(79)
COPYRIGHT 2019 © BY THE ARCHIVES OF BONE AND JOINT SURGERY

CURRENT CONCEPTS REVIEW

The Role of Gene Therapy in Cartilage Repair

E. Carlos Rodriguez-Merchan, MD, PhD; Leonard A. Valentino, MD

Research performed at Department of Orthopaedic Surgery, La Paz University Hospital, Madrid, Spain

Received: 05 May 2018 Accepted: 06 September 2018

Abstract

The key principle of gene delivery to articulations by direct intra-articular injection is to release complementary DNA
(cDNA)-encoding medical products that will lead to maintained, endogenous production of the gene products within
the articulation. In fact, this has been accomplished for both in vivo and ex vivo gene delivery, using several vectors,
genes, and cells in some animal models. Some clinical trials for rheumatoid arthritis and osteoarthritis (OA) using
retrovirus vectors for ex vivo gene delivery and adeno-associated virus (AAV) for in vivo delivery have been reported.
AAV is of special attention because, contrary to other viral vectors, it can enter deep within joint cartilage and transduce
chondrocytes in situ. This quality is of special significance in OA, in which modifications in chondrocyte metabolism
are believed to be crucial to the pathophysiology of the disease. The clinical effectiveness of TissueGene-C (TG-C), a
cell and gene therapy for OA consisting of nontransformed and transduced chondrocytes (3:1) retrovirally transduced
to overexpress TGF-B1 has been reported in patients with knee OA. The most common complications of TG-C were
peripheral edema (9%), arthralgia (8%), articular swelling (6%), and injection site pain (5%). TG-C was associated
with relevant ameliorations in function and pain. Gene therapy appears to be a viable method for the management of

articular cartilage defects and OA.
Level of evidence: Il|
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Introduction

iversearticular pathologies suchrheumatoid arthritis

(RA), osteochondritis dissecans, osteonecrosis,

and hemarthrosis following trauma or due to
hemophilia can damage articular cartilage as well as other
joint structures, resulting in small focal injuries leading
to large amounts of joint degeneration (osteoarthritis
[OA]) (1). The common target of the aforementioned
pathological processes is the osteochondral unit. The
stimulation of inflammatory processes within the joint
causes a progressive degeneration of cartilaginous
extracellular matrix (ECM) and activation of osteoclasts,
with subsequent deterioration of subchondral bone (2).
Localized small osteochondral defects usually undergo a
natural healing process; however, this results in formation
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of fibrocartilaginous tissue, which is neither durable nor
integrated into the adjacent cartilage. This is attributable
to cartilage features, including the avascular and aneural
nature of adult cartilage, reduced cartilage cell density,
and a poorly organized ECM (2). The healing process
is mediated by activated synoviocytes; however, their
activity is frequently inappropriate, and more significant
pathology can result (3). An archetypical management
strategy for these injuries should produce restoration
of hyaline articular cartilage, which is integrated into
the surrounding healthy tissues, conferring mechanical
resilience and longevity.

Diverse surgical methods aimed to enhance the delivery
of circulating mesenchymal stem cells (MSCs) to the
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avascular cartilage, such as drilling of the subchondral
osseous mater, abrasion arthroplasty, microfractures,
transfer of an autologous osteochondral complex,
mosaicplasty for small focal defects, autologous
chondrocyte implantation (ACI), and matrix-induced
ACI (MACI) for larger focal chondral and osteochondral
injuries, have resulted in some successes; especially in
younger patients. Despite these advances, no procedure
to date has been able to repair joint cartilage to the (near)
preinjury state (4, 5). In addition, these techniques have
disadvantages, such as problems in donor identification,
graft rejection, or intolerance, and additional degradative
alterations attributable to two-stage surgery (6). The
management of widespread OA injuries is even more
complicated.

