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Abstract Gene therapy might represent a promising strategy
for chondral and osteochondral defects repair by balancing the
management of temporary joint mechanical incompetence with
altered metabolic and inflammatory homeostasis. This review
analysed preclinical and clinical studies on gene therapy for
the repair of articular cartilage defects performed over the last
10 years, focussing on expression vectors (non-viral and viral),
type of genes delivered and gene therapy procedures (direct or
indirect). Plasmids (non-viral expression vectors) and adenovi-
rus (viral vectors) were the most employed vectors in preclinical
studies. Genes delivered encoded mainly for growth factors,
followed by transcription factors, anti-inflammatory cytokines
and, less frequently, by cell signalling proteins, matrix proteins
and receptors. Direct injection of the expression vector was
used less than indirect injection of cells, with or without scaf-
folds, transduced with genes of interest and then implanted into
the lesion site. Clinical trials (phases I, II or III) on safety, bio-
logical activity, efficacy, toxicity or bio-distribution employed
adenovirus viral vectors to deliver growth factors or anti-
inflammatory cytokines, for the treatment of osteoarthritis or
degenerative arthritis, and tumour necrosis factor receptor or
interferon for the treatment of inflammatory arthritis.
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Abbreviations

ACI Autologous chondrocytes implantation

ACPC Articular cartilage progenitor cells

ADSCs Adipose derived mesenchymal stem cells

BMP Bone morphogenetic protein

BMSCs  Bone Marrow Derived Mesenchymal Stem
Cells

bPEI-HA Branched poly(ethylenimine)-hyaluronic acid

CIA Collagen induced arthritis

COLLI  Collagenl

COLLII CollagenII

Col2al Collagen 2 alpha 1

COMP Cartilage oligomeric matrix protein

DBM Demineralized bone matrix

DCBM Decalcified cortical bone matrix

DRP DNase-resistant particles

ECM Extracellular matrix

FBs Fibroblasts

FGF-2 Fibroblast growth factor 2

FLS Fibroblast-like synoviocytes

GAG Glycosaminoglycans

GDF-5 Growth and differentiation factor 5

GFs Growth factor

GMP Good manufacture practice

HIV Human immunodeficiency virus

IFN-B Interferon-f

IGF-1 Insulin-like growth factor 1

iHH Indian hedgehog homolog

IKDC International Knee Documentation Committee

IL10 Interleukin 10

IL1ra Interleukin 1 receptor antagonist

@ Springer


http://orcid.org/0000-0003-3308-9112
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-017-2637-3&domain=pdf

650

D. Bellavia et al.

MACI Matrix-induced autologous chondrocytes
implantation

MDSCs  Muscle-derived stem cells

MMP Metalloproteinase

MSCs MESENCHYMAL Stem cells

OA Osteoarthritis

PGA Polyglycolic acid

PLA Polylactic acid

PLGA Poly(lactic-co-glycolide)

PU Polyurethane

RA Rheumatoid arthritis

rAAV Recombinant adeno-associated viral vector

RUNX2  Runt-related transcription factor 2

SCAAV Self-complementary AAV

sFlt-1 Soluble Fms-related tyrosine kinase 1

SOX Sex-determining Region Y -related High
Mobility Group box

TCP Tricalcium phosphate

TFs Transcription factors

TGF-p Transforming growth factor 3

TNFR:Fc Human tumor necrosis factor receptor immu-
noglobulin (IgG1) Fc fusion

VAS Visual analogue scale

VEGF Vascular endothelial growth factor

ZNF145  Zinc-finger protein 145

Introduction

Various joint pathologies such as rheumatic disease, trauma,
osteochondritis dissecans and osteonecrosis may lead to
severe damage of articular cartilage and other joint struc-
tures, ranging from focal defects to osteoarthritis (OA) [1].
The critical actor in this pathophysiological process is the
osteochondral unit. The activation of inflammatory cascades
within the joint leads to a gradual deterioration of cartilagi-
nous extracellular matrix (ECM) and activation of osteo-
clasts, with consequent degradation of subchondral bone [2].
Focal chondral and osteochondral defects are usually con-
sidered to have limited spontaneous healing or regenerative
potential. This is due to cartilage characteristics, including
low chondrocyte density, slow ECM production and carti-
lage aneural and avascular structure [2]. Synoviocytes inter-
vene in repairing chondral defects, but their action is often
inadequate and larger defects can arise [3].

An ideal treatment for these lesions should result in the
regeneration of hyaline cartilage, well-integrated in the
surrounding normal tissues and provided with mechani-
cal competence. Various medical and surgical techniques,
such as subchondral bone drilling, abrasion, microfractures,
osteochondral autologous transfer, mosaicplasty, autologous
chondrocytes implantation (ACI) and matrix-induced ACI
(MACI) have been developed and applied to treat focal
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chondral and osteochondral lesions with important pro-
gresses. However, none of them has been able to provide
regeneration of articular cartilage. In addition, these tech-
niques show some drawbacks, such as donor site morbidity,
graft rejections and further degenerative changes due to two-
step surgery [4]. The treatment of generalized OA lesions is
more complex. Progressively worsening of the joint micro-
environment towards chronic inflammation limits the pos-
sibility of cartilage to repair or regenerate [2].

Recently, gene therapy has made some improvements in
cartilage regeneration, especially for OA, and, might repre-
sent a future solution, despite the unsolved problems related
to non-standardized procedures. In addition, the associa-
tion of gene therapy to tissue engineering might represent a
promising strategy for the treatment of chondral and osteo-
chondral lesions, balancing the management of temporary
joint mechanical incompetence with altered metabolic and
inflammatory homeostasis [5].

Gene therapy usually aims at treating human diseases
through gene transfer techniques that introduce genes or
sequences in various cell types. Several aspects must be
taken into account in the development of a gene therapy:
(a) the expression vector to be used; (b) the identification
of genes to be transferred; (c) the target cells; and (d) the
in vivo delivery procedures [6, 7]. Compared with recom-
binant protein therapy, where factors have short half-lives,
gene-based treatments potentially allow for a site-specific
action, in a more physiologic manner and with long-term
effects [8]. The concept of using gene therapy for cartilage
repair originated from the idea that the expression of specific
genes into the injury site could increase the regeneration
process [9]. Recently, significant advances have been made
in the basic science of gene transfer for articular cartilage,
with both in vivo (directly delivered to a joint) and ex vivo
(retrieved and explanted cells genetically modified in vitro
and re-implanted into the joint with or without the use of a
scaffold) procedures. In vitro cartilage regeneration is effec-
tively promoted by delivering genes that increase cartilage
differentiation, as well as by down regulating some negative
factors [9].

The present review aimed at tackling the topic of gene
therapy for the repair of articular cartilage during the past
10 years. After a literature search on this topic, we focused
our attention on more relevant technical aspects, various
approaches and different applications for chondral or osteo-
chondral lesions and for OA damages.

