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Abstract

BACKGROUND: Viral vector-based therapeutic gene therapy is a potent strategy to enhance the intrinsic reparative

abilities of human orthopaedic tissues. However, clinical application of viral gene transfer remains hindered by detrimental

responses in the host against such vectors (immunogenic responses, vector dissemination to nontarget locations). Com-

bining viral gene therapy techniques with tissue engineering procedures may offer strong tools to improve the current

systems for applications in vivo.

METHODS: The goal of this work is to provide an overview of the most recent systems exploiting biomaterial tech-

nologies and therapeutic viral gene transfer in human orthopaedic regenerative medicine.

RESULTS: Integration of tissue engineering platforms with viral gene vectors is an active area of research in orthopaedics

as a means to overcome the obstacles precluding effective viral gene therapy.

CONCLUSIONS: In light of promising preclinical data that may rapidly expand in a close future, biomaterial-guided viral

gene therapy has a strong potential for translation in the field of human orthopaedic regenerative medicine.
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1 Introduction

Regeneration of injured orthopaedic tissues (articular car-

tilage, bone, meniscus, tendons, ligaments) remains prob-

lematic in light of their insufficient or deficient capacity to

regenerate at both structural and biomechanical levels.

In absence of vascularization, the articular cartilage that

allows for load transmission and mobility of the joints has a

poor ability for self-repair and lesions resulting from

trauma or generalized osteoarthritis (OA) [1–3] tend to

further deteriorate if left untreated, leading to the produc-

tion of a poor fibrocartilaginous repair tissue made of type-

I collagen instead of a hyaline cartilage naturally composed

of type-II collagen and proteoglycans, even following

surgical treatment (microfacture, autologous chondrocyte

implantation—ACI, administration of mesenchymal stem

cells—MSCs, replacement surgery) [4, 5].

In contrast, the hierarchical, vascularized bone with

type-I collagen fibers and nanohydroxyapatite matrix for

skeletal support and mobility has an intrinsic ability to

heal. Still, such potential might be constrained when the

lesions (or fractures) are too large to fully regenerate [6, 7],

even following autografting procedures that are hampered

by limited graft availability, donor site morbidity, and graft

integration [8].

Injuries to the meniscus, a tissue with loadbearing and

stabilization functions that is essentially made of type-I
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collagen and vascularized only in its periphery (10–30% of

the structure), poorly heal in the prevalent, central (avas-

cular) region like after trauma or during OA progression

[9]. Approaches to treat meniscal lesions include meniscal

reconstruction, replacement (allografts, substitutes), and

cell application but they do not always restore the meniscus

in its full mechanical integrity [10].

Connective tendons that transmit elastic forces between

bone and muscles for locomotion and ligaments between

bones for stability, both composed of type-I collagen, may

be submitted to injury (tears, ruptures, tendinopathy) that

poorly heal, forming a scar tissue of lesser quality or with

adhesions [11, 12] and none of the current treatments

(suture, grafts, synthetic prostheses) promote a long-term

reconstruction of functional tissues.

In this regard, gene therapy [13] may provide powerful,

clinically adapted tools to express therapeutic candidate

sequences in orthopaedic lesions in a temporarily and

spatially defined manner relative to the direct administra-

tion of recombinant agents that generally display very short

pharmacological half-lives (minutes to hours) [14–20].

While nonviral vectors have been long manipulated for

human gene therapy [21, 22], viral vectors became the

focus of orthopaedic regenerative medicine due to their

natural entry pathway in target cells and to their overall

higher gene transfer efficiencies [19, 23].

