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In orthopaedics, gene-based treatment approaches are being investigated for an array of common -yet medically challenging- pathologic conditions of the skeletal connective tissues and structures (bone, cartilage, ligament, tendon, joints, intervertebral discs etc.). As the skeletal system protects the vital organs and provides weight-bearing structural support, the various tissues are principally composed of dense extracellular matrix (ECM), often with minimal cellularity and vasculature. Due to their functional roles, composition, and distribution throughout the body the skeletal tissues are prone to traumatic injury, and/or structural failure from chronic inflammation and matrix degradation. Due to a mixture of environment and endogenous factors repair processes are often slow and fail to restore the native quality of the ECM and its function. In other cases, large-scale lesions from severe trauma or tumor surgery, exceed the body’s healing and regenerative capacity. Although a wide range of exogenous gene products (proteins and RNAs) have the potential to enhance tissue repair/regeneration and inhibit degenerative disease their clinical use is hindered by the absence of practical methods for safe, effective delivery. Cumulatively, a large body of evidence demonstrates the capacity to transfer coding sequences for biologic agents to cells in the skeletal tissues to achieve prolonged delivery at functional levels to augment local repair or inhibit pathologic processes. With an eye toward clinical translation, we discuss the research progress in the primary injury and disease targets in orthopaedic gene therapy. Technical considerations important to the exploration and pre-clinical development are presented, with an emphasis on vector technologies and delivery strategies whose capacity to generate and sustain functional transgene expression in vivo is well-established.
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INTRODUCTION
In the early 1970’s, as the genetic bases for several debilitating inherited diseases were uncovered, gene therapy was viewed as a means to supplement, repair, or replace defective genes, whose products were either absent, functionally deficient, or pathogenic. Genetic modification of enough cells in the affected tissue(s) would mitigate the disease phenotype, and if stably inserted, lifelong benefit could be achieved. Exploratory work focused on life-threatening pediatric conditions whose etiology was linked to the absence or inactivation of one specific gene product.
Much like the hyperbole that currently envelopes all things “stem cell” (Caulfield et al., 2016; Sipp et al., 2018) in the 1990’s with the initiation of several clinical trials a similar wave of public attention and investigator allure accompanied the early stages of gene therapy (Verma, 1994; Friedmann, 2005). Crude marker studies describing the delivery of recombinant DNA to nearly every mammalian tissue incited a media deluge heralding imminent medical breakthroughs and life-changing cures. With time, it became increasingly clear that the development of effective gene therapies was far more difficult than turning a handful of cells blue or amending artificial disease in curated strains of rodents. In human trials, gene transfer was inefficient, producing too little protein for too short a time to be meaningful. Immune reactivity to the gene delivery vehicles (vectors) and therapeutic gene products, blocked or abbreviated transgene expression. Though the therapeutic potential remained, lack of clinical efficacy and in some cases serious treatment-related adverse events (Stolberg, 1999; Raper et al., 2003; Fehse and Roeder, 2008; Hacein-Bey-Abina et al., 2008), led to disillusionment and skepticism in both the scientific community and lay public (Evans, 2019).
Over the last 7–8 years or so, gene therapy has experienced a marked re-birth (Naldini, 2015) as several gene-based treatments have achieved clinical efficacy and received FDA approval (Dunbar et al., 2018). Much of this success can be attributed to in-depth studies (Collins and Thrasher, 2015; Naldini, 2015) of vector efficiency, biodistribution, safety and immunogenicity (Shirley et al., 2020). Importantly, these approved treatments span a wide range of conditions, including B-cell leukemia and lymphoma, melanoma, spinal muscular atrophy (Mendell et al., 2017), Leber congenital amaurosis (Russell et al., 2017), and lipoprotein lipase deficiency (Scott, 2015), and involve diverse gene delivery methods and technologies. Over the last year, vaccines against the SARS-CoV-2 virus, using mRNA and recombinant adenovirus (Altawalah, 2021) have been administered to hundreds of millions worldwide providing a compelling demonstration of the efficacy and safety of “gene-based” medications. With dozens of gene therapies in clinical testing, these successes have paved the way with both the FDA and the pharmaceutical industry for broad expansion of gene-based therapeutics over the next 10–15 years.