Search strategies
The following literature research in the MEDLINE data-

base (PubMed research engine) was carried out: “Genetic
Therapy”’[Mesh] AND (“Cartilage, Articular”’[Mesh] OR
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((osteochondral[All Fields] AND (lesion?[All Fields]
OR defect?[All Fields])) OR (chondral[All Fields] AND
(lesion?[All Fields] OR defect?[All Fields])))).

The search was limited to year of publication from
2006 to 2016 (“2006/01/01” [Date - Entrez]: “2016/12/31”
[Date—Entrez]) and abstract availability in English. Two
reviewers manually assessed the references of the retrieved
studies and pertinent reviews to avoid papers regarding the
following topics: tumour and autoimmune diseases. The
number of unique papers from the electronic search and
after abstract review was 80. Of these, 64 were included in
the review, while 16 were discarded because it was impos-
sible to collect the articles (8 studies), or they were already
included in the cited reviews (8 studies). Further 39 studies
were included in the final review to complete the introduc-
tion and conclusion section or to add information on some
technical aspects.

To find active or closed clinical trials on gene therapy for
chondral and osteochondral defects from 2006 to 2016, we
carried out a bibliographic research on the following data-
base: US National Institutes of Health ClinicalTrials.gov
database (https://clinicaltrials.gov/); International Standard
Randomized Controlled Trial Number Register (http://www.
isrctn.com/); and Wiley database on Gene Therapy Trials
Worldwide (http://www.wiley.com/legacy/wileychi/genmed/
clinical/). Since we did not find any clinical trials using the
keywords ‘chondral’ and ‘osteochondral’, we decided to
extend our research to the terms: ‘osteoarthritis’; ‘cartilage’;
and ‘inflammatory diseases’. We found 11 clinical trials 8
of which are related to degenerative arthritis or OA and 3 to
inflammatory arthritis (Fig. 1).

Gene delivery vectors

To allow the expression of a gene in a target cell, this must
be inserted in an expression vector. Two classes of expres-
sion vectors exist, with different advantages and disadvan-
tages: non-viral and viral (Figs. 2, 3).

Non-viral vector

In non-viral vectors, the expression vector (usually a plas-
mid) is transferred in recipient cells with techniques that
use physical procedures, such as in vivo electroporation and
ultrasounds, or chemical transfection compounds. These pro-
cedures are safe, easy to handle and cost-effective, but they
often result less efficient delivery compared to use of viral
vectors, which allow the introduction of genes through a
simple viral infection. Once introduced into the cells, non-
viral vectors usually remain in the cytoplasm in episomal
form, where they express the specific gene protein [10].
Electroporation is a physical transfection method that
uses pulses of electrical field to open pores in the cellular
membrane, allowing the introduction of small DNA mol-
ecules. This technique is used in intra-articular gene therapy,
but the expression of the factor is often limited to synovial
membrane [11]. In addition, it is reported that gene transfer

Phisical or
Non viral vector O chemical
(plasmid) procedure
Expression vector CELL
viral vector
(virus) infection

Fig. 2 Schematic drawing of classes of expression vector

Fig. 1 Diagram of the reference
search strategy and selection

"Genetic Therapy"[Mesh] AND ("Cartilage, Articular"[Mesh] OR
((osteochondral[All Fields] AND (lesion?[All Fields] OR defect?[All Fields]))
OR (chondral[All Fields] AND (lesion?[All Fields] OR defect?[All Fields]))))

https://clinicaltrials.gov/
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Fig. 3 Barcharts of the 14

number of preclinical in vitro,

ex vivo and in vivo studies that
employed non-viral and viral 12
vectors

10

into arthritic joints by electroporation, used to deliver anti-
inflammatory cytokines, has a short duration of transgene
expression, preventing its use for the treatment of arthritis
[12].

Recently, ultrasound, which increases cell membrane per-
meability, has also been used to facilitate drug delivery or
gene transfection into cells. In fact, ultrasound pulses deter-
mine cavitation (microbubbles) that allows the introduction
of different molecules into the cell. This method is used for
gene delivery in intervertebral discs, showing gene expres-
sion for up to 24 weeks. However, further studies are neces-
sary to translate this technique to clinical application [13].

Chemical methods, employed in preclinical studies, form
complexes with DNA and various macromolecules, includ-
ing liposomes, cationic polysaccharide and non-liposomal
lipid-based transfection [14-21]. They can deliver large
genes and are easy to produce on a large scale. In addition,
polymeric gene therapy is employed to delivery genes with-
out transfecting cells, by complexing the plasmid with (a)
a branched poly(ethylenimine)-hyaluronic acid (bPEI-HA)
delivery vector, via a porous oligo-[poly(ethylene glycol)
fumarate] hydrogel scaffold; (b) type I collagen gels, or (c)
collagen-glycosaminoglycan scaffold in vivo by electrotrans-
fer [12, 22-24].

Plasmids are principally used to transfer genes that
encode for cartilage growth factors (GFs) into recipient cells.
Such genes are insulin-like growth factor 1 (IGF-1) [15-18,
20, 23, 25], transforming growth factor f (TGF-p) [14, 26,
27], bone morphogenetic proteins (BMPs) [20, 22] and
fibroblast growth factor 2 (FGF-2) [16, 18, 21]. Other genes
belong to the transcription factors family, SRY-related HMG
box (SOX) [24], the anti-inflammatory cytokine Interleukin

@ Springer

in vitro|ex vivo|in vivo |in vitro|ex vivo|in vivo |in vitro|ex vivo|in vivo |in vitro [ex vivo|in vivo |in vitro|ex vivol in vivo [in vitro|ex vivo|in vivo
Plasmid Adenovirus rAVV/scAVV Retrovirus Baculovirus Lentivirus

mGFs

@ Transcription factors

@ Anti-inflammatory cytokines
EECM components

mCell signaling factors

@ Receptors

10 (IL10) [12] and cartilage oligomeric matrix protein
(COMP), a ECM component [19] (Table 1).

In the last few years, different studies have shown as
exosomes, microvesicles (40-100 nm) produced by almost
all cells, are important in cellular communications, both in
physiologic and pathologic conditions [28-30]. Exosomes
from different cell types (MSCs, immune cells, etc.) have
shown high potential in cartilage and bone regeneration
[31-34]. This have been used to engineer exosomes to target
specific cells or tissues, and transport them a number of dif-
ferent molecules, including expression vectors. Engineered
exosomes were up to now used for site-specific transport
of chemotherapic agents (drugs, siRNA) to tumor cells
[35-37], but this does not exclude their use in gene therapy
in the next future. This allows avoidance of the use of viral
proteins (capsid), whose immunogenicity is the main prob-
lem of the use of viral vectors [38].