2 Viral gene transfer for orthopaedic tissue
repair: classical approaches

2.1 Viral vectors

A variety of viral vectors have been employed to treat

orthopaedic lesions including gene vehicles based on ade-

noviruses [24], herpes simplex viruses (HSV) [25],

retro/lentiviruses [26, 27], and on the adeno-associated

virus (AAV) [28–30]. Episomal adenoviral and HSV vec-

tors are highly efficient to modify dividing and nondividing

cells (* 100% transduction efficiencies) but only over

limited periods of time (some days to 1–2 weeks) while

provoking detrimental host immune responses [31]. Inte-

grative retro/lentiviral vectors persist in the host genome

but transduce cells at lower efficiencies (\ 20% unless

manipulated by cell selection) and having a risk for

insertional mutagenesis and tumorigenesis [32]. In addi-

tion, retroviral vectors can target only dividing cells while

lentiviral vectors may carry human immunodeficiency

virus (HIV)-derived genetic material. Gutless rAAV vec-

tors can optimally and durably target dividing and nondi-

viding cells (* 100% transduction efficiencies for months

to years) [33] as predominant stable episomes, even in the

presence of a dense extracellular matrix due to their small

size (* 20 nm) [34]. The absence of viral coding

sequences in the rAAV genome make these vectors much

less immunogenic and toxic than adenoviral and HSV

vectors and a possible cause-to-effect of rAAV-associated

genotoxicity (insertional mutagenesis) [35] has been

excluded to date when using a gutless vector [36].

According to the gene delivery efficiency of a vector,

direct in vivo vector application (adenoviral, HSV, or

rAAV vectors) or indirect ex vivo cell-associated gene

transfer (retro/lentiviral vectors) may be favorized for

orthopaedic applications in a recipient.

2.2 Classical viral gene therapy for orthopaedic

tissue repair: direct gene transfer (Table 1)

Direct gene administration has been documented for the

treatment of cartilage defects using adenoviral [37] and

rAAV vectors [38–42] to deliver the insulin-like growth

factor I (IGF-I) [41], transforming growth factor beta

(TGF-b) [42], basic fibroblast growth factor (FGF-2)

[38, 39], interleukin 10 (IL-10) with an IL-1 receptor

antagonist (IL-1Ra) [37], and the sex-determining region

Y-type high mobility group box 9 transcription factor

(SOX9) [40], leading for instance to enhanced cartilage

repair for 16 weeks in rabbits [38, 40].

Direct gene therapy has been also attempted for bone

healing using adenoviral [43–49] and retro/lentiviral vec-

tors [50–52] to deliver the bone morphogenetic proteins

(BMP-2, -4) [43, 45–50], vascular endothelial growth

factor (VEGF) [44], LIM mineralization protein-1 (LMP-1)

[52], and cyclooxygenase-2 (COX-2) [51] in bone defects

or fractures, leading for instance to improved bone repair

for 16 weeks in rabbits [45].

Direct administration of therapeutic genes via rAAV-

mediated gene transfer has also been performed in the

meniscus [53, 54] and tendons/ligaments [55–57] to pro-

mote the healing of human experimental meniscal lesions

in situ upon overexpression of FGF-2 [53] and TGF-b [54]

for 15 days [54] and the repair of human experimental

anterior cruciate ligament (ACL) lesions in situ using FGF-

2 [55] or of injured chicken flexor tendons with FGF-2

[56, 57] or VEGF [57] for 6 weeks [57].

2.3 Classical viral gene therapy for orthopaedic

tissue repair: indirect gene transfer (Table 2)

Indirect gene transfer approaches in cartilage lesions

include the administration of MSCs (bone marrow, peri-

chondrium/periosteum, muscle, adipose tissue, tendons)

[58–65], articular chondrocytes [66–68], bone marrow

aspirates [69, 70], or tissue grafts (muscle, fat) [71, 72]

modified by adenoviral [58, 60, 66, 67, 69–72], retro/len-

tiviral [59, 62–65], and rAAV vectors [61, 68] to deliver
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IGF-I [58, 67, 68], BMPs (BMP-2, -4, -7)

[59, 60, 63, 66, 70–72], TGF-b [61, 69], sFlt-1 (a VEGF

antagonist) [62, 63], the SOX trio (SOX-5, -6, -9) [65], the

zinc-finger protein 145 (ZNF145) [64], and indian hedge-

hog (IHH) [70], leading for instance to enhanced cartilage

repair for 8 months in horses [67, 68].

