1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JBJS Rev. Author manuscript; available in PMC 2022 August 26.

-, HHS Public Access
«

Published in final edited form as:
JBJS Rev. ; 9(8): . doi:10.2106/JBJS.RVW.20.00220.

Orthopaedic Gene Therapy:

Twenty-Five Years On

Christopher H. Evans, PhD?, Steve C. Ghivizzani, PhD?, Paul D. Robbins, PhD3
IMayo Clinic, Rochester, Minnesota

2University of Florida College of Medicine, Gainesville, Florida

SUniversity of Minnesota, Minneapolis, Minnesota

Abstract

Orthopaedics pioneered the expansion of gene therapy beyond its traditional scope of diseases
that are caused by rare single-gene defects. Orthopaedic applications of gene therapy are most
developed in the areas of arthritis and regenerative medicine, but several additional possibilities
exist.

Invossa, an ex vivo gene therapeutic for osteoarthritis, was approved in South Korea in 2017, but
its approval was retracted in 2019 and remains under appeal; a Phase-I11 clinical trial of Invossa
has restarted in the U.S.

There are several additional clinical trials for osteoarthritis and rheumatoid arthritis that could lead
to approved gene therapeutics for arthritis.

Bone-healing and cartilage repair are additional areas that are attracting considerable research;
intervertebral disc degeneration and the healing of ligaments, tendons, and menisci are other
applications of interest. Orthopaedic tumors, genetic diseases, and aseptic loosening are additional
potential targets.

If successful, these endeavors will expand the scope of gene therapy from providing expensive
medicines for a few patients to providing affordable medicines for many.

Although the conceptual origins of gene therapy lie with the treatment of rare diseases,

it has the potential for much wider application in treating common, complex, acquired
disorders. In the orthopaedic context, this includes diseases such as arthritis as well as the
regeneration of bone, cartilage, meniscus, and other musculoskeletal tissues. We described
these possibilities in a forward-looking review that was published in 7he Journal of

Bone & Joint Surgery in 19951, However, at that time, there had been modest progress
toward orthopaedic application. Gene transfer to the joints of laboratory animals had been
achieved?-4, and the first clinical trial of gene therapy for arthritis had just been approved
by the United States Food and Drug Administration (FDA)®; there were some preliminary
laboratory data concerning gene transfer to chondrocytes-10 but little else. The present
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article reviews the progress in orthopaedic gene therapy during the 25 years that have
elapsed since our initial review article. Emphasis is placed on translation and progress
toward clinical application.

Gene Therapy Basics and Scope

Successful gene therapy requires the safe delivery of genes, usually as their complementary
(c) DNAs, to specific cells in a manner that ensures expression of the transferred DNA at
sufficient levels for the appropriate period of time in the correct location. Related molecular
therapies, such as gene editing (e.g., CRISPR) and RNA therapeutics, have emerged
recently, but since their orthopaedic development remains preclinical, discussion of these
approaches lies outside the scope of this review. However, gene transfer can enable these
technologies by delivering therapeutic species of non-coding RNA as well as components of
the gene-editing apparatus.

Major advances in viral-vector design have greatly improved the efficiency and safety

of viral gene transfer known as transduction. Although a dozen or more different types

of viruses have been modified as potential gene delivery vectors!!, those that are used
most commonly in human clinical trials are derived from adeno-associated viruses (AAVS),
adenoviruses, retroviruses, and lentiviruses'2. Marketing approval for gene therapeutics
using these vectors has occurred in various jurisdictions worldwide (Table I).

AAV is an increasingly popular vector because it is relatively safe and transduces
nondividing cells, thus allowing in vivo delivery (Fig. 1). Although the recombinant viral
genome remains episomal in transduced cells, extended periods of transgene expression are
possible if the host cells do not divide. Various serotypes of AAV with different tropisms
provide the opportunity to target specific cell populations and avoid the neutralizing humoral
immune response that is present in many individuals as a result of prior asymptomatic
infection with AAV. Because AAV is difficult to produce under conditions of good
manufacturing practice (GMP), costs are high. For example, Zolgensma (onasemnogene
abeparvovec), an AAV-based gene therapeutic that was approved in 2019 for treating spinal
muscular atrophy, costs >$2 million U.S. dollars per dosel3.