Viral vector

Viral vectors are divided in different groups according to the
type of virus used: adenovirus, recombinant adeno-associ-
ated viral (rAAV), retrovirus, and baculovirus [39]. Among
the viral systems employed for gene therapy, adenoviruses
are the most used because they have high transduction effi-
ciencies and transgene expression in various types of cells,
allowing in vivo approaches. More than 50 adenovirus sero-
types are available for gene therapy and serotype 5 (Ad5)
has been the mostly used in both in vitro and in vivo studies.
Adenovirus is used to transfer GF genes (TGF-f3, FGF-2,
IGF-1, BMPs and Growth and differentiation factor 5, GDF-
5) into cells [8, 20, 25, 40-49]. Genes, in encapsuled viral
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Table 1 List of gene families and genes delivered with specific vectors in in vitro, ex vivo and in vivo studies
Gene family Gene Delivery system Vector Study Cartilage defects ~ References
GFs IGF1 BMSCs+scaffold Plasmid In vitro and Knee osteochon- [17]
ex vivo dral defect
(calcium alginate gel)
Chondrocytes Plasmid In vitro [15]
Scaffold Plasmid In vitro [23]
(COLL II-GAG)
Chondrocytes Adenovirus In vitro [8]
Chondrocyte+scatfold Adenovirus Ex vivo Knee full-thick- [44]
(fibrinogen) ness cartilage
defect
Direct injection Adenovirus In vivo Synovial tissues [50]
of metacar-
pophalange
BMSCs and chondro- rAAV In vitro and Knee osteochon- [61]
cytes ex vivo dral defect
Chondrocytes+scaffold  rAAV Ex vivo Femur full-thick-  [62]
(fibrinogen) ness cartilage
defect
Direct injection rAAV In vivo Mechanically or [63]
collagen-induced
knee arthritis
IGF- Chondrocytes Plasmid In vitro [20]
1+BMP2+BMP7
IGF-1+BMP2 ADSCs Plasmid (IGF-1);  In vitro [25]
Adenovirus
(BMP2)
IGF-1+FGF-2 Chondrocytes+scaffold  Plasmid In vitro and Knee osteochon- [16]
(alginate) ex vivo dral defect
FBs+scaffold Plasmid In vitro and Knee osteochon- [18]
ex vivo dral defect
(alginate)
ADSCs Adenovirus In vitro [43]
TGF-p BMSCs+scaffold Plasmid In vitro and Knee full-thick- [26]
ex vivo ness defects
(PLA)
BMSCs+scaffold Plasmid In vitro and Knee full-thick- [14]
ex vivo ness defect
(PLGA/fibrin gel)
BMSCs+scaffold Plasmid Ex vivo Knee full-thick- [27]
ness defect
(Gelatin+TCP sponge)
Chondrocytes+scaffold  Plasmid In vitro [26]
(Chitosan+gelatin
matrix)
BMSCs Adenovirus In vitro and Knee osteochon- [40]
ex vivo dral defect
BMSC:s clot Adenovirus Ex vivo Knee partial-thick- [41]
ness defects
BMSCs+scaffold (PGA) Adenovirus In vitro and Subcutaneous [42]
ex vivo tissue
Chondrocytes Adenovirus In vitro [8]
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Table 1 (continued)

Gene family Gene Delivery system Vector Study Cartilage defects ~ References
BMSCs rAAV In vitro [2]
Mixture of chondrocytes Retrovirus In vitro and Knee osteochon- [70]
and irradiated TGF-p1 ex vivo dral defect
producing chondro-
cytes
TGF-p+BMP2 BMSCs+scaffold (DBM) Adenovirus In vitro and Knee full-thick- [46]
ex vivo ness defect
TGF-f+BMP6 ADSCs+scaffold Baculovirus In vitro and Knee full-thick- [82]
(PLGA) ex vivo ness defect
BMP BMSC:s (vitro); Plasmid In vitro and Knee full-thick- [22]
ex vivo ness defect
COLL I sponge (vivo)
BMSCs Adenovirus In vitro [45]
ACPC+scaffold (fibrin-  Adenovirus In vitro [47]
PU)
Muscle and fat Adenovirus In vitro and Femora segmental [48]
ex vivo defect or knee
osteochondral
defect
DCBM Adenovirus Ex vivo Knee full-thick- [52]
ness defect
Direct injection Adenovirus In vivo Knee osteochon- [51]
dral defect
BMSCs+scaffold (fibrin  Retrovirus In vitro and Knee full-thick- [71]
glue) ex vivo ness cartilage
defect
Chondrocytes+scaffold ~ Baculovirus In vitro and Knee osteochon- [81]
(PLGA) ex vivo dral defect
Muscle-derived stem Retrovirus In vitro and Knee osteochon- [74,75]
cells (MDSCs) ex vivo dral defect
Chondrocytes Lentivirus In vitro [74]
FGF-2 Chondrocytes+scaffold  Plasmid In vitro and Knee osteochon- [21]
(alginate) ex vivo dral defects
BMSCs rAAV In vitro [65]
sFlt-1 MDSCs Retrovirus In vitro and Knee osteochon- [75]
ex vivo dral defects
GDF-5 ADSCs Adenovirus In vitro [49]
sFlt-1 BMSCs Retrovirus In vitro and Knee osteochon- [72]
ex vivo dral defects
Transcription SOX BMSCs+scaffold (PGA) Adenovirus In vitro and Knee full-thick- [54]
factors ex vivo ness defect
BMSCs rAAV In vitro [66]
BMSCs, rAAV In vitro and in vivo Knee osteochon- [59]
chondrocytes+scaffold dral defect
(alginate) (in vitro);
Direct injection (in
vivo)
SOX-5+SOX- ADSCs+scaffold Retrovirus In vitro and Knee osteochon- [73]
6+S0OX-9 (fibrinogen) ex vivo dral defect;
surgically-
induced OA
SOX-5+SOX- Polymeric gene therapy  Plasmid In vivo Knee osteochon-  [24]
6+SOX- dral defect
9+RUNX2
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Table 1 (continued)
Gene family Gene Delivery system Vector Study Cartilage defects ~ References
SOX-9+TGF-f BMSCs rAAV In vitro [64]
ZNF145 BMSCs Lentivirus In vitro and Knee osteochon- [75]
ex vivo dral defect
Anti-inflammatory IL10 Direct injection Plasmid In vivo CIA [12]
cytokines
Direct injection Lentivirus In vivo RA [78]
ILIra Direct injection rAAV In vivo Ankle chronic [67]
inflammatory
arthropathy
Direct injection SCAAV In vivo Middle carpal joint [68]
OA
IL1ra+IL10 FBs Adenovirus Ex vivo RA [56]
IL1ra+IGF-1 Direct injection Adenovirus In vivo Carpus and stifle ~ [57]
full-thickness
cartilage defect
Cell signaling iHH+BMP2 BMSCs Adenovirus In vitro [53]
protein
BMSCs Adenovirus Ex vivo Knee osteochon- [55]
dral defect
ECM component  COMP Chondrocytes and FBs Plasmid In vitro [19]
Receptors Integrin B1 Chondrocytes+scaffold  Lentivirus In vitro [79]
(PGA)

vector, can be injected directly in vivo [50, 51] or through
decalcified cortical bone matrix (DCBM) as scaffold that
contains the viral particles [52]. Indian hedgehog homolog
(iHH) and SOXs genes employ adenovirus for transport
into MSCs both in vitro [53, 54] and in vivo [55, 56]. Anti-
inflammatory cytokines are introduced into Fibroblasts
(FBs) or directly injected in vivo [56, 57] (Table 1).