Table 1 Direct gene transfer in orthopaedic regenerative medicine

Applications Vectors Genes Targets References

Cartilage repair Adenoviral vectors IL-10 ? IL-1Ra Horse CD (16 weeks) [37]

rAAV vectors FGF-2, SOX9, IGF-I,

TGF-b
Rabbit OCD (16 weeks) [38–42]

Bone healing Adenoviral vectors BMP-2, VEGF Rabbit femoral fracture (16 weeks) [43–49]

Retro-/lentiviral

vectors

BMP-4, LMP-1, COX-2 Rat femoral fracture (28 days) [50–52]

Meniscus repair rAAV vectors FGF-2, TGF-b Human meniscal lesion (15 days) [53, 54]

Tendon/ligament

healing

rAAV vectors FGF-2, VEGF Human ACL and chicken flexor tendon injuries

(6 weeks)

[55–57]

rAAV, recombinant adeno-associated virus vector; IL-10, interleukin 10; ; IL-1Ra, interleukin 1 receptor antagonist; FGF-2, basic fibroblast

growth factor; SOX9, sex determining region Y-box 9; IGF-I, insulin-like growth factor I; TGF-b, transforming growth factor beta; BMP, bone

morphogenetic protein; VEGF, vascular endothelial growth factor; LMP-1, LIM mineralization protein 1; COX-2, cyclooxygenase 2; CD,

chondral defect; OCD, osteochondral defect; ACL, anterior cruciate ligament

Table 2 Indirect gene transfer in orthopaedic regenerative medicine

Applications Cells, tissues Vectors Genes Targets References

Cartilage

repair

MSCs Adenoviral

vectors

IGF-I, BMP-2 Rat CD (8 weeks) [58, 60]

Retro-/lentiviral

vectors

BMP-4/sFlt-1, ZNF145,

SOX trio

Rat OCD and OA (24 and 16 weeks) [59, 62–65]

rAAV vectors TGF-b Rat OCD (12 weeks) [61]

Articular

chondrocytes

Adenoviral

vectors

BMP-7, IGF-I Horse CD (8 months) [66, 67]

rAAV vectors IGF-I Horse CD (8 weeks) [68]

Bone marrow Adenoviral

vectors

TGF-b, IHH, BMP-2 Sheep/rabbit CD (24 and 13 weeks) [69, 70]

Tissue grafts

(muscle, fat)

Adenoviral

vectors

BMP-2 Rabbit OCD (13 weeks) [71, 72]

Bone

healing

MSCs rAAV vectors BMP-2, VEGF Mouse tibial defect (16 weeks) [74]

Adenoviral

vectors

BMP-2 Rat femoral defect (8 weeks) [73]

Tissue grafts

(muscle, fat)

Adenoviral

vectors

BMP-2, -7 Rat femoral defect (12 weeks) [71, 77, 79–81]

rAAV vectors VEGF, RANKL, caAlk2 Mouse femoral defect (6 weeks) [75, 76, 78]

Tendon

healing

MSCs Adenoviral

vectors

TGF-b Rabbit Achilles tendon injury (8 weeks) [82]

Tissue grafts

(tendon, fat)

Adenoviral

vectors

BMP-12, IGF-I, TGF-b Rat Achilles tendon and horse FGST

injuries (8 weeks)

[84–86]

Lentiviral vectors Scx Rat patellar tendon injury (2 weeks) [88]

rAAV vectors GDF-5 Mouse FDLT injury (3 weeks) [83, 87]

