied 
and on the tissue composition.  It can be difficult to determine the optimal electric 
parameters for a type of electrodes in a specific tissue. Numerical modelling described by 
Zupanic et al. can determine the optimum parameters” for ET in muscular tissue”.  (Zupanic 
et al., 2010). This approach can be used for different tissues.  

Nanoparticles vectors 

Chitosan is a nanoparticle charged positively capable of binding anionic nucleic acids. 

Furthermore, it is biocompatible, and remains small after nucleic acids binding (Takka  & 

Gurel, 2010). In CIA, Howard et al. demonstrated that i.p injection of chitosan containing 

anti TNF-α siRNA delayed the arthritis development by targeting peritoneal activated 

macrophages (Howard et al., 2009).   

In the rat AIA, the IL1-Ra-chitosan-folate complex (nanoparticles complex) decreased the 
inflammation and the destruction of the joints (Fernandes et al., 2008). Shi et al. have 
performed this strategy using hydrodynamic injections of the nanoparticles-complex in the 
vein of the hind paws. They became aware of the smaller size of the circumference of the 
ankles in rats treated than in non treated rats (Shi et al., 2011). A study shows the efficiency 
of i.a injection of other nanoparticles (atecollagen) associated to a double-stranded miRNA-
15 in the arthritis development. As a result, authors noted a successful transfection of the 
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synovium cells and the downregulation of Bcl2 which is the target of the miRNA-15. Despite 
an incomplete action on the disease, the i.a injection of miRNA carried by atecollagen opens 
new perspectives to simultaneously administer several miRNA (Nagata et al., 2009).  

3. Progress and prospects on the structure of naked nucleic acids and 
viruses to treat rheumatoid arthritis 

This section focuses on the most important technological modifications concerning naked 
nucleic acids and viruses in order to increase their efficiency in arthritis models.  

3.1 Plasmids 
Plasmid DNA expression has been hampered by a low level of transfection and the short 
time of the expression of the transgene. Several changes have been made to improve its 
safety, its internalisation in the cells, its translocation in the nucleus and its integration 
(Conese et al., 2004; Gill et al., 2009; Lam  & Dean, 2010). Plasmids are also: 1) reduced 
(minicircle DNA) 2) deprived of the bacteria resistant gene 3) deprived of its CpG motifs.  
Studies showed that minicircles produce the transgene for a longer time than when it is 
produced from the conventional plasmid (Mayrhofer et al., 2009). Different elements explain 
this advantage:  
1. minicircles have a supercoiled form that will protect the DNA from degradation by 

enzymes  
2. minicircles have less CpG sequence motifs which are usually responsible for an 

immune response destroying the plasmids (Bloquel et al., 2004; Mayrhofer et al., 2009)  
3. minicircles are small facilitating  their penetration  in the cells.   
Despite these advantages, a few studies have demonstrated their therapeutic efficiency in 
RA(Chen Z.Y. et al., 2003; Stenler et al., 2009) . Some teams are focusing mainly on the 
improvement of their purification; others are trying to improve the efficiency of the plasmid. 
Researchers replaced CpG by other sequence motifs or by removing the resistance gene to 
antibiotics (Kay et al., 2010; Mayrhofer et al., 2008).   
For a long time, the genes making cells or bacteria resistant to specific antibiotics have been 
the only way to select and isolate the cells / bacteria containing them. However, once the 
genes spread into the germs, these germs become resistant to antibiotics and are impossible 
to eradicate. Therefore, the scientists tried to construct plasmids without these genes and 
with a conditional replication origin (Marie et al., 2010; Soubrier et al., 1999).  
Besides, further improvements are expected in order to have more plasmids translocated in 
the nucleus. Lan et al have described these approaches as well as the inclusion of 
transcription factor-binding sites for a cell-specific delivery (Lam  & Dean, 2010). 