There are serious concerns about the use of adenoviral
vectors in clinical settings, due to the development of a
strong host humoral and cellular immune response to the
adenoviral gene products. A solution to this problem is to
minimize the immune response, using a vector containing
only the gene, the packaging sequence and the flanking viral
terminal repeats. However, this requires the use of another
virus (helper) for viral transduction (production of viral par-
ticles), which makes the system very complex [58]. Addi-
tionally, most individuals have a pre-existing immunity to
adenovirus, which could neutralize the virus administered
in vivo. Another problem is that the transgene expression is
limited to 1-2 weeks. This is a result of the episomal state
of the vector: the expression of a transgene persists only in
non-dividing cells, while it gradually vanishes when modi-
fied cells are re-introduced in the tissue and the expression
is diluted in a growing population [10].

To date, the best vector that could represent an adequate
candidate for gene therapy is the rAAV vector family or self-
complementary AAV (scAAV). rAAV vectors are based on

the non-pathogenic parvovirus AAV, which has a single-
stranded DNA genome and does not provoke potent host
immune responses. These vectors are obtained by complete
removal of the viral gene coding sequences, to make them
less immunogenic and less toxic. Furthermore, rAAV vec-
tors do not require cell division or vector integration for
gene expression, and their delivered genes are expressed
with very high efficiency for a long time (months to years)
through the stabilization of episomal DNA by the formation
of concatemers [59]. On the other hand, sc-AAV produces
higher levels of protein more quickly and, for this reason,
it could become the preferred choice for gene therapy trials
[60]. rAAV is used for the delivery of IGF-1 [61-63], TGF-3
[2, 64], FGF-2 [65], SOXs [59, 64, 66] and IL1ra genes [67].
scAVYV is used for the delivery of IL1ra [68] (Table 1).
Retroviruses have the advantage integrating their DNA
into the host genome, allowing to maintain gene expression
for longer periods of time [69]. In comparison to the previ-
ous mentioned vectors, fewer studies employed retrovirus
for the delivery of GFs, such as TGF-, BMPs or VEGF
inhibitor, as sFlt-1, and SOXs, both in vitro and in vivo)
[70-75] (Table 1). The main problem is insertional mutagen-
esis and the potential activation of oncogenes. In fact, retro-
viruses show a preferential integration near highly expressed
genes, causing leukaemia in some patients with X-linked
severe combined immunodeficiency. In addition, retrovi-
ruses can transduce only dividing cells with a restricted
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host range and a low efficacy. To overcome this last disad-
vantage, lentiviruses, belonging to a subclass of retrovirus
family derived from the human immunodeficiency virus
(HIV), have been proposed because they can transduce in
non-dividing cells [76]. Lentivirus were employed for the
delivery of sequence that codifies for BMPs [76], zinc-fin-
ger protein 145 (ZNF145) [77], IL10 [78] and Integrin-f
[79] (Table 1). However, lentiviral vectors, similarly to ret-
roviruses, favour gene integration, which might determine an
insertional transformation and, subsequently, tuamour forma-
tion. Furthermore, there are still concerns associated to the
psychological problems of introducing genetic material of
HIV sequences in vivo [80]. For these reasons, retroviruses
have been used only for ex vivo gene delivery procedures,
adopting the strategy to select cultured cells through a selec-
tion marker (i.e. antibiotic resistance) and consequently irra-
diate them to prevent further in vivo growth and minimize
tumour development [70, 81].

Finally, the viral vector least employed is baculovirus, a
virus that infects insect cells, but that is also able to trans-
duce numerous mammalian cells, including chondrocytes
and ADSCs for TGF-f [82] and BMPs [82, 83] in vitro and
in vivo. However, this virus is not able to replicate and inte-
grate its DNAs into the chromosomes of transduced mam-
malian cells, determining a transient transgene expression
(<7 days). For these properties, baculoviruses have attracted
research interests although their application is not allowed
in cases requiring continuous expression.

Fig. 4 Barcharts of the number 16

Delivered genes

It is important to identify the most important genes delivered
into cells or directly injected into a joint affected by carti-
laginous pathologies, whose overexpression can increase the
production of different proteins useful to improve cartilage
healing. Gene therapy has not the aim of replacing or repair-
ing abnormal genes that causes the disease, but it induces
the overexpression of therapeutic factors, such as GFs and
ECM proteins, or the suppression of genes (through miRNA
synthesis) involved in joint degeneration. The selection of
genes to be delivered through specific expression vectors
is important. This is because for the repair of chondral and
osteochondral defects it is necessary to overcome some
pathophysiological processes that often determine tissue
degeneration worsening. Genes belong to different groups:
(1) GFs; (2) TFs; (3) anti-inflammatory cytokines; (4) cell
signalling proteins involved in chondrocyte differentiation,
proliferation and maturation; (5) ECM proteins; and (6)
receptors (Fig. 4).

Growth factors

The largest group includes GF genes, such as IGF-1 [8,
15-18, 20, 23, 25, 43, 44, 50, 57, 61-63], TGF-p [2, 8, 14,
26, 27,3942, 46, 64, 70, 82], BMPs [20, 22, 25, 45, 47, 48,
51-53, 55, 71, 76, 83], FGF-2 [16, 18, 21, 43, 65], GDF-5
[49] and VEGF antagonist [72] (Table 1). TGF-B1 plays
a key role in cell growth, cartilaginous tissue differentia-
tion and ECM protein synthesis. IGF-1 has anabolic effects,
increases large aggregating proteoglycans and collagen II

of groups of genes evaluated in
preclinical, in vitro, ex vivo and 14 |
in vivo studies

GFs
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synthesis and inhibits their degradation. FGF-2 increases
chondrogenesis and cartilage matrix formation. BMPs are
potent inducers of cartilage repair, but they develop chon-
drocyte hypertrophy and endochondral ossifications. GDF-5
is considered an initiator of chondrogenesis of MSCs and
induces COLL II and glycosaminoglycans production. The
transfection of these genes stimulates MSC chondrogenesis
and chondrocyte proliferation and reduces MSC osteogenic
markers in vitro [2, 8, 14, 15, 17, 21-23, 25, 26, 31, 42,
45, 47-49, 61, 65, 70, 71, 76, 83]. Conversely, in vivo it
improves osteochondral or full-thickness defects [14, 17,
21, 22, 27, 40-42, 44, 46, 48, 51, 52, 61, 62, 70, 71, 83,
85] and joints affected by OA [63]. VEGF, transfected
into MSCs, induces arthritic-like changes in the joints and
the co-transfection with sFlt-1 ameliorated this condition
in osteochondral defects [72]. The introduction of two or
more GFs into the cells, induces more cartilage regeneration
in comparison with a single gene, with a synergic effect.
This is observed for IGF-1, co-transfected with FGF-2, in
osteochondral defects [16, 18] and in MSCs [43], or with
BMP2 and BMP7 in chondrocytes [20]. In addition, TGF-p,
co-transfected with BMP2 or BMP6, is used to treat full-
thickness defects through MSC infection [46, 82].