Following application of any of these techniques, as
noted previously, the new cartilage that is produced
has as its principal components type I collagen rather
than type II collagen, and proteoglycans characteristic
of the hyaline cartilage, giving it a fibrocartilaginous
composition precluding long-lasting mechanical
attributes and integration into the adjacent healthy
cartilage (7). Therefore, new treatments are required.
MSCs are multipotent stem cells found in the bone
marrow, adipose tissue, and peripheral blood that are
capable of differentiating into osteocytes, adipocytes,
chondrocytes, and other cells native to the joint. As
such, MSCs offer a tremendous potential for cartilage
repair; however, over time, a fibrocartilage phenotype
predominates over that of hyaline cartilage, limiting
the benefits. Therefore, ameliorating this change in
phenotype is one of the major hurdles to successful
cartilage repair. Introduction of various transgenes into
the MSCs might obviate this problem by promoting the
chondrogenic phenotype.

Recently, encouraging reports of the success of gene
therapy (GT) have appeared for sickle cell disease,
hemophilia, and adrenoleukodystrophy, engendering
growing enthusiasm for this technology to be applied to
cartilage repair, especially for OA (8-10). The possibility
of reprogramming cells present in the joint, and in
particular the cartilage, through transduction of genes
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conferring favorable functions, such as modulating
inflammation and conferring cellular longevity, or
persistence of the hyaline cartilage phenotype by
production of type II collagen and proteoglycans, is
encouraging to address the complications of OA and
other pathologies (11).

Several recent reports have focused on expressing
therapeutic proteins following GT to enhance cartilage
repair (12-14). These reports have used different vectors
to deliver membrane repair proteins, transcription
factors, and growth factors to augment cellular synthesis
and control paracrine cascades [Table 1] (12, 15, 16).

There are two main classes of expression vectors in
GT: nonviral and viral. In nonviral vectors we need to
transfer an expression vector (commonly a plasmid)
to recipient cells. We can use physical methods (in vivo
electroporation, ultrasounds) or chemical methods.
The aforementioned methods are secure, easy to
perform, and cost-effective. However, their delivery is
less efficient than viral vectors. After their introduction
into the cells, nonviral vectors commonly persist in the
cytoplasm. There, they will express the specific gene
protein. Viral vectors are adenoviruses, recombinant
adeno-associated viral (rAAV), retroviruses, and
baculoviruses. Currently, viral vectors are preferred,
with most research focusing on the use of rAAV vectors
to deliver all types of genes for all types of cartilage
pathology. Currently, approximately 50 adenovirus
serotypes are available for GT. Serotype 5 (Ad5) is the
mostly frequently used serotype in all studies (in vitro
and in vivo).

Despite these encouraging results, the principal
limiting factor in the effectiveness of GT is the transitory
expression of the gene product, without regard to the
vector used. For example, one strategy of GT for cartilage
repair has targeted augmented growth factor synthesis;
yet, the gene product was expressed for up to 2 weeks, an
insufficient amount of time to provide therapeutic benefit
(17, 18). Furthermore, the maximal concentrations of
growth factors are observed in the first days following
transduction, which can lead to supratherapeutic or toxic
levels of the growth factor (19). The aim of this article is

Table 1. Classes of expression vectors in gene therapy (GT)

NON-VIRAL VECTORS

VIRAL VECTORS

We need to transfer am expression vector (commonly a plasmid) in recipient cells. We can use physical methods (in vivo
electroporation, ultrasounds) or chemical methods. The aforementioned methods are secure, easy to perform and cost-
effective. However, their delivery is less efficient than in viral vectors. After their introduction into the cells, non-viral vectors
commonly persist in the cytoplasm. There, they will express the specific gene protein.

They are adenoviruses, recombinant adeno-associated viral (rAAV), retroviruses, and baculoviruses. Currently, viral vectors
are preferred with most research focusing on the use of recombinant adeno-associated viral vectors to deliver all types of
genes for all types of cartilage pathology. Currently there are about 50 adenovirus serotypes available for GT. Serotype 5 (Ad5)
is the mostly used in all kind of studies (in vitro and in vivo).
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to review current knowledge on the role of GT in cartilage
repair and OA.

Materials and Methods

A Cochrane Library and PubMed (MEDLINE) search
related to the role of GT in cartilage repair was performed
and the output analyzed by both authors. Figure 1 shows
our search strategy (PubMed/Medline and Cochrane
Library). The search was limited to the English language.
Search terms included the following: cartilage repair
AND restoration and gene therapy AND transfer. The
search resulted in 2056 articles, of which 73 citations
were selected for further quantitative analysis. Scientific
meeting abstracts and other sources of evidence were not
considered. The main criteria for selection of articles to
be included in this review were that they were focused on
the role of GT in cartilage repair. The search parameters
were from the beginning of the search engines (PubMed
and Cochrane Library) until 18 June 2018.