MSCs, human mesenchymal stem cells; rAAV, recombinant adeno-associated virus vector; IGF-I, insulin-like growth factor I; BMP, bone

morphogenetic protein; sFlt-1, a VEGF antagonist; ZNF145, zinc-finger protein 145; SOX trio, sex determining region Y-boxes 5, 6, and 9; TGF-

b, transforming growth factor beta; IHH, indian hedgehog; VEGF, vascular endothelial growth factor; RANKL, receptor activator of nuclear

factor jB ligand; caAlk2, constitutively active form of the ALK2 receptor; Scx, scleraxis; GDF-5, growth and differentiation factor 5; CD,

chondral defect; OCD, osteochondral defect; OA, osteoarthritis; FGST, flexor digitorum superficialis tendon; FDL: flexor digitorum longus

tendon
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Indirect gene therapy for bone healing has been achieved by

applying MSCs (bone marrow) with or without extra bone

matrix [73, 74] and tissue grafts (bone, muscle, fat) [71, 75–81]

modified by adenoviral [71, 73, 77, 79–81] and rAAV vectors

[74–76, 78] to produce BMPs (BMP-2, -7) [71, 73, 74, 77–81],

VEGF [75], the receptor activator of nuclear factor jB ligand

(RANKL) [75], and the constitutively active form of theALK2

receptor (caAlk2) [76], promoting for instance bone healing for

16 weeks in mice [74].

Indirect modification of MSCs (bone marrow) [82] and

tissue grafts (tendon, muscle) [83–88] via adenoviral

[82, 84–86], lentiviral [88], and rAAV vectors [83, 87] for

implantation in experimental lesions has also been tested to

enhance tendon healing upon gene transfer of the growth

and differentiation factor 5 (GDF-5) [83, 87], IGF-I [85],

TGF-b [82, 86], BMPs (BMP-12) [84], and scleraxis (Scx)

[88] for 8 weeks in rabbits [82] and horses [85].

2.4 Classical gene transfer: limitations

A large number of issues remain regarding the effective use

of classical gene transfer strategies. While direct gene

transfer is a simple procedure, it may lead to vector dis-

semination to non-target organs and clearance from the body

[89–92]. On the other side, the manipulation of genetically

modified cells in indirect gene transfer protocols may allow

to control the gene vector cargo and promote cell repopula-

tion in sited of lesions, although being dependent on invasive

methods of extraction [93]. Another critical problem is the

pre-existing immunity against viral vectors (neutralizing

antibodies and cellular immune responses against the viral

capsid proteins) [94–98]. Finally, physiological barriers may

further impair gene transfer like the presence of patient-as-

sociated factors (presence of inhibiting anticoagulants) [99]

or viral vector-specific features (rate-limiting steps of viral

genome processing for effective transgene expression)

[100, 101].

3 Viral gene therapy and tissue engineering
for orthopaedic tissue repair

3.1 Concepts

A novel, highly promising strategy to overcome such hurdles

is to combine the use of viral gene transfer with existing tissue

engineering approaches based on the manipulation of clini-

cally relevant biocompatible and biodegradable materials

(hydrogel, solid, and hybrid scaffolds) that can mimic the

natural properties of orthopaedic tissues, integrating well with

the surrounding tissue while providing a supportive, scaf-

folding environment for cell division/differentiation and tissue

repair [102–113] (Fig. 1).

3.2 Tissue engineering for the delivery of genetically

modified cells and tissues

Strategies based on the seeding genetically modified cells

onto scaffolds have been developed for implantation in

Fig. 1 Current strategies

combining viral gene therapy

and tissue engineering

approaches for human

orthopaedic regenerative

medicine. Biomaterials may be

engineered either to act as

scaffolds for genetically

modified cells or to behave as a

guiding system for optimized

viral gene transfer, providing in

both cases a supportive

environment for improved

tissue repair
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sites of cartilage injury [114–119], bone defects [120–132],

and tendon/ligament lesions [133, 134].

Specifically, MSCs (bone marrow, periosteum, adipose

tissue) [114, 115, 117–120, 122–126, 128–133], articular

chondrocytes [116], tenocytes [134], muscle cells [120, 121],

and fibroblasts (skin) [127] have been first transduced with

adenoviral [117, 119, 122, 124, 126–130, 132–134],

retro/lentiviral [114, 115, 120, 121, 123–125, 131], and rAAV

vectors [116, 118] to overexpress BMPs (BMP-2, -4, -7, -12)