Transcription factors

The second important group of genes includes TFs such
as SOX genes (5, 6 and 9) and ZNF145 (Table 1). SOXs
regulate chondrocyte differentiation, improve ECM produc-
tion and reduce the levels of hypertrophy and osteogenic/
adipogenic markers. ZNF145 regulates the differentiation
of 3-lineages of MSCs, as observed in in vitro studies [54,
59, 65, 77], while in vivo it increases osteochondral and
full-thickness defects healing [54, 59, 75]. The co-infection
of SOX9 and TGF-f potentiates chondrogenesis of MSCs
in vitro, in comparison to their separate use [64]. The trio-
co-transduction of SOXs (SOX-5, -6 and -9) increases osteo-
chondral defect and OA healing in vivo and chondrogenesis
of MSCs in vitro [73], and their combination with RUNX?2
gene further improves osteochondral defect regeneration
[24].

Anti-inflammatory cytokines

The third group of genes includes anti-inflammatory
cytokines such as IL.10 [12, 78] and [L.1ra [67, 68] (Table 1).
They contrast pro-inflammatory cytokines and can be over-
expressed in target cells determining a chondroprotective
effect. Furthermore, gene therapy strategy, using genes that
downregulate some negative factors, promotes chondrocyte
differentiation and ECM production. These genes were
principally employed in vivo for the reduction of arthri-
tis or OA knee pathologies. The co-transfection of two

anti-inflammatory cytokines decreases cartilage destruction,
in joints affected by RA, more than their separate use [56],
while the co-infection of IL1ra and a GF (IGF-1) improves
in vivo repair of full-thickness cartilage defects in associa-
tion with microfractures [57].

miRNA

Recently, some miRNAs have been found to be regulators
of chondrogenic differentiation that can be used in gene
therapy. So far, they have only been used in in vitro studies.
MiR-23b, and miR-140 have proven to have a pro-chondro-
genic effect when expressed in MSCs [85, 86]. In addition,
some miRNA, which are negative modulators of cartilage
development, can be down-regulated. MiR-181b, whose
targets are different proteins of hippo pathways [87] impli-
cated in chondrocyte regulation, is a negative regulator of
chondrocyte differentiation and cartilage development and
its synthesis upregulates MMPs increasing the degradation
of ECM [88]. MiR221 silencing shows a pro-chondrogenic
role in vivo [89] inducing an increase of chondrogenic mark-
ers (e.g. collagen type II), and of positive chondrogenic tran-
scription factor Sox9 and Tricho-rhino-phalangeal syndrome
1 protein (TRPS1). In fact, MiR-221 targeting of MDM?2
mRNA, whose product regulates proteasomal degradation of
Slug, is implicated in the maintenance of the undifferentiated
status of MSCs [90]. miR-145 and miR-335-5p have Sox9
as target and suppress chondrogenesis, anti-miR molecules
(through synthetic shRNA genes) can contrast the effects of
these miRNA and induce the expression of Col2al, aggrecan
and avoid cartilage degeneration [91, 92].

Other factors

Less is known about genes encoding for the cell signalling
protein iHH [53, 55], for ECM component (COMP) [19]
and for integrin 1 [79] (Table 1). COMP is a multidomain
homo-pentameric protein, which is an important regulator
of collagen fiber assembly, interacting with other matrix pro-
teins and inducing chondrocyte proliferation in vitro. Inte-
grin B1 is the main receptor implicated in mechanosensing
and induction of chondrocyte differentiation and matrix syn-
thesis. The co-infection of iHH with BMP-2, in vitro and in
osteochondral lesions in vivo, shows that iHH mitigates the
hypertrophy of MSCs induced by BMP2 [53, 55].

Gene therapy procedures
Two procedures can be used to deliver genes into cartilagi-
nous defects according to the modality of administration of

the selected vector: a ‘direct’ procedure, when the vector
is administered in target organs or anatomical regions of
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the patients with or without a scaffold (in vivo) [12, 50,
51, 57, 63, 67, 68, 74, 75, 81], or an ‘indirect’ procedure,
when the vector is previously inserted into target cells and
subsequently implanted in the injury site with or without a
scaffold (ex vivo) [14, 16-18, 21, 22,27, 40-42, 44, 46, 48,
52,54-56, 59, 61, 62, 70-73, 77, 82-84] (Figs. 5, 6).

Direct procedures

In most studies, the direct procedure has the advantage that
vector exposure is restricted to the intra-articular space,
avoiding systemic and too long local effects. Therefore,
transgene expression can be present in the joint even for up
to 4 months after the injection. However, with a direct pro-
cedure cartilage defects cannot be the specific target of the
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injected vector, because the expression of the gene is often
limited to the synovial membrane, which is largely available
and more easily accessible inside the joint. In fact, synovio-
cytes have been used as target cells for the expression of
anti-inflammatory molecules very important to counteract
OA disease. For this reason, in comparison to the indirect
procedure, the direct injection of a vector into a lesion site
is less applied in cartilaginous defects. Direct injection is
mainly employed for the delivery of anti-inflammatory
cytokines such as IL10 and IL1ra into a joint affected by
rheumatoid arthritis, OA and full-thickness defects [12, 57,
67, 68, 78]. Even GFs, such as IGF1 and BMPs are delivered
with this modality in arthritis, full-thickness and osteochon-
dral defects [50, 51, 57, 63]. In the direct procedures, the
most employed vectors are adenovirus, rAAV or scAAV [50,
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51, 57, 63, 67, 68], followed by plasmid [12] and Lentivirus
[78] (Table 1).

Indirect procedures

The indirect procedure, where transfected cells are delivered
into cartilage defects, is the most used (Fig. 7). The cell vehi-
cles, with and without scaffolds, are MSCs of different origin
[14,17,26,27,40-42,46, 54, 55,59, 61, 71-75, 77, 82], chon-
drocytes [16, 21, 44, 59, 61, 62, 70, 83] and, to a lesser extent,
fibroblasts [18, 56]. In fewer cases vectors are implanted into
scaffolds without cells as vehicles: the plasmid vector is sup-
ported by a collagen I sponge or complexed with bPEI-HA via
a porous oligo[poly(ethylene glycol) fumarate] hydrogel scaf-
fold [22, 24] and adenoviral vector by DCBM [51] (Table 1).