Adenoviruses transduce a wide range of cell types, including nondividing cells, and can
be readily produced in high titers. They have not proved to be a useful vector for treating
monogenic disorders because they are inflammatory and immunogenic and do not sustain
prolonged transgene expressionl4. Nevertheless, there is interest in using adenoviruses for
regenerative medicine purposes because they can deliver morphogens to sites of injury and
express them locally at high concentrations for 2 to 3 weeks, which might be ideal for
triggering a lasting reparative response. However, immune and inflammatory responses to
a virus may inhibit regeneration®. Immune responses to cells that are transduced with
adenovirus can be minimized by eliminating all viral coding elements from the adenovirus
genome, producing high-capacity or “gutted” adenovirus vectors that can support extended
periods of transgene expression?6.
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Retroviruses were the first viruses that were developed as vectors for human gene therapy.
While relatively straightforward to produce and manipulate, the type of retrovirus that was
used in this early work (Moloney murine leukemia virus, a gammaretrovirus) requires target
cell division for efficient transduction, which largely limits its use to ex vivo gene therapy
(Fig. 1). Moreover, because the retroviral genome inserts itself into the host-cell genome

at unpredictable sites, there is a stochastic possibility of insertional mutagenesis. Instances
of this have occurred in clinical trialsl’, which largely restrict the clinical application of
retroviruses to serious conditions (Table 1), where the risk-benefit ratios justify their use. For
one application in osteoarthritis (OA), which is discussed later, the retrovirally transduced
cells are irradiated prior to injection to prevent the cells from dividing and thereby creating
malignancy. Another option is to include a suicide gene that can be activated to kill cells that
are undergoing malignant transformation.

Lentiviruses are also members of the retrovirus family, but unlike gammaretroviruses, they
transduce nondividing cells. This has led to their use as vectors for transferring genes

to hematopoietic stem cells for potentially treating diseases such as thalassemia, severe
combined immunodeficiency disease, and Fanconi anemial®. They are very efficient vectors
but, like other retroviruses, run the risk of insertional mutagenesis and are thus unlikely
candidates for applications in orthopaedics.

Despite improvements in design and delivery, non-viral vectors remain much less efficient
than viral vectors but continue to attract attention because of their relative simplicity, safety,
lower cost, and ease of use!®. Two plasmid-based gene therapies have received regulatory
approval (Table I).

Regardless of the vector, transgene expression can be driven by promoters that are
constitutively active in many cell types or those that confer tissue specificity of expression.
Inducible promoters of various kinds allow the level of transgene expression to be regulated
by exogenous or endogenous stimuli20.

Present Status of Gene Therapy

After nearly half a century of research and several major reversals, gene therapy is finally
coming of age?l. The FDA has given marketing approval for 6 gene therapy products (Table
1), and additional gene therapeutics have been approved in the European Union (by the
European Medicines Agency [EMA]) and other jurisdictions. Most of these products target
cancer or Mendelian genetic disorders; among the exceptions is Invossa for treating OA,
whose strange history is described below. The pipeline of additional gene therapy products is
very large, and the FDA expects to be approving 10 to 20 new cell and gene therapeutics a
year within 5 years.

Despite these successes, the complexities of manufacturing make for a high cost of goods
and expensive drugs. As noted above, Zolgensma costs >$2 million a dose, and the chimeric
antigen receptor (CAR) T cells that are used for cancer therapy cost around $300,000

to $450,000 per treatment. Envisaged orthopaedic applications of gene therapy have the
advantage of local delivery to individual locations such as joints or sites of tissue injury, for
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example (Fig. 1). This massively reduces the required amount of vector, improves safety,
and lowers costs.

Orthopaedic Applications of Gene Therapy

Arthritis

Other than cancer, arthritis was the first non-genetic disease that has been targeted by gene
therapy®. The intra-articular delivery and expression of transgenes?2 offer a technology for
overcoming the pharmacokinetics of the joint, whereby intra-articularly injected drugs are
typically cleared within a few hours23. Moreover, local delivery to individual joints is safer
and far less expensive than systemic delivery. Seventeen clinical trials in the gene therapy
of rheumatoid arthritis (RA) or OA, using ex vivo or in vivo gene delivery, have been
completed or are in progress (Table II).