Results

Recent data on transduction methods (nonviral, viral),
genes of interest, and methods of delivery (direct,
indirect)

The intent of GT is to treat human disease or illnesses by
way of gene transfer to express the transgene in specific
target cells in an effort to ameliorate the symptomatology
(20). Compared with recombinant protein replacement
treatment, in which the half-life of protein factors is very

PubMed search for
“cartilage” and “gene
therapy” (n=2056) studies
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short, gene-based therapies conceivably permit longer-
lasting, targeted, location-specific expression of a protein
of interest, in a more physiologically relevant way and
potentially with long-lasting consequences (21).

The concept of using GT for the regeneration of
cartilaginous tissue began with the notion that the
expression of certain genes in the lesion or defect might
augment the repair cascade (22). Gene transfer to joint
cartilage cells has recently made notable progress. Gene
transfer can be performed in vivo (introduction of the
vector and transgene directly into the joint) or ex vivo
(introduction of the vector and transgene into explants
of cells taken from the joint) then reintroduced into the
joint. Such reintroduction methods can be associated
with or without the use of a scaffold. In vitro repair of
cartilage tissue can be achieved either by means of
expression of genes that augment differentiation of the
cartilaginous tissue or by genes that downregulate other
deleterious pathways or adverse factors (22).

Despite many advances in the field of joint cartilage
regeneration, there remains alack of definitive evidence of
clinical translation. The combination of freshly generated
cartilaginous tissue and the repair of all cartilage-typical
local architectural organizations are paramount for the
proper functioning of the joint cartilage; however, until
now, no method has been capable of generating a natural
cartilaginous structure in the articulations (23).

Remaining obstacles that impede progress in GT for
cartilage regeneration and osteoarthritis management

2056 records reviewed and
screened

1983 of records
excluded (not
focused on the
topic)

\ 4

73 articles assessed for
eligibility

0 articles
repeated in
Cochrane
Library: 73
articles assessed
eventually

Cochrane Library search for
“cartilage” and “gene therapy”
(n=0). No articles assessed
eventually

73 studies included

Figure 1. Flow chart of our search strategy regarding the role of gene therapy in cartilage injuries.
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Table 2. Genes whose overexpression can augment the generation of diverse proteins which are paramount to ameliorate healing of

cartilaginous tissue

Growth Factors
IGF-1, TGF-b, BMPs, FGF-2, GDF-5, VEGF antagonist

Transcription Factors
SOX genes (5, 6 and 9)
ZNF145

Anti-Inflammatory Cytokines
IL10, IL1ra

Mirna
MiR-23b, miR-140, miR-181b, miR221, miR-145, miR-335

Other Factors
Cell signaling protein iHH, ECM component (COMP), integrin b 1

IGF-1=Insulin-like growth factor-1; TGF-b=Transforming growth factor b; BMPs=Bone morphogenetic proteins; FGF-2; Fibroblast growth factor 2;
GDF-5=Growth and differentiation factor 5; VEGF=Vascular endothelial growth factor; SOX=Sex-determining Region Y-related High Mobility Group
box; ZNF145=Zinc-finger protein 145; IL10=Interleukin 10; IL1ra=Interleukin 1 receptor antagonist; miRNA=Micro RNA; iHH=Indian hedgehog

homolog; ECM=Extracellular matrix; COMP=Cartilage oligomeric matrix protein.

include the influence of stem cells on chondrogenesis,
which frequently results in new bone formation and bone
hypertrophy, and the small number of cartilage cells that
can be effectively transduced (24). The combination of
novel expression vectors, newly designed genes targeting
specific articular cells, and the provision of necessary
scaffolds can result in the production of hyaline cartilage,
although the nature of the injury (size, localization,
structure) might require different combinations of the
aforementioned factors (25).

The genes that can be transfected into and subsequently
expressed by chondrocytes to ameliorate or reduce
their phenotypic transition to that of fibrocartilage are
numerous [Table 2] (11). The approach explored thus far
consists of expression of genes that encode for growing
factors (GFs) that lead to chondrogenic differentiation.