3.2 siRNA  
RA is characterized by an uncontrolled increase of the production of inflammatory 
cytokines (TNF-α, IL-1β, IL-6), an uncontrolled production of enzymes destroying cartilages 
and bones (metalloproteases). First of all, treatments and studies have targeted these 
pathogenic molecules. Then, the emergence of siRNA and small hairpin RNA offer the 
possibility to prevent the production of the pathogenic molecules. However these naked 
nucleic acids are unstable and are rapidly damaged by enzymes. Different approaches have 
been used to enhance their stability, to protect them against nuclease degradation, to 
perform their ability to penetrate in the cells (Khoury et al., 2006; Shim  & Kwon, 2010). The 
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therapeutic effect in arthritis models has been demonstrated in blocking TNF-α by an i.a 
injection of siRNA and by an i.p injection (Howard et al., 2009; Schiffelers et al., 2005). The 
systemic injection of siRNA has been possible through the development of nanoparticles 
lipoplexes (Courties et al., 2011; Khoury et al., 2006). Another delivery approach has been 
developed using a cream containing siRNA (Takanashi et al., 2009). It targeted the 
osteopontin produced by macrophages and activated T cells. After application, osteopontin 
has been found reduced in the serum and siRNA ameliorate symptoms of the disease.  
Using a cream to deliver siRNA is an interesting new technology because this method acts 
locally without an invasive injection.  

3.3 Viral gene therapy development in rheumatoid arthritis 
The most common vectors used in RA are adenoviruses (AdV), retroviruses (oncoviruses 
and lentivirus) and recombinant adeno-associated viruses (rAAV). They have attractive 
characteristics for human GT (Bessis  & Boissier, 2003; Cavazzana-Calvo et al., 2010; Herzog 
et al., 2010). 
In 1985, for the first time, Roeschler et al. have injected an AdV encoding LacZ in the knees 
of rabbits. Authors showed that AdV are able to transfect both types A and B synoviocytes 
throughout the articular and periarticular knees (Roessler et al., 1993). Their use as a vector 
for gene delivery is limited due to the inflammatory effect and/or because they can be 
quickly lost when they transfect dividing cells. Researchers tried to construct AdV without 
viral sequences. The first result showed that the yield was weaker than for the first 
generation. Furthermore the process is difficult (Kochanek et al., 2001). Other modifications 
have been made to decrease the immunogenicity and to increase the stability and the 
specificity (Nayak  & Herzog, 2010; Tang et al., 2010). Indeed, AdV under control of 
inducible promoter (human telomerase reverse transcriptase) can lyse synoviocytes which 
contain active telomerase in a rat CIA model. Furthermore authors noticed a replication of 
the AdV in the arthritic joints but not in the non- arthritic ones (Chen S.Y. et al., 2009). The 
ability of the AdV to target specifically pathogenic cells (without reaction against normal 
cells) is an important property to be developed for gene therapy in patients.  
Retroviruses (RV) are divided into two classes. The first class called oncoretrovirus, used 
commonly, is derived from Monkey Murine Leukaemia oncoretrovirus. They are less 
adapted for i.a in vivo GT than AdV but the feasibility and safety of the ex vivo gene strategy 
has been demonstrated in patients RA (Wehling et al., 2009). The second class called 
lentivirus is able to easily transfect cells and then to produce the transgene for a long time. 
Several studies have shown that an i.a injection of lentivirus (encoding therapeutic 
molecules) decreases the development of arthritis in animal models (Gouze et al., 2003; 
Wang et al., 2010; Zondervan et al., 2008). Furthermore, lentivirus [encoding both a 
therapeutic molecule (galectin 1) and the shRNA of (galectin 3)] has been injected in the joint 
of arthritic mice (Wang et al., 2010). The joints injected with the lentivirus are less inflamed 
and show less bone degradation. Furthermore the angiogenesis seems lower in treated mice 
than in untreated mice. However, authors noted a lower vessel density.    
RA is a disease developed from imbalance between pro and anti inflammatory mechanisms. 
This approach is also interesting because it shows the feasibility to target molecules playing 
an opposite role in the development of the pathology. 
Recombinant adeno-associated viruses (rAAV) are non pathogenic and are able to produce 
the transgene for a long time. They exist under different serotypes, including eight 
characterized ones which differ by their ability to transfect specific tissues. The serotype 
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rAAV2 has been used in several clinical trials including the local treatment of RA (Mueller  
& Flotte, 2008). In the last few years, serotype 5 has been defined as a “good” vector to target 
the synovial tissue (Apparailly et al., 2005; Boissier et al., 2007). However, autoantibodies 
production directed against AAV are responsible for neutralization of rAAV (Cottard et al., 
2000) .  Boutin et al. have published the titer of Immunoglobulin G subclasses produced 
against each serotype in humans (Boutin et al., 2010). These results and the knowledge of 
the efficiency of Serotypes 5 to transfect synovium demonstrate that rAAV5 may be an ideal 
candidate for i.a gene therapy in RA. Furthermore, the integration of an inducible promoter 
is encouraging in order to target a specific inflamed tissue (Apparailly et al., 2002; Yang et 
al., 2010).  
Using rAAV is limited because the production strategy is long, difficult and only gives a 
poor performance. Different processes have been followed to increase the yield and answer 
the requirements for clinical trials (Negrete  & Kotin, 2008; Wright, 2008). For a long time 
rAAV have been produced from mammalian adherent cells restricting the production of 
large doses which prevents in turn limits a higher number of clinical trials and a commercial 
production. Another system avoiding the usual limit for producing rAAV has been 
developed. This system uses insect cells and baculoviruses vector. This experiment carries 
on in order to increase the yield whilst reducing the complexity of the system (Mena et al., 
2010; Negrete  & Kotin, 2008). Aslandi et al. have also established a stable insect cell line 
containing helper genes necessary for the production of vectors. These genes will only be 
active when the cells are transfected with baculovirus. The system has improved the yield 
and the protocol to produce rAAV (Aslanidi et al., 2009). 