The first clinical trial targeted the metacarpophalangeal joints of 9 patients with RA. This
followed an ex vivo protocol using retrovirus to express the interleukin-1 receptor antagonist
(IL-1Ra) in culture-expanded autologous synovial fibroblasts, which were then returned

to the patient by intra-articular injection. One week later, the joints were removed during

the surgical implantation of silicone protheses®. Analysis of the recovered joint tissues
confirmed successful gene transfer and expression of a biologically active gene product?4.
There were no safety issues. A related trial in Germany reported equivalent results with
clinical improvement in 2 patients2® before it was terminated because of severe adverse
events in an unrelated clinical trial elsewhere that used a similar retrovirusl’.

The ex vivo intra-articular strategy was revived in a modified form for treating OA by Kim
et al.?6. To avoid the cost and complexity of ex vivo delivery using autologous cell cultures,
these investigators established a line of chondrocytes from an infant with polydactyly and
used the cells as allografts. One population of cells was transduced with retrovirus-carrying
transforming growth factor-B1 (TGF-B1) and irradiated, prior to intra-articular injection, at a
radiation dose that permitted transgene expression but inhibited cell division. Clinical trials
(Table I1) met their primary end point of symptomatic relief, and the treatment was approved
by the South Korean authorities in 2017 as the drug Invossa. After a Phase-111 clinical trial
was initiated in the U.S., a monumental mistake was discovered. The genetically modified
cells were not chondrocytes, but were from an epithelial cell line that is derived from human
embryonic kidney known as HEK 293. Invossa was withdrawn from the market, and its
future remains uncertain. The U.S. clinical trial was suspended but has now been allowed to
continue on the basis that, despite using the wrong cells, the clinical data showed no severe
adverse events and the cells that were used in the U.S. studies, unlike those in South Korea,
were HEK 293 cells from the beginning. Amazingly, they met their clinical end points.

The first arthritis trials using in vivo gene transfer employed AAV2 to deliver a cDNA
encoding etanercept, a tumor necrosis factor-a (TNF-a) antagonist, into the joints of
patients with RA27-28_ The Phase-I trial proceeded unproblematically?®, but a fatality from
histoplasmosis2® occurred in the subsequent Phase-11 study3°. The trial was suspended while
the death was investigated; it was determined to be unrelated to the gene therapy. The FDA
allowed the trial to continue to completion with certain modifications. The results showed
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some promising trends, but failed to provide significant clinical improvement??, possibly
because patients who were enrolled in the trial were already taking TNF-a inhibitors.
Moreover, it is not known whether the vector succeeded in transducing cells within the
injected joints. To our knowledge, there has been no further development of this product.

Two subsequent trials were initiated in which AAV5 was used to deliver interferon (IFN)-p
cDNA under the transcriptional control of a nuclear factor-kappa B (NF-xB)-inducible
promoter into the joints of patients with RA of the wrist (NCT03445715) or with OA or RA
of the hand (NCT02727764). No data from these trials have yet been published.

AAV is being used in a Phase-I clinical trial that was initiated in 2019 to deliver IL-1Ra

to the knee joints of 9 patients with mid-stage OA (NCT02790723). All 9 of the patients
have received doses without serious adverse events. A similar trial (NCT04119687) in which
IL-1Ra is delivered to the knee joints of patients with OA using high-capacity adenovirus
with expression of IL-1Ra that is driven by an NF-xB-inducible promoter was subsequently
started (NCT04119687).

A Phase-I trial has been completed in which plasmid DNA encoding I1L-10 was injected
into the knee joints of patients with OA (NCT03477487); a Phase-1I trial of this material is
underway (NCT04124042).

As well as treating OA and RA, intra-articular gene transfer has therapeutic potential in
other conditions that affect joints, including gout, pseudogout, hemarthrosis, arthrofibrosis,
pigmented villonodular synovitis, and the articular sequelae of certain lysosomal storage
diseases3. Cartilage repair is discussed later in this article.

Regenerative Orthopaedics

Injuries to bone, cartilage, ligament, tendon, meniscus, and other tissues of orthopaedic
interest are common and do not always heal well. There is much optimism that application
of the appropriate growth factors to sites of injury will prompt robust regenerative
responses®2. However, their recombinant proteins are difficult to localize and have short
biological half-lives. Gene delivery has the potential to overcome these hurdles. As
described below, gene therapy has shown promise in animal models; 3 human studies have
been initiated (NCT02293031, NCT01825811, and NCT03076138).

