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Abstract

Orthopaedic gene therapy has been the topic of considerable research for two decades. The
preclinical data are impressive and many orthopaedic conditions are well suited to genetic
therapies. But there have been few clinical trials and no FDA-approved product exists. This paper
examines why this is so. The reasons are multifactorial. Clinical translation is expensive and
difficult to fund by traditional academic routes. Because gene therapy is viewed as unsafe and
risky, it does not attract major funding from the pharmaceutical industry. Start-up companies are
burdened by the complex intellectual property environment and difficulties in dealing with the
technology transfer offices of major universities. Successful translation requires close interactions
between scientists, clinicians and experts in regulatory and compliance issues. It is difficult to
create such a favourable translational environment. Other promising fields of biological therapy
have contemplated similar frustrations approximately 20 years after their founding, so there seem
to be more general constraints on translation that are difficult to define. Gene therapy has noted
some major clinical successes in recent years, and a sense of optimism is returning to the field. We
hope that orthopaedic applications will benefit collaterally from this upswing and move
expeditiously into advanced clinical trials.

Introduction

Life as an orthopaedic gene therapy researcher can be embarrassing at times. After 20 years
of promises, there is no FDA-approved product and few clinical trials, only one of which,
for rheumatoid arthritis (RA), completed Phase 11 [Evans, 2010; Mease et al., 2010]. And
even this milestone was marred by the death of one of the subjects in the study, albeit
unrelated to the gene transfer [Evans et al., 2008; Frank et al., 2009]. Given that the science
behind orthopaedic gene therapy is generally sound, and the pre-clinical data impressive,
why is its clinical realization so slow? The lack of clinical trials is all the more puzzling
because many orthopaedic conditions are well suited for gene therapies[Evans, 2004].The
present article examines this matter.

Gene therapy basics

Conceptually, gene therapy is simple. By compensating for individual mutations, genes can
be used medicinally to treat Mendelian disorders. For non-Mendelian disorders gene transfer
can serve to provide therapeutic gene products, both RNA and protein, to the patient.
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Gene transfer requires the use of vectors that deliver the therapeutic genes, or more usually
their cDNAs, to the target cells in ways that ensure the appropriate level and duration of
transgene expression. Viral vectors are particularly efficient in this regard. Commonly used
viral vectors include those derived from adenoviruses, adeno-associated viruses (AAV),
oncoretroviruses, lentiviruses and herpes simplex viruses. Non-viral vectors are less
efficient, but have advantages that include lower cost and easier production. They also raise
less safety issues. Non-viral vectors are often simple plasmids that can be combined with
carriers, such as lipsosomes, polymers or other materials, to enhance uptake and expression.
Transfection may be improved by physical means, such as electroporation and sonication.

Vectors may be introduced directly into the patient (/77 vivo delivery) or introduced
indirectly via cells that are genetically modified outside the body and then implanted,
injected or infused (ex vivo delivery) The choice of vector and its mode of application
depend upon the indication; orthopaedic examples are given below.

In certain settings it is necessary to regulate the level and duration of transgene expression.
This can be achieved by the judicial use of promoters and other regulatory mechanisms, or
take advantage of the biology of the target cell or the host’s response to the vector.

Orthopaedic applications of gene therapy

Arthritis

It is possible to define four areas of orthopaedics where gene therapy might be clinically
useful [Evans et al., 2005a]: Mendelian disorders; tumors; arthritis and other joint diseases;
tissue repair and regenerative medicine (TERM). Although there has been some pre-clinical
progress in addressing genetic diseases such as osteogenesis imperfecta and the orthopaedic
sequelae of lysosomal storage disorders, as well as in confronting certain orthopaedic
tumors, most research has focused on arthritis and TERM [Evans et al., 2009].

Anrthritis was the first indication to be investigated, taking advantage of the opportunities
offered by the ability to inject directly into individual diseased joints [Bandara et al., 1992].
Because the joint is a discrete cavity, and intra-articular injection is generally unproblematic,
it lends itself to local gene transfer. It is lined by naked synovium, which facilitates /7 vivo
gene delivery because any intra-articularly injected vectors have little choice but to engage
synovial cells. Genetically modified synovial cells then express the transgene and deliver
secreted transgene products into the joint. When ex vivo gene transfer is used, the injected
cells adhere to the joint lining to deliver the gene product. Either way, gene transfer converts
the joint into a local “factory” that synthesizes its own medicine.