Ex vivo gene therapy for cartilage repair involves three
phases: removal of cells from healthy tissue of the patient,
modification/expansion of these cells, and their reintroduction
into the damaged area. This procedure has been thwarted by the
high costs of two-step autologous therapy, since the target cell
population must be collected and the gene must be transfected
and expanded (for at least 4 weeks) before being re-implanted.
The complexity and costs would be reduced with the use of
allograft cells by donors that could allow the implantation of
modified cells directly in one surgery step [16—18, 21, 26, 40,
42,44, 56, 61, 70-72, 74,75, 77, 82, 83]. To translate ex vivo
approaches to clinical application, all procedures must be per-
formed according to good manufacture practice (GMP) in a
well-organized structure (cell factory) to avoid the introduction
of contaminants. All working spaces should be organised to
separate the different processes of modification and expansion
of the cells and avoid cross-contaminations [93].

m Cells+scaffold
EOnly cells
@ Only scaffold

SOXs IZNF145 iL10 | IL1ra IHH COMP (Integrin 1
Transcription factors| Antiinflammatory Cell ECM |Receptors
cytokines signaling | factors
factors

Use of scaffold in gene therapy procedures

The main problem of gene therapy for focal defects using
ex vivo procedures, is the dilution of modified cells after
intra-articular injection. To avoid this dilution, a possibil-
ity is to deliver these modified cells with different scaffolds
used as carrier. When the scaffold is degraded, the encapsu-
lated expression vector is adsorbed locally by the cells. The
combination of gene therapy and scaffolds seems to greatly
enhance both the efficiency and duration of transfected
genes, leading to systems able to promote bone, cartilage,
and osteochondral regeneration [22, 23, 26]. Scaffolds can
be natural such as DBM, gelatine, alginate, fibrinogen and
collagen based [16-18, 21, 27, 46, 52, 62, 71, 73, 84], or
synthetic such as polyglycolic acid (PGA), polylactic acid
(PLA) and poly(lactic-co-glycolide) (PLGA) [14, 42, 54,
82-84] (Table 1). Besides favouring cell engineering within
the scaffold, their design can be used as guide for the correct
integration and directional localization of cells in the defect.
Although there have been important advances in the creation
of these systems, different factors, such as kinetic of release,
type of interaction of the vector with the scaffold, or interac-
tions between scaffolds and microenvironment, can still be
improved [22, 23, 84].

Preclinical and clinical studies on: safety, toxicity,
biodistribution, efficacy, biological activity
Before translating any new innovative treatment into clini-

cal practice, clinical trials must be carried out to achieve
pre- (phases O-III) and post-marketing (phase IV) data
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on safety and efficacy. It is very difficult to translate gene
therapy from pre-clinical studies into clinical practice. After
having achieved enough data on a new gene therapy from
preclinical evaluations on safety, biodistribution and efficacy
(proof-of-concept), it is mandatory to establish the safety of
the developed genetic treatment in selected patients through
various phases I or phase I/II clinical trials, considering that
these treatments could be deleterious for the patient. Usually,
recruited patients present a severe degree of joint pathology
and are candidates to future joint replacement. Other impor-
tant aspects investigated in phase I and II clinical trials, are
the level of transgene expression in the targeted joint as well
as at systemic level, and the development of humoral or cel-
lular immune response against proteins or vectors.

Preclinical studies

Preclinical studies of gene therapy for chondral and osteo-
chondral regeneration reported in literature were on safety
and efficacy of intra-articular administration of: (a) a 3:1
mixture of normal human chondrocytes and genetically
modified human chondrocytes expressing TGF-f1 (TG-C,
TissueGene, Inc., Rockville, USA) [81]; (b) a rAAV vec-
tor containing the cDNA for a human tumor necrosis factor
receptor (TNFR) and immunoglobulin (IgG1) Fc fragment
(TNFR:Fc) fusion gene (tgAAC94, Targeted Genetics Cor-
poration, Seattle-Washington, USA) [98]; (c) genetically
modified synovial cells (self-complementing recombinant
AAV vector delivered in vitro) that express IL-1 Ra (sc-
rAAV2.5IL-1Ra, Mayo Clinic, Rochester, Minnesota, USA).
[60, 97]; and (d) rAAV vector expressing human interferon-f3
(ART-102, Arthrogen, Amsterdam, The Netherlands) [99,
100].

Regarding preclinical evaluation of TG-C, three differ-
ent studies were carried out to evaluate its biodistribution
in SCID mice, and its safety and efficacy in knee articular
damage in rabbit and goat models at short, mid and long
experimental times [81]. TG-C was completely cleared from
tissues by day 15 and from lung by day 30; in addition, PCR
analysis of TG-C DNA performed on blood and other tis-
sues retrieved by rabbits and goats at 30 days and 8 weeks,
respectively, did not show any signs [81]. 3 and 6-months
safety and efficacy study of TG-C to treat mono-laterally
partial cartilage defect (patellar groove) in rabbits high-
lighted a relationship between intra-articular TG-C admin-
istered dose and speed of cartilage regeneration. Higher dose
administered (9 X 10° cells/animal) fast the cartilage repair
respect to control group. However, no cartilage regeneration
was associated with the lowest dose administered (1.8 x 10°
cells/animal). Eight-week pilot and 1-year safety and effi-
cacy study of TG-C to treat bilaterally single full-thickness
cartilage defects (patellar groove) in goats showed in com-
parison to control group (vehicle) that: (1) hyaline cartilage
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was present in defects, without relationship to exercise
restriction at 8 weeks from TG-C intraarticular administra-
tion (1 x 10% or 1 x 107 cells); and (2) a positive effect on
the joint cartilage may be present at 6 months and diminish
at 12 months after TG-C intraarticular administration (3 X
107 cells) [81].

Preclinical studies on experimental arthritis models in
rats (streptococcal cell wall-induced arthritis) and on healthy
monkeys, showed that intraarticular administration of rAAv
vector containing a fusion gene, where TNFR gene was
fused with gene of Fc fragment of immunoglobulin (IgG)
(tgAAC94), was well tolerated, as evidenced by the lack of
inflammation or joint swelling, and could suppress arthritis
after a single dose of 1 x 10'>~10'® DNase-resistant particles
(DRP)/ml of joint volume. In fact, while the joints from con-
trol arthritic animals showed an intense inflammatory cel-
lular infiltrates, pannus, and cartilage and bone degradation,
the intraarticular injection of rAAV-TNFR:Fc decreased the
cell infiltrates, reducing pro-inflammatory cytokines without
detectable signs of cartilage degradation. TNFR:Fc RNA
expression was detectable in joint tissue for a period of
3 months (monkey) to 1 year (rat) [98].