Delivery of the transgene can be achieved by viral
or nonviral methods. Currently, viral vectors are
preferred, with most research focusing on the use of
rAAV vectors to deliver all types of genes for all types
of cartilage pathology. The clinical application of GT
currently appears to be distant from the clinic due to
questions of both safety and effectiveness. The risk
benefit assessment of GT applied to cartilage restoration
is an important area of debate. The nonlethal nature of
illnesses of cartilaginous tissue and the potential adverse
effects of GT highlight the importance of this debate (23).
Some authors fear that the use of viral vectors might not
be safe, primarily due to concerns for carcinogenesis
and the development of severe adverse events such
as leukemia. Patients with X-linked severe combined
immunodeficiency who received a retroviral medicated
gene therapy developed leukemia, and individuals with
RA receiving intra-articular rAAV-2 injection to express
an antagonist to transforming growth factor a (TNF-a)
all had fatal outcomes (26). Although these deaths were

not clearly associated with viral vectors, the concerns
remain, and appropriate monitoring for carcinogenesis
has been emphasized (26).

The expression of GFs and anti-inflammatory cytokines
are of interest to treat cartilaginous disorders and are
being studied in phase I and II GT trials to assess their
potential toxicity, biological activity, and biological
distribution. TGF-f3 expressed by cartilage cells following
transduction with a retrovirus is being studied, as is
expression of an interleukin 1 receptor antagonist (IL1ra)
expressed in fibroblasts, either following transduction
with adenoviruses, or by means of direct injection into
the injuries. Retroviruses and adenoviruses or self-
complementary adeno-associated virus (scAVV) are the
only vectors that have been analyzed in clinical studies
until now. To produce efficient GT procedures that lessen
the risk of adverse consequences (e.g., host immune
response) it is compulsory to increase our knowledge
of several basic questions in molecular and cellular
biology, immunology, and virology, all of which transcend
cartilage repair and apply more generally to the field of
GT. More work should focus on the identification of how
scaffold transduced cells and the microenvironment
interact. This information will provide the knowledge
needed to ensure the success of GT for cartilage repair
following cartilaginous and/or osteochondral injuries
by creating an equilibrium between the treatment of
transitory articular mechanical incompetence and
affected metabolic and inflammatory homeostasis.

Vectors that can be used

A recent report has summarized the latest clinical trials
on GT in RA and OA. These studies are using retroviral
vectors for ex vivo gene delivery and adeno-associated
virus (AAV) for in vivo delivery (27). Unlike other viral
vectors, AAV has the advantage of penetrating deeply



(83)

THE ARCHIVES OF BONE AND JOINT SURGERY. ABJS.MUMS.AC.IR
VOLUME 7. NUMBER 2. MARCH 2019

within articular cartilage to transduce chondrocytes in
situ. In Korea, the first worldwide study on gene therapy
in OA has been approved by regulatory authorities. This
trialis aimed at expressing transforming growth factor-f1
in allogeneic chondrocytes after ex vivo transduction
with a retrovirus. According to Evans et al., two phase
III studies will begin soon in the US. Meanwhile, two
additional phase I studies using AAV have been posted
to the ClinicalTrials.gov website: the first trial, on RA,
will examine the effects of interferon-f3 expression; the
other, on OA, focuses on the role of IL1ra expression on
the disease phenotype (27).

Lentiviral vectors and induced pluripotent stem cells

According to Ying et al, it is well-known that
transforming growth factor-f1 (TGF-f1) is a
chondrogenic factor that can augment chondrocyte
differentiation from bone marrow mesenchymal stem
cells (BMSCs) (28). In animal models of full thickness
cartilage defects, these authors investigated the role of
TGF-B1 in the repair of cartilage defects and the ability
of TGF-1 to prevent chondrocyte hypertrophy (28). In
these preclinical experiments, TGF-B1 appeared to be
beneficial in promoting chondrogenic differentiation
from BMSCs via the canonical Smad pathway to facilitate
repair of cartilage defects (28). Moreover, TGF-1 was
able to reduce chondrocyte hypertrophy evidenced by
reduced expression of the cell hypertrophy marker gene,
Hippo. This experiment supports the notion that long-
term expression of TGF-B1 might be useful to repair
cartilage through a regeneration pathway.