In the field of orthopaedics, gene transfer is being developed for targeted, sustained delivery of therapeutic gene products for treatment of common, yet problematic, multigenic pathologies of the skeletal connective tissues (bone, articular cartilage, tendon, ligament etc.) (Evans et al., 2021). As the role of these tissues is primarily structural, they’re predominately composed of collagen and extracellular matrix (ECM) components, often with low cellularity and limited vasculature. Healing is slow and often results in repair tissues of inferior composition and mechanical properties. Skeletal structures are also prone to chronic inflammatory and degenerative conditions that present significant clinical challenges.
With advances in molecular technologies, numerous gene products (proteins and RNAs) have been identified with the potential to enhance tissue repair/regeneration and inhibit degenerative disease (Lyons and Rosen, 2019; Evans et al., 2021). However, the use of these molecules is often limited by the lack of methods for safe, effective delivery. With the exception of monoclonal antibodies, biologics typically have short half-lives in vivo (minutes to hours) (Evans et al., 2014). Skeletal tissue repair, though, is a prolonged process, often requiring weeks to months, while degenerative diseases, such as osteoarthritis (OA), are chronic, lifelong conditions. By delivering the coding sequences for these agents under independent control to cells in the pathologic environment, their biosynthetic machinery can be directed to overexpress the gene products for several weeks or months, and in some cases indefinitely (Figure 1) (Evans et al., 2021). The ability to target gene delivery specifically to sites of need, limits exposure of non-affected tissues to gene products with anabolic or immune suppressive activity. The success of proof-of-concept studies in rheumatoid arthritis (RA) (Bandara et al., 1993; Evans and Robbins, 1995b) and progression to clinical trial (Evans et al., 1996; Evans et al., 2005), inspired exploration of related strategies for multiple orthopaedic conditions, including skeletal fracture, OA, cartilage repair, intervertebral disk degeneration (IVDD), and tendon repair, among others (Evans and Robbins, 1995a).
[image: Figure 1]FIGURE 1 | Intra-articular gene transfer- an archetypical model for orthopaedic gene therapy. (Top) Experimental strategies for delivery of therapeutic genes and nucleic acids to diseased or damaged tissues involve a variety of Viral and Non-Viral vector systems. The graphic on the left illustrates the basic structural and physical properties of the most widely used viral vector systems. The Retroviruses (γ-retrovirus and lentivirus) are relatively large (∼100 nm dia) enveloped viruses that “bud” from the surface of the infected cell. The outer envelope is composed of lipid bilayer acquired from the plasma membrane of the host cell during viral escape. Retroviral env (or VSV-G for pseudotyped virus) glycoprotein molecules transverse the outer envelope and are used for viral attachment to target cells. Two + strand copies of the RNA genome are encased in the protective nucleocapsid along with reverse transcriptase and integrase proteins that convert the RNA genome to DNA and integrate the provirus into the host genome. Adenovirus is a non-enveloped virus that replicates by lytic infection. The viral capsid is an icosahedron ∼90–100 nm in diameter that encases a linear dsDNA genome. Adenoviral fiber/knob complexes protrude from each of the 12 vertices of the icosahedron and are used for attachment to target cells. Following entry into the nucleus, the viral DNA remains episomal. Adeno-associated virus (AAV) is a comparatively simple, small non-enveloped, iscosahedral virus, ∼20 nm in diameter. The viral capsid houses a short (∼4.7 bp) ssDNA genome. Following infection, the genome is maintained episomally in concatemers formed by intermolecular recombination (Yang et al., 1999). Due to their inherent differences in biology and physical properties each viral vector is best suited to different types of applications and delivery strategies. To bypass the need for viruses for gene delivery, a wide range of non-viral systems (shown in the graphic on the right) are under investigation for their utility in orthopaedic applications. These non-viral systems utilize to varying extents, chemical modification of plasmid DNAs, soluble mRNAs, and RNAi molecules, which can be delivered “naked” in soluble form, or complexed with cationic lipids as liposomes or various polymers into nanoparticles to condense and protect the nucleic acids from degradation, prevent electrostatic repulsion and facilitate cellular uptake. Various carrier scaffolds and matrices are often employed to aid and prolong delivery to target cells. (Bottom) Once incorporated in an appropriate vector, the therapeutic gene or nucleic acid can be delivered to diseased or damaged tissues by either in vivo or ex vivo methods. For in vivo delivery, the vector is administered directly to tissues at the relevant site to modify the resident cell populations in situ. In the present example, the vector is injected intra-articularly into the synovial