[114, 115, 120–124, 127, 130–132, 134], TGF-b [119, 130],

FGF-2 [116], VEGF [128], stromal cell-derived factor 1

(SDF-1) [129], connective tissue growth factor (CTGF) [134],

SOX9 [117], the runt-related transcription factor 2 (Runx2/

Cbfa1) [125, 126], Mohawk homeobox (MKX) transcription

factor [133], chondromodulin 1 (Chm-1) [118], and sonic

Hedgehog (SHH) [115]. Genetically modified cells were next

seeded in scaffolds based on polyglycolic acid (PGA)

[114, 115, 117], polycaprolactone (PCL) [125], polylactic

acid (PLA)/PCL [126], poly(DL-lactic-co-glycolic acid)/tri-

calcium phosphate (PLGA/TCP) [128], chitosan/poly(vinyl

alcohol) (CS/PVA) [119], and type-I collagen (matrix,

sponge, carrier) [116, 118, 120–124, 129–133], or encapsu-

lated in a poly(ethylene glycol) diacrylate (PEGDA) hydrogel

[127] or matrigel [134]. The systems were next implanted in

sites of tissue injury, leading for instance to cartilage repair in

osteochondral defects in rabbits for 26 weeks [115], to bone

healing in rats for 1 year [127], and to tendon repair in rats for

8 weeks [134].

3.3 Tissue engineering for the delivery of viral gene

vectors

As such approaches remain complex and invasive, strate-

gies based on scaffold-guided viral gene transfer may

provide more convenient procedures to offer off-the-shelf

therapeutic systems adapted for orthopaedic regenerative

medicine, a concept initially employed to deliver nonviral

vectors in their targets [19, 135–138]. Immobilization or

encapsulation of viral gene vectors in adapted biomaterials

may thus allow for a controlled release of the vehicles

while protecting them from deleterious host responses

[139–147].

Scaffold-guided viral gene transfer for the goal of car-

tilage repair has been attempted using both hydrogel and

micellar systems (alginate, poloxamer PF68 and polox-

amine T908 polymeric micelles based on poly(ethylene

oxide)—PEO—and poly(propylene oxide)—PPO—tri-

block copolymers, self-assembling RAD16-I peptide

hydrogels, polypseudorotaxane gels) [148–154] and solid

scaffolds (PCL) [155–158] carrying lentiviral [155–158]

Table 3 Scaffold-guided approaches for viral gene transfer in orthopaedic regenerative medicine

Applications Vectors Scaffolds Genes Effects References

Cartilage

repair

rAAV

vectors

Self-assembling peptide (RAD16-I,

RAD-HA) hydrogels

lacZ, RFP hMSC targeting [150]

Poloxamers, poloxamines, micellar

systems

lacZ, RFP,

SOX9

hMSC targeting, chondrogenesis (SOX9),

protection from NAbs

[149]

lacZ Targeting of cartilage defects in situ,

protection from NAbs

[151]

TGF-b Remodeling of cartilage defects in situ [153]

SOX9 [154]

Alginate, alginate/poloxamers lacZ hMSC targeting [148]

Polypseudorotaxane gels [152]

Lentiviral

vectors

PCL TGF-b hMSC chondrogenesis [155]

IL-1Ra hMSC chondrogenesis and

immunomodulation

[156]

Joint preservation and resurfacing [157, 158]

Bone

healing

Adenoviral

vectors

b-TCP Runx2 Bone formation (rats) [159]

rAAV

vectors

b-TCP, hydroxyapatite, Ti BMP-2 [160]

PCL [161]

PLLA Bone formation (mice) [162]

rAAV, recombinant adeno-associated virus vector, RAD16-I, (RADA)4 peptide, HA, hyaluronic acid, PCL, poly-e-caprolactone, b-TCP, b-
tricalcium phosphate, Ti, titanium, PLLA, poly-L-lactide acid, lacZ, E. coli b-galactosidase, RFP, red fluorescent protein, SOX9, sex determining

region Y-box 9, TGF-b, transforming growth factor beta, IL-1Ra, interleukin 1 receptor antagonist, Runx2, runt-related transcription factor 2,

BMP-2, bone morphogenetic protein 2, hMSC, human mesenchymal stem cell, Nabs, neutralizing antibodies
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and rAAV vectors [148–154] (Table 3). Such systems were

employed to overexpress TGF-b [153, 155], an IL-1Ra

[156–158], and SOX9 [149, 154] as a means to safely

target hMSCs [148–150, 152] and enhance their potential

for chondrogenesis and immunomodulation [155, 156], to

remodel experimental models of cartilage defects in situ

[151, 153, 154], and to permit biological joint preservation

and resurfacing [157, 158].