Bone-Healing

Deficiencies in bone-healing are remarkably recalcitrant33; the clinical treatment of choice,
autograft bone, was introduced >100 years ago3* and has yet to be supplanted.

Much of the initial research into gene therapy for bone-healing used bone morphogenetic
protein (BMP)-2 or BMP-7. They were among the first osteogenic genes that were cloned,
and the FDA has approved their recombinant proteins for clinical use in certain indications
where it is necessary to grow bone. Gene transfer of BMP-2 or BMP-7 offers the possibility
to deliver these morphogens in a fashion that enhances bone-healing without the side effects
of the recombinant proteins3®:36,
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The pioneering research by Lieberman et al. demonstrated convincing healing of femoral
segmental defects in rodent models by ex vivo gene transfer37:38, The laboratory used
adenovirus to transfer BMP-2 cDNA to autologous mesenchymal stromal cells (MSCs)3°
that were grown on a collagen scaffold and implanted into the defect. Healing was efficient,
and the regenerate lacked the “eggshell” appearance that occurred with recombinant (r)
BMP-2. Subsequent research using a lentivirus vector to deliver higher amounts of BMP-2
for a longer period of time was also successful. Because of the theoretical possibility of
insertional mutagenesis, the lentivirus was subsequently modified to include a suicide gene,
with good results*1. The use of lentivirus allows abbreviated, “same day”42 or “next day”43
ex vivo approaches in which autologous cells are harvested, transduced, and returned to the
patient without expansion.

To avoid ex vivo culture of autologous cells#*, we first concentrated on in vivo delivery

of BMP-2 using adenovirus*>46. This approach showed efficacy in rabbit and rat femoral
defects*”48 but not those of sheep*®. Because of the high intrinsic osteogenic properties

of muscle, we evaluated an abbreviated ex vivo method in which muscle grafts were
transduced with adenovirus before implantation into rat femoral defects0. This showed high
promise and was also successful using grafts of modified fat, a rich source of endogenous
MSCs. Tracking experiments confirmed that implanted muscle cells became chondrocytes,
osteoblasts, and vascular endothelial cells in the healing bone>!. Healing by genetically
modified muscle was enhanced under immunosuppression that had little effect on healing
by rBMP-21%, suggesting that immune reactions to the adenovirus vector compromise bone-
healing.

We have consistently noted that bone-healing by gene therapy requires much less BMP-2
than healing by rBMP-21552, This is the exact opposite of the expectation at the outset,
which assumed a need for high BMP-2 expression for an extended period of time. A striking
in vivo example of this is shown in data from the laboratory of Dr. D. Gazit that used

a tibial segmental defect model in the pig®3. Ultrasound-enabled transfection of plasmid
DNA encoding BMP-6 achieved healing under conditions where sub-nanogram amounts of
BMP-6 were expressed for only 5 to 10 days. Healing may have been helped by delayed
gene transfer® and by the fact that BMP-6, unlike BMP-2, is not inhibited by noggin.
Efficacy in a large animal model is very important because rodents heal bones readily using
rBMPs whereas bigger animals do not33,

Allograft revitalization, a concept introduced by the laboratory of Dr. E.M. Schwarz, offers
the possibility of an “off-the-shelf” gene-based product for forming bone. Taking advantage
of the relative stability of AAV, vectors that encode osteogenic products are freeze-dried
onto the surface of the allograft. Success has been demonstrated after implantation of

such constructs in mice using vectors that encode the receptor activator of NF-xB ligand
(RANKL) and vascular endothelial growth factor (VEGF)%5, as well as BMP-256,

Gene-activated matrices (GAMs) are combinations of scaffolds and vectors that also provide
off-the-shelf products®’. One such GAM called “Nucleostim” has advanced to clinical

trials in Russia. It delivers the plasmid from the product Neovasculgen (Table I) that
encodes VEGF on a collagen-hydroxyapatite scaffold to treat maxillofacial bone defects.
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A promising case report from 1 study (NCT02293031) was published in 2016°8, but no
additional details have been forthcoming. However, promising data from a similar study
(NCT03076138) using the same GAM have recently been published>®.