The patterns of IL-1Ra transgene expression through
sc-TAAV vector was previously evaluated in normal and
inflamed knee joints of rabbit. Inflammation status was
achieved at 1015 days after parapatellar injection of 5 x 10*
HIG-82 cells retrovirally transfected with IL1f gene [60].
Sc-rAAV vector provided a 25-fold enhancement compared
to conventional vector (rAAV), without differences in levels
or duration of transgenic IL-1Ra expression between normal
and inflamed joints. However, the transgene production of
IL-1Ra determined a decrease of leukocytic infiltration in
inflamed joints [60]. Subsequently, another in vivo study was
carried out in a model of OA induced by mono-iodoacetate
(MIA) intra-articular injection in rats to evaluate the local
and systemic safety and biodistribution of sc-rAAV2.5IL-
1Ra [97]. No adverse effects were found following sc-
rAAV2.5IL-1Ra injection in MIA-induced osteoarthrosis
rats. IL-1Ra expression persisted in the treated knees up to
a year post-injection, slowing the rate of cartilage loss, with-
out being present in other sites [97].

Preclinical in vivo studies on mice, rats, rabbits and mon-
keys [99, 100], with collagen [I—induced arthritis, showed
that ART-102 determined an overexpression of human
IFN-f in targeted joints, determining the up regulation of
anti-inflammatory cytokine IL-1Ra and the down regula-
tion of metalloproteinase 3 (MMP3) and pro-inflammatory
cytokines IL-8 and IL-6. These in situ modulations deter-
mined a reduction of synovial inflammation and bone ero-
sion with limited biodistribution to other peripheral organs.
In monkey studies, it was demonstrated that intraarticular
injection of ART-102 was safety with no adverse effects.
Biodistribution investigations highlighted that high copy
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numbers of the ART-I02 genome were found only in the
injected joints, and no persistence of ART-102 sequences
were detected in other tissues. ART-I02 treated joints
showed the inhibition of arthritis development with the
highest dose used (0.2 x 10'3 viral genomes injected) [100].

Clinical studies

Our search found eight clinical trials on OA or degenerative
arthritis and 3 on inflammatory arthritis (Table 2). Seven of
the clinical trials on gene therapy applied to degenerative
OA are on cell therapy involving genetically modified allo-
genic human chondrocytes (with retrovirus vector delivered
in vitro) to produce TGF-B1 and associated (ratio 1:3) to
normal allogenic human chondrocytes (TG-C, TissueGene,
Inc., Rockville, USA). The 2 chondrocytes fractions were
administered together to provide elements critical to regen-
erate hyaline cartilage matrix, such as chondrocytes, TGF-
B1 protein, type II collagen and glycosaminoglycans [81].
6 of the 7 clinical trials on TG-C completed phase 1 or 2
evaluation on the safety and efficacy of the use of different
modified chondrocytes concentrations in patients with grade
IV degenerative arthritis of the knee joint (ICRS evaluation
criteria from the MRI scan) with different lesion size:

e Phase I: NCT00599248-2007 (lesion: >2 cm?, 12 patients
aged >18 years, completed);
NCT02341391-2007 (lesion: 2—6 cm?, 12 patients
aged >45 years, completed);
o Phase II: NCT02341378-2009 (lesion: <6 cm?, 28
patients aged >45 years, completed);
NCTO01221441-2010 (Kellgren and Lawrence-KS
Grade 3, 102 patients aged 18-70 years, completed);
NCT01671072-2011 (KS Grade 2-3, lesion: >6 cm?,
54 patients aged >18 years, completed);
NCTO01825811-2012 (lesion: 2—-10 cm?, 18 patients
aged >18 years, completed).

Starting from positive pre-clinical results on safety and
efficacy (cartilage proliferation) [81], a phase I clinical trial
performed in 12 patients (NCT00599248-2007) showed an
improvement in knee OA symptoms and minimal adverse
effects [94]. The results of one of the phase II clinical trials
carried out on 102 patients (NCT01221441-2010) at 1 year
follow-up, showed that TG-C had positive effects on pain
levels determining a decrease of analgesics intake in treated
patients compared to placebo [95].

The seventh clinical trial on TG-C is a phase 3 study
(NCT02072070-2013), started in 2013 and still in progress.
It compares, in 156 patients aged >19 years, a single TG-C
intra-articular injection to the damaged knee joint (ICRS
grade lesion III-IV <6 cm?) at a dose of 1.8 x 107cells vs.
placebo at 28 and 52 weeks. The primary outcomes of this

trial are the evaluation of symptoms, sport activities, and
function as well as pain according to the International Knee
Documentation Committee (IKDC) and visual analogue
scale (VAS), respectively [96].

The clinical trial on gene therapy applied for degenera-
tive arthritis (NCT02790723-2016) will evaluate, in patients
aged 18-65 years with moderate knee OA, the local and
systemic safety (phase I) of 10 ml intra-articular injection of
three different doses (low—10!!, medium—10'? and high—
10'%) of genetically modified synovial cells (self-comple-
menting recombinant AAV vector delivered in vitro) that
express IL-1 Ra (sc-rAAV2.5IL-1Ra, Mayo Clinic, Roch-
ester, Minnesota, USA).

Clinical trials on gene therapy applied for inflamma-
tory arthritis have been performed to evaluate the safety of
intra-articular delivery of: (1) arAAV serotype 2 genetically
engineered vector containing the cDNA for a human tumor
necrosis factor receptor (TNFR) immunoglobulin (IgG1)
Fc fusion (TNFR:Fc) gene (tgAAC94, Targeted Genetics
Corporation, Seattle-Washington, US) to treat patients not
responding to TNFa antagonist therapy; and (2) a rAAV
serotype 5 vector expressing human interferon-f (ART-102,
Arthrogen, Amsterdam, The Netherlands) to treat patients
with rheumatoid arthritis.

A phase I clinical trial on tgAAC94 (NCT00617032-
2004, 15 patients aged >18 years, completed) showed that its
intra-articular injection at doses up to 1 x 10'! DRP/ml joint
volume appear to be safe and well tolerated in subjects not
taking TNFo antagonists, with a limited systemic biodistri-
bution (3 days) and no joint swelling and tenderness [98]. A
phase I/II clinical trial (NCT00126724) on 120 patients aged
18-75 years is still in progress; its primary outcomes are the
safety (serious and very serious adverse events) and efficacy
of higher and repeated doses of tgAAC94 (1 x 10'' DRP/
ml or 1 x 10'2 DRP/ml or 1 x 10'* DRP/ml as single dose
or in 2 doses administered 12 weeks apart). The secondary
outcomes are the change in tenderness and swelling of target
joint, the reduction in disease activity confirmed by MRI the
levels of TNFR:Fc protein in synovial fluid and anti-rAAV?2
capsid neutralizing antibodies in serum.