This capability confers important advantages. No other delivery method can achieve the
sustained, intra-articular accumulation of proteins or other such macromolecules. This partly
reflects the fact that materials exit joints very rapidly via the lymphatics and repeated,
frequent, intra-articular injection is not feasible or safe. Macromolecules can be introduced
systemically, but they are inefficiently delivered to joints in this fashion. The restricted
transfer of large proteins from the circulation to the joint following systemic delivery is well
illustrated by the lysosomal storage disorder mucopolysaccharidosis type VI. This disease,
caused by lack of A-acetyl galactosamine-4-sulfatase, affects multiple organs including the
joints, which undergo degenerative changes. Systemic delivery of the recombinant protein
successfully treats all organs apart from the joint, because of the inefficiencies noted above.
However, in animal models, intra-articular delivery of a cDNA encoding this protein
normalizes joint function [Byers et al., 2009]. A similar phenomenon has been noted in the
treatment of hemarthritis in mice with hemophilia [Sun et al., 2008].
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Local, intra-articular gene delivery has the additional advantage of minimizing side-effects
in non-target organs. Indeed, experimental studies in laboratory animals have been unable to
detect circulating transgene product following gene delivery to joints unless intra-articular
transgene expression is exceptionally high [Gouze et al., 2003].

A large number of pre-clinical studies, reviewed by [Ghivizzani et al., 2008] and a small
number of clinical studies, described later, confirm the validity of this approach to therapy.
These studies have successfully used a variety of different vectors, transgenes, and both /n
vivoand ex vivo delivery in animal models of RA and osteoarthritis (OA).

Tissue Engineering and Regenerative Medicine

Tissues of orthopaedic interest are frequently injured as a result of sporting activities,
combat, motor vehicle accidents and so forth. Their ability to repair ranges from very high,
as in bone, to very low, as in cartilage. For a number of reasons, TERM seems an excellent
application of orthopaedic gene therapy. In many cases, we have a good understanding of
the repair processes that we are trying to promote, and promising candidate reparative
transgenes have been identified and cloned. Moreover, it is likely that transgene expression
will not need to be prolonged or closely regulated. Indeed, it is likely that existing
technology can already provide the necessary levels and duration of expression. Adenovirus
vectors, for example, with commonly used, constitutive promoters such as the
cytomegalovirus immediate-early promoter, typically provide 1-2 weeks of high transgene
expression /n vivo, followed by 1-4 weeks of declining expression in laboratory animals
[Baltzer et al., 1999; Gouze et al., 2007]. By 6 weeks, the host immune system and cell
turnover usually combine to eliminate viral expression [Gouze et al., 2007]. This could well
be an ideal expression profile for the purpose of healing an organ such as bone.

Bone healing has been a focus area for orthopaedic gene therapy research because its
biology is well understood, it is remarkably responsible to gene transfer, and there is a
pressing clinical need for better ways to heal bone [Carofino and Lieberman, 2008; Evans,
2010]. Its responsiveness to gene transfer reflects the native ability of bone to heal
exceptionally well — indeed it is one of the few organs in the body that can spontaneously
heal without scarring. A large number of pre-clinical studies in rodents and rabbits, using a
variety of vectors, transgenes and strategies, have confirmed the utility of gene transfer as an
agent of bone healing. However, relatively few such studies have used the large animal
models, such as goat or sheep, that are necessary before human studies can be contemplated,
and this represents one bottleneck for clinical translation [Evans, 2010].

Cartilage lies at the other extreme of the regeneration spectrum. Unlike bone, it has almost
no ability to repair itself. Because of this, there is no natural, biological template to follow
when designing gene therapy repair strategies. Most literature on the subject describes
combinations of growth factor genes, scaffolds, and chondrocytes or chondroprogenitor
cells. The data suggest mixed success [Steinert et al., 2008].

Tendons and ligaments lie somewhere in between these two extremes. Tendons and extra-
articular ligaments are able to heal spontaneously, but the regenerate is of inferior biology
and mechanical strength, and thus liable to re-rupture. In contrast, intra-articular ligaments,
notably the anterior cruciate ligament of the knee, are unable to heal and its rupture
frequently leads to OA. Gene therapy is being explored as a means of improving the repair
of ligaments and tendons, and some promising data have emerged from studies in rodents
[Hildebrand et al., 2004].
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Clinical trials

Clinical trials in arthritis have been reviewed recently [Evans et al. 2011].There have been 4
published human trials for the gene therapy of RA (Table 1). Two of these used an ex vivo
strategy using a retrovirus to deliver the interleukin-1 receptor antagonist (IL-1Ra) cDNA to
metacarpophalangeal joints that were about to undergo sialistic joint replacement surgery or
synovectomy. The data from these two studies [Evans et al., 2005b; Wehling et al., 2009]
suggest that the procedure is safe, feasible and leads to the intra-articular expression of a
biologically active gene product. One subject reported remarkable clinical improvement
[Wehling et al., 2009]. Despite these promising findings, it was not possible to obtain
additional funding for the project, partly a consequence of the introduction of infliximab,
etanercept and other powerful anti-rheumatics.