fluid of an arthritic joint to diffuse throughout the joint cavity and modify endogenous cells in the synovial lining (shown in blue) and/or articular cartilage. For ex vivo delivery, the vector is used to modify cells growing in culture, which can be administered locally to the site of disease or injury by different routes depending on the application. As indicated by the black arrow, the modified cells can be injected into the joint (or other relevant site) as a cellular suspension, to disperse and engraft in the local tissues to continuously express and secrete a therapeutic gene product (e.g., IL-1Ra, IL-10 etc.) into the local fluids and tissues to inhibit inflammatory signaling for an extended duration (right-hand inset). Alternatively, the modified cells can be incorporated into a support matrix and surgically implanted into a focal cartilage lesion (or other damaged tissue) (dashed gray arrow). Following delivery, the modified cells continually release specific growth factors to stimulate chondrogenic differentiation and cartilage matrix synthesis to facilitate repair by both the local and implanted cell populations (left-hand inset).
Excepting the recent COVID-19 vaccines, current FDA-approved gene therapies target rare orphan diseases or involve methodologies tailored to individual patients. Due to the small numbers of recipients and the expense of vector production, genetic therapies presently come with a hefty price tag ranging from ∼$350,000 to >$2,000,000/patient (Dyer, 2020). The development of gene medicines for common, yet medically challenging disorders in orthopaedics and other specialties should reduce consumer costs dramatically and extend the benefits of gene-based therapeutics to the clinical mainstream (Evans et al., 2021).
ASSEMBLY OF A GENE DELIVERY PLATFORM
Development of an effective gene-based therapy requires the integration of multiple biologic components into a treatment platform that addresses clinical need, without adverse consequences (Li and Samulski, 2020). Since the therapeutic agent is manufactured in situ by cells resident in the patient tissues, the pharmacokinetic profile (and, in turn, the efficacy of the approach) is dictated by the composition of the genetically-modified cell populations, their number, locations, metabolism and longevity (Watson Levings et al., 2018). When devising a gene-based therapy, in vivo tracking studies using cytologic marker genes (e.g., green fluorescent protein; GFP) are essential as they demonstrate the efficiency and distribution of gene transfer and expression in the tissue of interest (Li et al., 2021). These data are critical to the selection of appropriate vector systems and delivery methods and the types of gene products with the greatest therapeutic potential.
Transgene Product- Secreted vs. Intracellular
Investigations of orthopaedic gene therapy have largely focused on the delivery of cDNAs encoding bioactive proteins that are secreted from the modified cells. Several advantages favor this approach. First, the coding regions of signaling molecules are often small and amenable to insertion in the limited space in most viral vectors. Second, a relatively small population of genetically modified cells can release transgene products into the surrounding fluids and tissues to affect regional cell populations in a paracrine manner. Further, the gene products released in conditioned media and biological fluids can be quantified by enzyme linked immunosorbent assay (ELISA), allowing compilation of pharmacokinetic profiles that define the functional parameters of the procedure (Watson Levings et al., 2018).
Alternatively, there are numerous gene products with therapeutic potential that function intracellularly. As there is no common mechanism by which exogenous proteins can be taken in by a cell and retain function, gene transfer is the only avenue by which certain types of molecules, e.g., nuclear receptors, kinases, transcription factors, RNAs etc. (Neefjes et al., 2020) can be exploited for clinical use. Since the direct effects of the gene product are delimited to the population of modified cells, the risk of adverse response from diffusion to non-target tissues is minimized. On the down-side, their overexpression intra-cellularly can often have negative consequences. For example, certain transcription factors essential for chondrogenic differentiation and bone formation (e.g., RUNX2 and SOX9), have been shown to induce deleterious skeletal phenotypes (Liu et al., 2001) and tumorigenic activation (Panda et al., 2021). From a technical standpoint, for an intracellular gene product to induce a meaningful response at the level of a tissue or organ, the bulk of the resident cell population must be genetically modified by the vector. Functional gene delivery of this magnitude is extremely challenging, even with highly efficient viral systems in small laboratory animals. Further, as efficacy is a function of the number, phenotypes, and locations of the modified cell populations (rather than total protein expression), exhaustive marker studies are necessary to assess and optimize the distribution of the vector and transduced cell populations in the target environment.