The phase I clinical trial on ART-102 (NCT02727764-
2016, 15 female patients aged >18 years, underway) will
evaluate the safety (treatment emergent serious adverse
effects) and tolerability of its single intra-articular admin-
istration in patients with rheumatoid arthritis according to
three experimental cohorts: (I) 2.4 x 10'? vector genomes
(VG) single injection (n = 3 patients); (I) 2.4 x 10"* VG
single injection (n = 3 patients); (III) single injection of
maximum tolerated dose assessed in cohort I and Il (n =9
patients). The primary outcomes of this clinical trial will
be to identify any change from baseline: clinical signs and
symptoms, function of the target joint, pain, synovitis and
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Table 2 Genes delivered in preclinical and clinical studies

Gene Delivery system Vector Study Cartilage defects Evaluations References
TG-C Retrovirus A phase I dose-esca- Knee advanced OA  Safety and biological NCT00599248-2007
lating clinical trial activity [94]
Retrovirus A dose-escalating, Knee degenerative Safety and biological NCT02341391-2007
single-center, phase  arthritis efficacy
I clinical trial
Retrovirus A multicenter, single- Knee degenerative Efficacy and safety NCT02341378-2009
blind, phase IT A arthritis
clinical trial
Retrovirus A double-blind, ran-  Knee OA grade III Efficacy and safety =~ NCT01221441-2010
domized, parallel- [95]
group, phase II
study
Retrovirus A placebo controlled, Knee degenerative Efficacy and safety NCT01671072-2011
single-blind, rand- arthritis
omized, multicenter
phase 1B study
Retrovirus A single-blind, ran-  Knee degenerative Efficacy and Safety = NCTO01825811-2012
domized, parallel- arthritis
group, multicenter
phase II study
Retrovirus A placebo controlled, Knee degenerative Efficacy and Safety = NCT02072070-2013
double-blind, ran- arthritis
domized, parallel
group, multicenter
phase III study
TGF-p Mix (3:1) of Retrovirus Ex vivo Partial cartilage Safety, efficacy, [81]
unmodified defect or full-thick-  toxicity, biodistri-
chondrocytes+TG-C ness knee cartilage ~ bution
defects
IL1ra Direct injection SCTAAV A phase I study Knee moderate OA  Local and systemic ~ NCT02790723-2016
safety
FBs Adenovirus or In vitro and ex vivo ~ Naive knees or with ~ Transgenic expres- [60]
scAAV IL-1pB-induced sion and persis-
arthritis tence, infiltrating
leukocytes
Direct injection scAAV In vivo MIA-induced OA Safety and biodistri- [97]
bution
TNFR:Fc Direct injection rAAV A double-blind, ran-  Inflammatory Safety and toler- NCT00617032-2004
domized, parallel arthritis ability [98]
group, phase 1 dose
escalation study
rAAV A double-blind, Inflammatory Safety NCT00126724-2005
randomized, paral- arthritis
lel group, phase I/
II study
IFN-B Direct injection rAAV A non-randomized, = RA Safety NCTO02727764-2016
parallel-group,
open-label, pahe I
study
FLS (in vitro); direct rAAV In vitro and in vivo Collagen-induced Biodistribution [99]
injection (in vivo) arthritis
Direct injection rAAV In vivo Collagen-induced Safety, biodistribu-  [100]

arthritis

tion, and efficacy
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osteitis in the injected joint, as well as any induction of
immune responses against AAVS5 and hIFN-f.

Conclusion

Despite numerous advances on articular cartilage regen-
eration, this process remains a great challenge for clinical
translation. The integration of newly formed cartilage and
the restoration of all cartilage-specific local structures are
crucial for articular cartilage function, but so far, no tech-
nique has been able to form a native cartilage structure of
in the joints [53].

Gene therapy might have a good potential for cartilage
repair and OA treatment, but several problems remain to be
solved. For example, the induction of Stem Cells to chondro-
genesis is often followed by osteogenesis and hypertrophy,
and the number of chondrocytes or chondral progenitors that
can be obtained is limited [101]. Recent works suggest that
the combination of appropriate delivery vectors, genes, tar-
get cells and scaffolds might offer the possibility to obtain
hyaline cartilage, even though the type of lesion (size, locali-
zation, structure) determines a variation of the combination
of these factors [82].

Different genes have been transfected into MSCs, chon-
drocytes or FBs to improve or modify their phenotypic
properties [5]. Usually, the strategy developed for cartilage
gene therapy has been to deliver genes which mainly codify
for GFs, inducing a chondrogenic differentiation. In addi-
tion, transcription factors and anti-inflammatory cytokines,
counteracting the progression of inflammatory disease, are
the most employed. The preferred viral vectors are adenovi-
rus and its recombinant vectors for all gene categories and
cartilage diseases. The combination of two or more GFs
genes, transcription factors or anti-inflammatory cytokines
increases the effects of the single gene in reducing inflam-
mation or improving the healing process.

Nevertheless, the clinical use of gene therapy seems to
be still a distant reality because several safety and efficacy
evaluations are needed before it can be applied in the clinic.
Moreover, given the non-lethal nature of cartilage diseases,
possible side effects are of particular interest [53].

Clinical trials are beginning to highlight the weaknesses
that still exist in this type of treatment. Furthermore, the
use of viral vectors is still hampered by the perception that
viral vectors are not safe, especially after the occurrence of
serious side effects such as leukaemia (after retrovirus treat-
ment of X-linked SCID) and death (after the intra-articular
rAAV-2 injection for the delivery of a TNF-a antagonist
gene in patient affected by RA) [102]. Even though this
death was not related to viral exposure, it highlighted the
need to adopt further monitoring procedures during these
types of clinical trials [102].

Phase I and II clinical trials on safety, biological activ-
ity and efficacy, toxicity and biodistribution are conducted
mainly with GFs, such as TGF-f delivered by retroviruses
into chondrocytes. In addition, anti-inflammatory cytokines
are also used, including IL1ra (conveyed by FBs transfected
with adenoviruses, or directly injected into the lesions),
TNF receptor and immunomodulatory cytokine (IFN-f)
(directly into the injury site). Retroviruses and adenoviruses
or scAVV are the only vectors that have been tested in clini-
cal trials so far.

Finally, to design highly efficient gene therapy meth-
ods, that minimize negative effects, such as host immune
responses, and improve indirect procedures, it is mandatory
to carry out interdisciplinary and translational studies on
molecular and cellular biology, immunology and virology
aspects as well as on osteochondral scaffold improvement.
All efforts should aim at identifying key interactions between
scaffold, cells and microenvironment of the implant, as these
data will give the information necessary to the success of
future gene therapy techniques for cartilage repair.
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