Table 1 summarizes the current knowledge of the
genes to be expressed in chondrocytes. Plasmids
(nonviral expression vectors) and adenoviral vectors are
commonly used in preclinical research, mainly to express
a transcription factor in an effort to increase anti-
inflammatory cytokines. Other less commonly explored
substances are proteins related to cell signaling, matrix
proteins, and receptors.

The expression vector can be introduced into
chondrocytes directly or indirectly, with or without the
addition of scaffolds. Once transduced with specific
genes, chondrocytes treated ex vivo can be implanted into
the cartilage lesion.

The role of insulin-like growth factor-1

One of the proteins frequently examined for its effects
on cartilage repair is insulin-like growth factor-1 (IGF-
1) (18, 19, 29, 30). Viral and nonviral vectors have been
used to transduce chondrocytes ex vivo to upregulate
IGF-1 production before therapeutic cell delivery (18,
31-33). Although increased IGF-1 expression can persist
for a month or more, its expression diminishes over time,
and is frequently suboptimal by 2 weeks (19, 35, 36).
This is a remarkably short time compared with the 6-12
months ordinarily required for effective cartilage repair
and is not likely to produce beneficial cartilage repair in
vivo (36). The time framework provided here has been
reported for ACIL

Accordingly, there is a necessity to develop methods to
prolong the expression of IGF-1 in cartilage cells. In the
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cartilage, IGF-1 is bound by a family of binding proteins
termed insulin-like growth factor binding proteins
(IGFBPs). IGFBPs are specific for IGF-1, with binding
affinities of 1-10 nM that localize IGF-1 to cartilage matrix
as well as acting as both a sink and a source for the growth
factor required for chondrocyte health (37, 38). IGFBP-5
has demonstrated a small molecular domain, accounting
for its high affinity binding to IGF-1, making this an
attractive target for GT to promote cartilage repair (37).

Supplemental biomaterials to enhance gene therapy

Cell-based GT for articular cartilage repair requires a
means for directing the potentially beneficial cells to the
site of injury and therefore to the area in need of repair
(39). Table 2 summarizes the type of biomaterials used
for the different gene transfer vectors currently used in
GT for cartilage repair (40-45).

For example, chondrocytes have been cultured in
fabricated chitosanand a plasmid DNA scaffold to promote
cell proliferation, adherence, and transforming growth
factor-B1 (TGF-B1) expression; and chitosan-plasmid-
encoding green fluorescent protein nanoparticles have
been used to transfer exogenous genes into primary
chondrocytes for the managementofarticular disease (46,
47). Trimethylated chitosan (TMO) has been synthesized
from oligometric chitosan to release luciferase plasmid
DNA to epithelial cells (48). Poly-L-lactic acid has been
used with MSCs transfected with adenoviral vector
designed to express SOX-9 in an effort to differentiate
monolayer MSCs into chondrocyte-like cells (49). Poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) scaffolds have
been seeded with chondrocytes expressing SOX-9 (50).
Modified polyethylenimine showed lower toxicity and
higher gene expression following introduction of plasmid
DNA into COS-7 cells and HepG2cells (51). Polyethylene
glycol-grafted polyethylenimine has been tested with
adipose stem cells to differentiate them from cartilage or
osteoblast cells, and hydrogels, including alginate, have
also been shown to achieve this objective (52, 53). There
are many examples of short peptide sequences being
grafted to materials to augment cell adhesion (19, 54,
55). In a similar manner, materials have been modified to
have heparin-like carbohydrate components, which have
been demonstrated to increase binding of growth factors
such as fibroblast growth factor 2 (56). All the preceding
materials have been tested for their ability to promote
gene delivery and to prolong expression, but none have
demonstrated the beneficial effect desired.