Similar approaches have been reported for bone healing

strategies upon delivery of adenoviral [159] and rAAV

vectors [160–162] coated on solid scaffolds (b-TCP, PCL,
poly-L-lactide acid—PLLA) [159–162] to overexpress and

BMP-2 [160–162] and Runx2/Cbfa1 [159] as a means to

promote bone formation and healing in bone defects like

for 12 weeks in rats [161] (Table 3).

Thus far, there is no report available showing the ben-

efits of such a strategy for meniscal repair although those

were discussed in a recent review of the literature [18].

Regarding the treatment of injured tendons and ligaments,

again only a study cited the potential application of scaf-

fold-guided gene transfer for tendon regeneration but using

a nonviral vector [137].

4 Conclusions and perspectives

Gene therapy combined with tissue engineering procedures

for the controlled delivery of viral gene vectors is a rela-

tively novel but very promising and achievable field of

research for the goal of orthopaedic regenerative medicine.

Indeed, as stated by Evans et al. [163] ‘‘arthritis gene

therapy is becoming a reality’’, a therapeutic concept

supported by the growing body of clinical trials in ortho-

paedics [164, 165] and for the treatment of a wide spectrum

of human disorders (monogenic, infectious, cardiovascular,

neurological, ocular, and inflammatory diseases, cancer)

[166]. With the current use of a variety of biocompatible

materials well suited for orthopaedic applications [107],

scaffold-guided viral gene transfer may offer off-the-shelf

compounds capable of both enhancing the repair of injured

orthopaedic tissues while overcoming the remaining bar-

riers to effective viral gene therapy. Interestingly, the first

case of gene-activated treatment has been successfully

reported by Bozo et al. [167] who employed a collagen-

hydroxyapatite sponge coated with a nonviral vector cod-

ing for VEGF as a bone substitute to enhance the healing of

a mandible bone defect in a patient, overall supporting the

concept for translation in orthopaedic patients using viral

gene constructs. Nevertheless, additional work is needed in

preclinical models to define the optimal viral vector, gene,

and scaffold combination in vivo prior to receive regulatory

approval and testing in patients. Also, the novel three-di-

mensional bioprinting technology may further provide

strong tools for the one-step fabrication of scaffold-vector

composites mimicking the structural features of a specific

injured tissue [168–170]. Finally, it remains to be seen

whether genome editing approaches to directly modulate

the host DNA [171] may be also combined with scaffold-

guided strategies for orthopaedic applications [172, 173] or

whether the use of exosomes may provide additional ben-

efits to gene- and tissue engineering-based concepts [174].

Overall, such approaches have the potential to find their

way in the clinics to treat patients with orthopaedic injuries

in a close future.

Acknowledgement This work was supported by a Grant from the

Deutsche Forschungsgemeinschaft (DFG VE 1099/1-1 to JKV and

MC).

Compliance with ethical standards

Conflict of interest All authors declare that they have no conflict of

interest.

Ethical statement There are no animal experiments carried out for

this article.

References

1. Goldring MB, Goldring SR. Osteoarthritis. J Cell Physiol.

2007;213:626–34.

2. Madry H, Grün UW, Knutsen G. Cartilage repair and joint

preservation: medical and surgical treatment options. Dtsch

Arztebl Int. 2011;108:669–77.

3. Tuan RS, Chen AF, Klatt BA. Cartilage regeneration. J Am

Acad Orthop Surg. 2013;21:303–11.

4. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O,

Peterson L. Treatment of deep cartilage defects in the knee with

autologous chondrocyte transplantation. N Engl J Med.