4. Development of specific regulated promoters   

There are two classes of promoters: constitutive (viral and eukariotic) and inducible. Among 
constitutive viral vectors, Cytomegalovirus (CMV) is the most used promoter in mammalian 
expression systems because it allows a high level of gene expression. However, its 
expression is regulated by a large variety of stimuli which can cause an uncontrolled 
production of the transgene.  
Different inducible promoters under the control of molecules such as antibiotics have been 
developed to target tumours or specific tissues (Robson  & Hirst, 2003). For the first time 
Bakker et al. showed the feasibility to use an inducible adenovirus vector made up of 2-
component promoters. The promoters have sites for Nuclear factor kappa B binding and are 
activated by pro-inflammatory cytokines. Authors have injected this vector in the joint of 
mice immunized with collagen. They noticed an improvement in the treated and untreated 
paws. They have obtained the same result in using the adenovirus encoding IL-1Ra under 
the control of CMV  (Bakker et al., 2002). In order to get a more specific inducible 
therapeutic action of vectors, it is possible to use bioinformatic. Geurts et al. have elaborated 
a system to design proximal-promoters aiming at to RA (Geurts et al., 2009) . Therefore, 
inflammation responsive promoters provide a huge progress in rheumatoid arthritis gene 
therapy because this disease is characterized by temporary acute flares. 

5. Conclusion 

The studies described in this chapter show the advances in gene transfer and its applications 
in RA. The clinical trials applied on RA patients demonstrate: 
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1. that gene therapy is not only appropriate for  monogenic diseases but also for 
multigenic diseases 

2. the feasibility of the strategy  
3. that progress must carry on in the years to come to become more efficient.  
Each strategy (ex vivo and in vivo), each vector and each target have their advantages and 
drawbacks. Experimental protocols have improved the efficiency, the safety, of  Gene 
therapy involving the development of clinical trials in RA patients. Three startegies of GT  
have been been tried  : 1) RA-FLS genetically modified (by RV encoding IL-1Ra ex vivo) 
before i.a injection , 2) i.a injection of plasmid encoding the Herpes simples virus thymidine 
kinase , 3) i.a injection of AAV2 encoding hTNFRs (table 1).  
 

Trial Country Vector Transgene 
Date 

approved 
Status 

Canada 
Adeno-associated 

virus 
TNFR-Fc Ig fusion 

gene 
2004 Closed 

Germany retrovirus IL-1Ra  open 

USA retrovirus IL-1Ra 1995 closed 

 plasmid HSV-TK 1998 closed 

 
Adeno-associated 

virus 
TNFR-Fc Ig fusion 

gene 
2003 closed 

 
Adeno-associated 

virus 
TNFR-Fc Ig fusion 

gene 
2005 open 

Table 1. Gene therapy clinical trial in rheumatoid arthritis in the world.  Three countries 
only have attempted RA gene therapy clinical trials (Edelstein, 2011). 

Furthermore, the knowledge acquired on the mechanisms of the disease increases the 
number of possible targets. The recent studies on signalisation pathway offer the 
opportunity for new therapeutic strategies.  
Other promising therapeutic systems must be developed to combine researches in biology, 
chemistry and engineering.     
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