Aguilar et al. have recently developed a scaffold material
which can bind the targeted gene product (57). This new
scaffold material had a high affinity for IGF-1 due to the
addition of a binding peptide sequence from IGFBP-5
onto alginate. This novel material greatly increased the
availability of the growth factor during chondrocyte
culture and augmented cartilage matrix biosynthesis up
to 19-fold. These investigators showed that modifying
alginate with the peptide sequence KPLHALL (K = lysine;
P = proline; L = leucine; H = histidine; A = alanine) from
the binding pocket of IGFBP-5 augmented IGF-1 binding
affinity more than 10-fold; and in turn, prolonged IGF-
1 availability over 30 days and augmented glucosamine
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Table 3. Types of biomaterials used for the different gene transfer vectors currently used in gene therapy for cartilage repair

Author Year Biomaterial Used Comments

The results of this study demonstrated that PHBHHx is a useful material for cartilage tissue

Wang et al (43) engineering.

2008 PHBHHx

3.0-T MRI in vivo tracking of PEI/SPI10-labeled bone marrow-derived mesenchymal stem
cells seeded in type II collagen gel on cartilage repair following transplantation is feasible
in minipigs.

Chen et al (44) 2013 PEI

Cells were seeded onto aligned electrospun PLLA/poly (e-caprolactone) nanofibrous
scaffolds. The aligned nanofibrous hybrid scaffolds could support the proliferation and
chondrogenic differentiation of all cell types.

Shafiee (42) 2016 PLLA

The chondrocyte viability in dPGS hydrogels is found to be higher than in pure PEG and
alginate-based hydrogels after 21 d. The higher cell viability in the dPGS engineered
hydrogels can be explained by the fact that dPGS can interact with different proteins
responsible for cell growth and proliferation.

Dey et al (45) 2016 PEG

The combination of photo-crosslinked hydrogel and crizotinib-loaded chitosan

Chen et al (40) 2017 Chitosan

microspheres might represent a promising strategy for osteoarthritis treatment.

Shi et al (41) 2018 Chitosan + PEG

Folate-PEG-CH-DEAE ; nanoparticles are a safe and effective platform for nonviral gene
delivery of siRNA, and their potential clinical applications warrant further investigation.

PLLA = poly-L-lactic acid (PLLA); PHBHHx = poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) PEI = polyethyleminine; PEG = Polyethyleneglycol;

SPIO = Superparamagnetic iron oxide.

glycans and hydroxyproline synthesis 7- and 20-fold,
respectively. This work suggests a role for the addition
of small peptides from growth factor binding proteins
to biomaterials to enhance drug delivery and tissue
engineering.

Transplantation of genetically modified peripheral
blood aspirates

The articular cartilage facilitates the normal gliding
of the joint surfaces in diarthrodial articulations (58).
A key deficiency in repair of damaged hyaline cartilage
following injury is the lack of vascularization of adult
cartilage precluding the delivery of restorative MSCs
(59). Interestingly, some recent evidence indicates the
existence of competent peripheral blood MSCs (PB-
MSCs) capable of repairing cartilage (60, 61). These PB-
MSCs are a readily available source of cells capable of
cartilage regeneration (60-63).

Although these studies have shown encouraging
results, natural-appearing hyaline cartilage has not been
achieved, which could be due to the low representation of
MSCs in the blood (0.0002%) (64). One tactic to increase
the effectiveness of PB-MSCs is to introduce bioactive
proteins following GT as described previously, but also
to artificially create a normal cellular and biological
microenvironment using biochemical factors and other
cell types, such as hematopoietic cells and fibroblasts,
which have crosstalk with PB-MSCs (65).

According to Frisch et al,, transplantation of genetically
modified peripheral blood aspirates containing PB-MSCs
could provide a novel opportunity to manage cartilage

lesions (66). Such a method is easier than invasive
methods (which use bone marrow concentrates or bone
marrow-derived MSCs). Using rAAV to overexpress
TGF-B in PB-MSCs augments their proliferative and
metabolic characteristics and promotes chondrogenic
differentiation as well as osteogenic differentiation and
hypertrophy. These data support the possibility of a new
method to manage cartilage injuries: direct modification
of peripheral blood (66).

Transplantation of genetically modified bone marrow
aspirates

In 2004 Pascher et al. studied gene delivery to cartilage
defects using coagulated bone marrow aspirate (67).
Their results suggested that coagulates formed from
aspirated bone marrow can be useful as a means of gene
delivery to cartilage. Cells within the fluid can be readily
modified with an adenoviral vector, and the matrix
formed from the clot is completely natural, native to the
host, and is the fundamental platform on which healing
and repair of mesenchymal tissues is based.