The other two published studies used the intraarticular injection of recombinant AAV
encoding etanercept [Mease et al., 2009; Mease et al., 2010]. The phase Il trial was
complicated by the death of a subject receiving the highest dose of vector, leading to the
study’s suspension while the authorities examined the circumstances surrounding this
fatality. Eventually, the trial was allowed to continue with minor modifications to the
protocol, suggesting that gene transfer was not held accountable for the death [Evans et al.,
2008; Frank et al., 2009]. Although there was a trend towards clinical improvement, the
differences were not statistically significant due, in part, to the trial design [Mease et al.,
2010]. It is not known whether there will be further trials of this compound in arthritis.

OA may be a better target for gene therapy than RA. Unlike the case with RA, there is no
reliably effective treatment for OA and it is incurable. Many patients progress to total joint
replacement. Moreover, OA affects a restricted number of joints and, unlike RA, has no
important extra-articular or systemic sequelae. Furthermore, 27 million Americans have OA,
a number that is predicted to rise to 67 million by 2030 [Lawrence et al., 2008].

The one approach that has entered clinical trials for OA relies on the use of an allogeneic
line of human chondrocytes that have been transduced with a retrovirus expressing
transforming growth factor-p, (TGF-B1) [Lee et al., 2005]. These aneuploid cells are
irradiated to prevent division, and thus the possibility of malignancy, before injection into
the knee joints of subjects with advanced OA. Two Phase I trials have confirmed safety, and
phase Il trials are underway in Korea and the US (Table 2). As an alternative strategy, our
group is developing a protocol using AAV to deliver IL-1Ra to joints with OA. This is
presently the subject of pre-IND discussions with the FDA.

There has been one additional human trial in orthopaedics. This targeted aseptic loosening,
an iatrogenic condition where a prosthetic joint loosens. During this process, the bone
around the prosthesis is resorbed and the space fills with fibrous tissue, sometimes referred
to as a pseudosynovium. Such joints are normally revised surgically and a new prosthesis is
inserted. Because this is an expensive operation and not all patients are good candidates for
such major surgery, there is interest in developing non-surgical methods for re-stabilizing
the loosened joint. De Poorter et al. [de Poorter et al., 2008] adopted a gene transfer
approach in which recombinant adenovirus carrying the nitrate reductase gene was injected
intra-articularly. The vector tracked to the peri-prosthetic pseudosynovium where the
transgene was expressed. A prodrug CB1954 was then administered. Nitrate reductase
converted this prodrug to a cytotoxic product that killed cells locally within the
pseudosynovium. After this tissue was ablated in this fashion, liquid bone cement was
introduced into the space, which, once solidified, re-stabilized the prostheses. Twelve
subjects were treated in this fashion, with evidence of reduced pain and increased walking
distance. Despite these promising data, it has not been possible to attract additional funding
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for the protocol and no new trials are planned in the near future (Huizinga, personal
communication).

Constraints to clinical translation

As the foregoing synopsis indicates, approaches to orthopaedic gene therapy rest on a solid
conceptual and scientific footing and are supported by a wealth of pre-clinical, and some
clinical, data. So why is there no product? The reasons are multifactorial.

To begin with, the field of gene therapy as a whole has a bad name. It is seen as risky,
unsafe and, until recently, unable to deliver. The safety issue is particularly pertinent for
orthopaedic applications, as most of these are not lethal and therefore the risk: benefit ratio
is skewed. An examination of the data suggests that the reputation of gene therapy as being
dangerous is unfounded. There have been over 1700 clinical trials worldwide (http://
www.wiley.com/legacy/wileychi/genmed/clinical/), involving tens of thousands of
individuals. Yet the number of fatalities associated with gene transfer can be counted on one
hand (Table 3). The problem is that each of the few adverse events is seized on by the media
and becomes expanded into a major roadblock for the rest of the gene therapy field. Thus an
adverse event in a gene therapy study at a distant institution can block an unrelated protocol
elsewhere.

The perception of risk makes industry, especially large pharmaceutical companies, reluctant
to invest in orthopaedic gene therapy. This presents a major obstacle to progress, because its
clinical translation is extremely expensive. From personal experience, we can vouch for the
difficulties of trying to bring gene therapy into the clinic using standard academic funding
sources. The present precarious condition of major western economies does not auger well
for any improvement in this state of affairs any time soon.

Related, but separate, issues constraining the enthusiasm of pharmaceutical companies
include the perceived long time-lines and the dubious return on investment. This is not only
a problem for gene therapy, as demonstrated by the increasing enthusiasm for the
“repurposing” of existing drugs rather than developing new ones through traditional
pipelines [Lussier and Chen, 2011]. Small, start-up biotechnology companies have
frequently been the engine for driving novel and slightly unorthodox, therapies. Such
companies, however, often reply on venture capital to fund their activities, and venture
capital is now difficult to obtain.