1994;331:889–95.

5. Knutsen G, Engebretsen L, Ludvigsen TC, Drogset JO,

Grøntvedt T, Solheim E, et al. Autologous chondrocyte

implantation compared with microfracture in the knee. A ran-

domized trial. J Bone Joint Surg Am. 2004;86-A:455–64.

6. Einhorn TA. Enhancement of fracture-healing. J Bone Joint

Surg Am. 1995;77:940–56.

7. Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms and

interventions. Nat Rev Rheumatol. 2015;11:45–54.

8. Younger EM, Chapman MW. Morbidity at bone graft donor

sites. J Orthop Trauma. 1989;3:192–5.

9. McDermott I. Meniscal tears, repairs and replacement: their

relevance to osteoarthritis of the knee. Br J Sports Med.

2011;45:292–7.

10. Verdonk R, Madry H, Shabshin N, Dirisamer F, Peretti GM,

Pujol N, et al. The role of meniscal tissue in joint protection in

early osteoarthritis. Knee Surg Sports Traumatol Arthrosc.

2016;24:1763–74.

11. Hildebrand KA, Frank CB. Scar formation and ligament healing.

Can J Surg. 1998;41:425–9.

12. Woo SL, Vogrin TM, Abramowitch SD. Healing and repair of

ligament injuries in the knee. J Am Acad Orthop Surg.

2000;8:364–72.

350 Tissue Eng Regen Med (2019) 16(4):345–355

123



13. Dunbar CE, High KA, Joung JK, Kohn DB, Ozawa K, Sadelain

M. Gene therapy comes of age. Science. 2018. https://doi.org/

10.1126/science.aan4672.

14. Lieberman JR, Ghivizzani SC, Evans CH. Gene transfer

approaches to the healing of bone and cartilage. Mol Ther.

2002;6:141–7.

15. Wu D, Razzano P, Grande DA. Gene therapy and tissue engi-

neering in repair of the musculoskeletal system. J Cell Biochem.

2003;88:467–81.

16. Nixon AJ, Watts AE, Schnabel LV. Cell- and gene-based

approaches to tendon regeneration. J Shoulder Elbow Surg.

2012;21:278–94.

17. Evans CH, Huard J. Gene therapy approaches to regenerating the

musculoskeletal system. Nat Rev Rheumatol. 2015;11:234–42.

18. Cucchiarini M, McNulty AL, Mauck RL, Setton LA, Guilak F,

Madry H. Advances in combining gene therapy with cell and

tissue engineering-based approaches to enhance healing of the

meniscus. Osteoarthritis Cartilage. 2016;24:1330–9.

19. Im GI. Gene transfer strategies to promote chondrogenesis and

cartilage regeneration. Tissue Eng Part B Rev. 2016;22:136–48.

20. Grol MW, Lee BH. Gene therapy for repair and regeneration of

bone and cartilage. Curr Opin Pharmacol. 2018;40:59–66.

21. Al-Dosari MS, Gao X. Nonviral gene delivery: principle, limi-

tations, and recent progress. AAPS J. 2009;11:671–81.

22. Im GI. Nonviral gene transfer strategies to promote bone

regeneration. J Biomed Mater Res A. 2013;101:3009–18.

23. Giacca M, Zacchigna S. Virus-mediated gene delivery for

human gene therapy. J Control Release. 2012;161:377–88.

24. Appaiahgari MB, Vrati S. Adenoviruses as gene/vaccine deliv-

ery vectors: promises and pitfalls. Expert Opin Biol Ther.

2015;15:337–51.

25. Glorioso JC. Herpes simplex viral vectors: late bloomers with

big potential. Hum Gene Ther. 2014;25:83–91.

26. Miller AD, Jolly DJ, Friedmann T, Verma IM. A transmissible

retrovirus expressing human hypoxanthine phosphoribosyl-

transferase (HPRT): gene transfer into cells obtained from

humans deficient in HPRT. Proc Natl Acad Sci U S A.

1983;80:4709–13.
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