In 2017, Venkatesan et al. analyzed the impact of
mechanical stimulation on the chondrogenic processes in
human bone marrow aspirates modified to overexpress
SOX-9 via rAAV vectors (68). Their findings showed the
value of genetically modifying human bone marrow
aspirates upon mechanical stimulation by rAAV SOX-9
as a promising strategy for future treatments to improve
cartilage repair by implantation in lesions where the
tissue is submitted to natural mechanical forces.

Table 3 summarizes the main advantages and
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INJECTION
(osteoarthritis)

Cells
Gene (suspension or as Biocompatible
vector concentrates) matrix
Syringe with the prepared
therapeutic combination
INTRAARTICULAR ARTHROTOMY

(osteoarthritis and focal
cartilage injuries)

Figure 2. Experimental methods for the delivery of theraoeutic gene sequences in areas of joint

cartilage lesions.

Table 4. Advantages and disadvantages of current vectors for gene therapy

Viral Vectors

Types Advantages

Disadvantages

Adenovirus

High effectiveness

Immunogenic; toxic; short-run expression;
replication competence

Retro-/Lentivirus

High effectiveness; long-run expression

Insertional mutagenesis; replication
competence

Herpes Simplex Virus (HSV)

High effectiveness; substantial capacity

Cytotoxic; short-run expression

Recombinant adeno-associated virus
(rAAV)

High effectiveness; long-run expression; low immunogenic

Difficult to produce; size limitation

Nonviral Vectors
Advantages: Not toxic; not infections; easy to make; substantial capacity
Disadvantages: Low effectiveness; short-run expression

limitations of common available vectors for GT; Figure
2 summarizes experimental methods for the delivery
of therapeutic gene sequences in areas of joint cartilage
lesions; and Figure 3 shows GT procedures to deliver
genes into cartilaginous defects. Table 4 summarizes the

advantages and disadvantages of current vectors for GT.

Discussion
Recent studies have focused on expressing therapeutic
proteins using GT to augment repair of cartilage. These
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Procedure

In Vivo

Ex-Vivo

Injection of plasmid
vector and transfection
procedures

Injection of viral
particles

Plasmid or viral

particle Infection or transfection of
associated to expression vector in
scaffold cultured cells

v

Introduction of
modified cells in a
scaffold

Injection of modified
cells in the site of
lesion

Implantation in
chondral or
osteochondral defect

Figure 3. Gene therapy procedures to deliver genes into cartilaginous defects.

reports have focused on the delivery of membrane repair
proteins, transcription factors, and growth factors.
Much of the work has focused on the expression of IGF-
1. Despite the impressive advances made to date, the
principal limiting factor in the effectiveness of cartilage
repair following GT has been the transient expression
of the gene product, irrespective of the vector used. A
second factor limiting the benefits of GT in cartilage
repair has been the suboptimal concentrations of target
proteins achieved, such as growth factors. On the other

hand, in an effort to increase the expression of the target
protein, supra-therapeutic or toxic concentrations are
frequently observed in the first few days following GT.
Several viral vectors and nonviral methods have been
used to directly introduce the gene of interest (for
example, IGF-1) into chondrocytes. Irrespective of the
method used to introduce the transgene, the duration
of expression is insufficient (typically only 2-4 weeks)
compared with the duration needed for cartilage repair
(6-12 months). One way to circumvent this problem is
the introduction of binding motifs for the target protein
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to prolong its residence time. For example, following the
introduction of IGFBPs into scaffold materials such as
alginate, the effective time of IGF-1 in cartilage after GT
was prolonged for at least 30 days, and its biosynthesis
increased up to 19-fold. Despite this improvement, the
duration of expression remains insufficient to effect
cartilage regeneration.

Cell-based GT for articular cartilage repair is an indirect
method of expressing the target protein. This has been
supported by the increase in knowledge of the role
biomaterial scaffolds play to prolong the expression and
increase the concentration of the gene product. Despite
improvements, more work is needed to optimize this
approach.

To date, no technique has demonstrated the ability
to produce natural-appearing and functioning hyaline
cartilage in the articulations. GT might offer the
possibility to deliver on this goal of cartilage repair for
OA and other cartilage pathologies; however, a number
of hurdles persist and must be overcome. For instance,
inducing stem cells into cartilage formation usually
produces an insufficient amount of cartilage cells or
chondral progenitors. Also, bone formation and bone
hypertrophy are commonly found.