The regulatory barriers to human gene therapy have also become increasingly burdensome.
When we took our first gene therapy protocol for arthritis to the authorities in the 1990s
[Evans et al., 1996], it was dealt with expeditiously and resulted in a safe, patient-friendly,
successful study [Evans et al., 2005b]. We are now trying to introduce a similar study using
a different, and theoretically safer, vector. This has run into all sorts of expensive, time-
consuming, regulatory headwinds.

In addition to financial and regulatory constraints, there is the more general problem of
research translation as a whole. A major part of this, at least in the orthopaedic arena, falls
into the psychosocial category. As described in more detail by [Evans, 2011], successful
translation of orthopaedic indications requires orthopaedic surgeons in the laboratory and
PhDs in the operating room. This is very difficult to achieve when surgeons have an
imperative to generate clinical dollars for the institution, and sometimes themselves, while
many PhDs lack secure positions and are required to generate a steady stream of grants to
pay for their own salaries and those of the people in their laboratories. Once the obvious pre-
clinical experiments have been accomplished and published, progress towards the clinic
slows dramatically and the cost escalates considerably (figure 1). A large amount of the
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investigator’s effort goes towards paperwork (not the scientists’ favorite activity), ticking
boxes (ditto) and dealing with regulatory issues (ditto again). These activities do not lead to
a wealth of papers in high-impact journals, and they are difficult to fund — two black marks
for tenure and promotion. If promising laboratory findings are to advance into the clinic,
there needs to be a supportive environment for activities associated with research translation,
which supports not only the science but also the process. This will require funding and an
enlightened institutional mindset.

The extensive intellectual property (IP) landscape of the gene therapy field in regard to
methods, vectors, therapeutic genes and applications also is an impediment to
commercialization. The majority of the groundbreaking gene therapy research is being done
in Universities and Research Institutions with aggressive Offices of Technology
Management responsible for filing and managing patent portfolios. Thus it has become
exceedingly difficult for small biotechnology companies to acquire the needed complex and
expensive IP to allow the raising of funds to support clinical studies. Indeed, in a recent
survey, working with technology transfer offices was cited as a major hurdle issue for
startup companies [Johnson et al., 2011] This also limits the desire of big pharmaceutical
companies to commit to developing gene therapies, either through support of small gene
therapy companies or by acquiring IP directly.

There may also be additional factors at work. It is interesting how every new field of this
type seems to go through the same cycles of initial, irrational enthusiasm, excessive
expectations, disillusionment, and introspection leading to the sense of over-promising and
under-delivering. This is true of tissue engineering [Nerem, 2006], stem cells [Wilson, 2009]
and gene therapy, among others, and seems to occur about 20 years after the initial
discoveries and breakthroughs; genomics has recently been called to question on this score
after only ten [Evans et al., 2011].

Perhaps there is something in the nature of biologically based medicines that requires time.
Even Elias Zerhouni, former Director of NIH, has recently commented that bench to bedside
research is more difficult than he thought (Wall Street Journal, May 2011) and is quoted as
saying: “at the end of the day, there’s a gap in translation”. Given that he is now head of
R&D for a large pharmaceutical company, this suggests that more than size and money are
needed for efficient clinical translation.

Conclusions and Perspectives

Orthopaedics provides a wealth of opportunities for gene therapy — indeed it has been
described as “gene therapy’s dark horse” [Evans, 2004]. If successful, certain applications,
such as OA and bone healing, would improve the clinical management of tens of millions of
patients and expand the scope of gene therapy from the treatment of a small number of
individuals with rare genetic diseases, to the treatment of large segments of the population
with everyday disorders. The barriers to achieving this are financial, regulatory,
sociological, the absence of an effective translational environment and, possibly, the lack of
a reliable road map detailing how to get there.

It is not clear how these barriers can be easily overcome. One source of optimism, however,
is the increasingly impressive record of clinical success for gene therapy. Recent years have
seen the first hard evidence of genuine cures and there is the sense that the entire field is on
an upswing [Anon. 2009; Sheridan, 2011]. In the past such optimism has proved transient,
largely as a result of a few adverse events. This time, the gains seem more substantial, but
time will tell.
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Although the clinical successes so far have been limited to small number of patients with
rare genetic conditions, it is to be hoped that the improved perception of gene therapy as a
whole will enable its orthopaedic applications to benefit collaterally, leading to greater and
more sustained investment. If this can be turned into evidence of success, even in a few
patients, it is likely that the enthusiasm the orthopaedic community for novelty will supply
the needed momentum for further development.
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Figure 1. Rate of progress and cost as gene therapy studies progress from in vitro experimentsto
pre-clinical animal studies and then trandateinto clinical trials
Modified from Evans, 2008
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