A variety of additional transgenes have been explored in animal models of long bone, cranial
defects and mandibular healing, and spinal fusion. A number of recent review articles cover
gene therapy for bone-healing more comprehensively than is possible here52:60-64,

Cartilage Repair

Unlike bone, cartilage has little or no ability to regenerate spontaneously and, thus, there is
no natural biology to follow when developing reparative strategies. A number of procedures
are used clinically to repair cartilage, including microfracture, autologous chondrocyte
implantation (ACI), allografting, and autografting. Most gene therapy approaches to healing
cartilage are based on augmenting the effectiveness of one of these existing techniques.

Initial attention was focused on augmenting ACI by genetically modifying chondrocytes
before their implantation into defects. This was shown to be feasible in animal models

using a retrovirus®, an adenovirus’, an AAV®5, and liposome-associated plasmids®. Success
was reported in repairing cartilage defects using BMP-7%7, insulin-like growth factor-1
(IGF-1)86.68  or fibroblast growth factor-2 (FGF-2)89 in this fashion. A combination of
IGF-1 and FGF-2 was shown to be superior to either growth factor used alone’®. There has
been 1 Phase-I/1l clinical trial in which Invossa cells were encapsulated in fibrin and inserted
into cartilage lesions in the knee joints of patients with OA (NCT01825811). It is not known
whether the implanted cells were chondrocytes or HEK 293 cells (see above), and the data
do not seem to have been published.

Marrow-stimulation technologies are popular because they are straightforward, inexpensive,
1-step procedures that produce good short- to medium-term benefit in many patients. They
are based on facilitating the ingress of MSCs from the underlying marrow into the lesion
with the expectation that the MSCs will differentiate into chondrocytes, produce new matrix,
and heal the defect. However, MSCs fail to differentiate into authentic articular chondrocytes
under these conditions, instead producing a fibrocartilaginous scar with inferior mechanical
properties.

The chondrogenic differentiation of MSCs can be enhanced by gene transfer’1:72, supporting
the idea that gene delivery can augment microfracture by expressing chondrogenic genes in
these cells as they enter the defect. There have been 2 approaches to this. Cucchiarini et

al. applied recombinant AAV directly to the emerging marrow and have reported promising
results using transgenes that express IGF-173 or FGF-274 in rabbit osteochondral defects and
TGF-B in minipigs’®. An alternative approach removes marrow from the animal, adds vector
as the marrow clots, and then press-fits the resulting “gene plug” into the lesion’®. Improved
chondrogenesis has been noted in a rabbit model using transgenes that express Indian
hedgehog (Ihh) and BMP-277. In the “gene plug” method, the clotted marrow provides

an autologous fibrin scaffold that acts as a type of GAM. The use of scaffolds to guide

the delivery of vectors for cartilage repair recently has been reviewed by Cucchiarini and
Madry’8.
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Cartilage repair in the arthritic joint is much more challenging than in the acutely injured
but otherwise normal joint. To achieve success in the former, it may be helpful to combine
genetic enhancement of cartilage repair with the arthritis gene therapy strategies that were
discussed earlier. IL-1, for example, is a powerful inhibitor of chondrogenesis’®, suggesting
that co-delivery of IL-1Ra with a chondrogenic growth factor would provide powerful
synergy?8P.

Intervertebral Disc Degeneration

Intervertebral disc degeneration (IDD) is an attractive target because, like OA, it is common,
debilitating, expensive, and very difficult to treat. Loss of extracellular matrix in the nucleus
pulposus is a major pathological feature of the degenerating disc, and stimulating its
resynthesis by applying the appropriate growth factors via gene transfer is an attractive
strategys!.

Efficient gene transfer to cells within the nucleus pulposus of rabbits has been reported

with adenovirus®2, AAV®3, and lentivirus84 vectors. Moreover, transgene expression persists
for over a year8®, which is remarkable, especially in the case of adenovirus given its

high antigenicity and that of the p-galactosidase marker that is used to demonstrate
expression. This suggests that the interior of the intervertebral disc is protected from
immune surveillance, possibly on account of its avascularity and dense extracellular matrix.
Adenoviral delivery of TGF-B markedly enhanced proteoglycan synthesis by the disc®6.