A recent report of Grol and Lee stated that in recent
years, several therapeutic gene approaches (termed
‘monotherapies’) have demonstrated effectiveness in
preclinical models of disease, and a number of them
are being assessed in clinical trials (69). In particular,
an ex vivo TGF-31 gene therapy was approved in Korea
in 2017 for the management of moderate-to-severe
OA. The ability to use viral vectors for context-specific
and combinatorial GT is also being investigated; these
strategies are likely to be important in forthcoming
studies addressing the complexities of tissue repair and
regeneration in skeletal disease.

In February 2018, Bellavia et al. stated that GT
might represent a promising strategy for chondral
and osteochondral defect repair (70). They analyzed
preclinical and clinical studies on GT for the repair of
articular cartilage defects performed over thelast 10 years,
focusing on expression vectors (nonviral and viral), type
of genes delivered, and GT procedures (direct or indirect).
Plasmids (nonviral expression vectors) and adenoviruses
(viral vectors) were the vectors most frequently used in
preclinical studies. The genes delivered encoded mainly
for growth factors, followed by transcription factors,
anti-inflammatory cytokines, and less commonly by
cell signaling proteins, matrix proteins, and receptors.
Direct injection of the expression vector was used less
than indirect injection of cells, with or without scaffolds,
transduced with genes of interest, and then implanted into
the lesion site. Clinical trials (phases I, I, or III) on safety,
biological activity, efficacy, toxicity, and biodistribution
used adenovirus viral vectors to deliver growth factors or
anti-inflammatory cytokines for the management of OA,
and tumor necrosis factor receptor or interferon for the
treatment of inflammatory arthritis.

In 2018, Kim et al. reported two studies on the clinical
efficacy of TissueGene-C (TG-C), a cell and gene therapy
for knee OA in humans consisting of nontransformed and
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transduced chondrocytes (3:1) retrovirally transduced to
overexpress TGF-B1 (71, 72). TG-C was associated with
statistically significant improvements in function and
pain in patients with knee OA. The most frequent adverse
events in the TG-C group were peripheral edema (9%),
arthralgia (8%), joint swelling (6%), and injection site
pain (5%). Watson Levings et al. have recently reported
the results of an equine model showing that scAAV.
IL-1Ra administration is reasonably safe and capable
of sustained therapeutic IL-1Ra production intra-
articularly in joints of human scale. These data support
consideration for human testing in OA (73).

Gene therapy involves the use of viral and nonviral
vectors to deliver nucleic acids to tissues using direct (in
vivo) or transduced cell-mediated (ex vivo) methods. In
preclinical studies, gene therapy has been successfully
used to manage cartilaginous injuries. Gene therapy is
also being evaluated in clinical trials for its security and
therapeutic powerin OA. Thus far,anumber of alternatives
have been elected to express therapeutic transgenes at
places of injury to favor or ease cartilage repair. Objectives
of interest have essentially included secreted proteins
such as growth factors and anti-inflammatory mediators;
albeit, work has also started to focus on intracellularly on
signaling components, transcription factors, and small,
regulatory nucleic acids such as microRNAs. Lately, some
single therapeutic gene methods (monotherapies) have
shown effectiveness in preclinical models of disease, and
some are being assessed in clinical trials. It is noteworthy
that an ex vivo TGF-B1 gene therapy was authorized in
Korea in 2017 for management of moderate-to-severe
OA. This therapy, TissueGene-C (TG-C), is a cell and
gene therapy for OA consisting of nontransformed and
transduced chondrocytes (3:1) retrovirally transduced
to overexpress transforming growth factor-1; it has led
to relevant ameliorations in function and pain in patients
with knee OA. GT appears to be a viable therapeutic
alternative for the management of articular cartilage
defects and OA.

Until gene therapy can be used as an effective technique
in the treatment of idiopathic osteoarthritis (cartilage
degeneration) of the knee, we will have to continue
using the wusual surgical treatments, namely high
tibial osteotomy (HTO), UKA (unicompartmental knee
arthroplasty) and TKA (total knee arthroplasty) (74-76).
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