Leckie et al. were able to protect discs from undergoing IDD after a puncture wound

in a rabbit model by the transfer of tissue inhibitor of metalloproteinase-1 (TIMP-1) or
BMP-2 using AAV83, Intradiscal injection of lentivirus encoding the transcription factor
SOX9 or a short-hairpin RNA suppressing the expression of matrix metalloproteinase-3 also
dramatically delayed IDD in this model®4, as did lentivirus delivery of a combination of
TGF-B3, TIMP-1, and connective tissue growth factor8”. Chen et al. have recently published
a review of gene delivery to the disc8.

While providing grounds for optimism, there are several points to consider for clinical
development. One is the poor cellularity of the degenerating disc, which may necessitate

the introduction of cells as well as genes to stimulate matrix production. This raises the
issue of which cells to use, a matter that may be informed by the increasing clinical use of
intradiscal cell therapy for treating IDD8. Because extracellular matrix becomes depleted in
the degenerating disc, its immunoprivileged status may be compromised.

Ligaments, Tendons, and Menisci

Injured ligaments and tendons provide a range of regenerative challenges®. Three strategies
are being explored for harnessing gene transfer to improve clinical outcomes. The first
delivers cDNAs that encode regenerative growth factors to the site of a lesion91:92, The
second delivers them to reconstructed tissues to enhance performance®3. The third uses gene
transfer to aid ligament or tendon-to-bone healing%4-%,

Preliminary gene transfer experiments also have been performed in the context of meniscal
repair?’-100 pyt, as with ligaments and tendons, no human clinical trials seem imminent.
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Other Applications

There has been exploratory research into the use of gene therapy for treating orthopaedic
malignancies'9! and certain genetic diseases'92, without clinical translation. Aseptic
loosening also has been studied193-105 and a Phase-I trial demonstrated that the
pseudosynovium around loosened hip prostheses was ablated by genetic means196.107 No
subsequent development of the latter strategy seems to have occurred.

Perspective

Like the field of gene therapy as a whole, progress in orthopaedic gene therapy has been
fitful, and the process of bringing applications into clinical trials has been tortuous21-108.109,
Nevertheless, 17 clinical trials of arthritis gene therapies have been completed or are
underway, and several human trials have been initiated for other indications (Table I11).

The application of gene therapy to regenerative orthopaedics has generated much interest
and a large literature, but clinical translation remains slow. However, there has been
sufficient progress in the areas of bone-healing and cartilage repair to provide optimism
about future clinical development. Other applications remain at an early experimental stage.

The degree to which gene therapy will be used by clinicians depends not only on its
safety and efficacy but also on its cost. The gene therapies that have been approved so

far are extremely expensive because they are delivered systemically in large amounts, they
require the ex vivo expansion of autologous cells, or both. Most clinical applications in
orthopaedics, in contrast, will involve the local application of relatively small, inexpensive
amounts of GMP material. Therefore, orthopaedic gene therapy promises to expand the
scope of gene therapy from providing expensive medicines for a few patients to providing
affordable medicines for manyl10,
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Fig. 1.
Principles of local gene therapy for the treatment of orthopaedic conditions. The therapeutic

gene, usually in its cDNA form, is incorporated into a viral or non-viral vector and delivered
to a site of disease or damage in an in vivo or ex vivo fashion. For in vivo delivery, the
vector is administered directly to the relevant site. For ex vivo delivery, the vector transfers
genes to cells outside the body, and the genetically modified cells are then administered to
the relevant site.
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TABLE |
Gene Therapy Approvals Worldwide
Vector (Delivery Year
Indication M ethod) Gene Product Name Jurisdiction Approved
Head and neck cancer Adenovirus (in vivo) | p53 Gendicine (recombinant People’s 2003
human p53 adenovirus) Republic of
China
Solid tumors Retrovirus (in vivo) Mutant cyclin G1 Rexin-G Philippines 2007
Peripheral artery Plasmid (in vivo) Vascular endothelial Neovasculgen Russia 2011
disease growth factor Cambiogeneplasmid
Lipoprotein lipase AAV (in vivo) Lipoprotein lipase Glybera (alipogene EMA 2012
deficiency tiparvovec)
Melanoma Herpes simplex virus | Granulocyte- Imlygic (talimogene FDA, EMA 2015
(in vivo) macrophage colony laherparepvec)
stimulating factor
Adenosine deaminase Retrovirus (ex vivo) Adenosine deaminase Strimvelis EMA 2016
deficiency
Restoration of host Retrovirus (ex vivo) Low affinity nerve Zalmoxis ¥ EMA 2016
immune system growth factor receptor
Osteoarthritis Retrovirus (ex vivo) | Transforming growth Invossa’ (tonogenchoncel-L) | South Korea 2017
factor-p
Acute lymphoblastic Lentivirus (ex vivo) Chimeric antigen Kymriah (tisagenlecleucel) FDA, EMA 2017, 2018
leukemia receptor
Large B-cell Retrovirus (ex vivo) Chimeric antigen Yescarta (axicabtagene FDA, EMA 2017, 2018
lymphoma receptor ciloleucel)
Biallelic RPEG5 AAV (in vivo) Retinal pigment Luxturna (voretigene FDA, EMA 2017, 2018
mutation-associated epithelium-specific 65 neparvovec-rzyl)
retinal dystrophy kDa protein
Spinal muscular AAV (in vivo) Survival motor Zolgensma (onasemnogene FDA 2019
atrophy neuron-1 abeparvovec)
B-thalassemia Lentivirus (ex vivo) B-globin Zynteglo’t(betibeglogene EMA 2019
autotemcel)
Critical limb ischemia | Plasmid (in vivo) Hepatocyte growth Collategene (beperminogene | Japan 2019
factor perplasmid)
Multiple myeloma Lentivirus (ex vivo) Chimeric antigen Abecma (idecabtagene FDA 2021

receptor

vicleucel)

*

Zalmoxis, comprising genetically modified allogeneic T cells, was conditionally approved by the EMA for the restoration of the host immune
system after hematopoietic stem cell treatment pending the outcome of a Phase-I11 trial. This trial was suspended because an interim analysis
suggested that the primary end point had not been met. The EMA withdrew Zalmoxis authorization in 2019.

flnvossa was withdrawn in 2019. Phase-I1 trials have started in the U.S.

iZyntegIo was conditionally approved for B-thalassemia pending additional clinical data. Its deployment is presently on hold because of 2

malignancies occurring in a related clinical trial of sickle cell anemia. Reproduced, with modification, from: Evans CH. The vicissitudes of gene
therapy. Bone Joint Res. 2019 Nov 2;8(10):469-471. © The Authors under the terms of the Creative Commons Attribution Non-Commercial No
Derivatives (CC BY-NC-ND 4.0) license.
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TABLE Il
Clinical Trials in Gene Therapy for Arthritis
National
Vector Clinical Trial
(Delivery (NCT)
Indication Transgene M ethod) Phase Identifier Status
RA%4 IL-1Ra Retrovirus Ex vivo | Predates the establishment of the NCT | Completed
RAZ IL-1Ra Retrovirus Ex vivo | | Predates the establishment of the NCT | Completed
RA Etanercept | AAV In vivo | 00617032 Completed
RA, psoriatic arthritis, Etanercept | AAV In vivo 1 00126724 Completed
ankylosing spondylitis
OA TGF-B Retrovirus Ex vivo I, 1l,and Il | 02341391 Completed
02341378 Completed
02072070 Completed
01671072 Completed
00599248 Completed
03291470 Not yet recruiting
03203330 Not yet recruiting
RA, OA IFN-B AAV In vivo | 02727764 Not yet recruiting
RA IFN-B AAV In vivo I 03445715 Unknown
OA IL-1Ra AAV In vivo | 02790723 Completed
Recruiting
OA IL-1Ra Adenovirus Invivo | | 04119687 Recruiting
OA IL-10 Plasmid In vivo land Il 03477487 Completed
04124042 Active, not recruiting
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Progress in the Clinical Development of Orthopaedic Gene Therapy Applications

TABLE Il

Clinical Trial
Application Preclinical | Phasel | Phasell | Phaselll | Approval
Osteoarthritis Yes Yes Yes Yes *
Rheumatoid arthritis Yes Yes Yes
Cartilage repair Yes 7 f
Bone-healing Yes Yes
Aseptic loosening Yes Yes

Intervertebral disc degeneration | Yes

Ligament, tendon

Yes

Mendelian disorders, cancer

Yes

*

Page 20

Invossa, an ex vivo gene therapeutic for osteoarthritis, was approved in South Korea in 2017, but its approval was retracted in 2019. It is currently

in Phase-Il trials in the U.S.

flnvossa has been studied in 1 Phase-1/11 clinical trial for cartilage repair. The results have not been published.
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