Mammalian cells are highly proficient at detecting and responding to extracellular stimuli. For most orthopaedic applications it’s far easier to direct the biology of the cells in a target tissue from the outside with exogenous cues and signaling molecules, than it is to reprogram sophisticated expression and signaling networks via ectopic expression of a transcription factor or interfering RNA (see below).
Expression Cassette
Once a gene product is selected for study, commercial synthesis of the coding sequence permits codon optimization to enhance translation efficiency (Hanson and Coller, 2018) and additional sequence modifications to facilitate subcloning. Insertion of the designer transgene into an expression cassette with the appropriate cis-acting regulatory sequences enables efficient transcription, RNA processing and translation (Powell et al., 2015) in the milieu of the target tissue (Figure 2).
[image: Figure 2]FIGURE 2 | Organization of the cis-acting sequence elements in a typical expression cassette for therapeutic gene transfer. For most vector systems, both viral and non-viral, the expression cassette is designed to provide high-level synthesis of the transgene product independent of the regulatory constraints of the endogenous gene. The specific sequences of the elements in a particular cassette are often assembled from a variety of sources, both eukaryotic and viral (Keravala and Gasmi, 2021). The Promoter located at the 5′ end of the cassette, drives transcription of the therapeutic transgene (often the cDNA of a secreted protein). The transcription start site and direction of RNA synthesis are indicated by the arrow. The DNA sequences downstream from the promoter serve as the template for RNA synthesis, and the regions indicated represent the cis- acting RNA sequences in the 5′ and 3′ untranslated regions (UTRs) to enhance or regulate translation of the RNA transcript. The Intron: as a cDNA represents the protein coding sequence of a mature mRNA, an intronic sequence with flanking splice donor (SD) and acceptor (SA) sites is used to direct splicing of the primary transcript to enhance nuclear export and translation. The cDNA: the locations and template sequences of the translation start and stop codons are shown in bold. A consensus Kozac sequence flanks the ATG start codon, and during codon optimization is engineered into the sequence of the cDNA to enhance translation initiation and prevent cryptic starts at internal ATG (AUG) codons. miRNA Binding Sites: in the 3′ UTR, recognition sites for the binding regions of select miRNAs can be inserted to fine-tune or conditionally modulate mRNA translation in specific applications. WPRE: a woodchuck hepatitis virus post-transcriptional regulatory element or similar PRE can be inserted to enhance nuclear export and translation. Poly A: the polyadenylation signal at the 3′ end of the transcript serves as a cleavage site for the addition of the polyadenosine tract, which promotes nuclear export, mRNA stability and translation. Scissors: designate cloning sites for removal or insertion of cDNA(s) of interest. Regions internal to the cloning sites represent sequence elements specific to individual applications, while those outside are more generic and stably reside in the expression cassette of the vector.
Promoter
For most applications strong constitutively-active promoters are used to drive transcription of the transgene. These include the human translation elongation factor 1α (EF1α) promoter, the immediate-early cytomegalovirus (CMV) promoter/enhancer, the simian virus 40 (SV40) promoter and the chicken β-actin (CBA/CAG/CBh) hybrid promoters (Qin et al., 2010; Powell et al., 2015) (Figure 3). Each provides high basal activation for maximal constitutive gene expression. Though continuously active, expression can vary with cell type and metabolic state, and empirical testing in vivo is often necessary to identify the promoter(s) best-suited to the application.
[image: Figure 3]FIGURE 3 | Promoter elements commonly used to drive therapeutic gene expression. Strong Constitutive Promoters: to compensate for limitations with gene delivery, most vector systems employ promoters with high basal activation for continuous high-level transgene expression. The diagram illustrates the differences in size and sequence components among some of the more widely used constitutive promoters. (The dark arrows indicate the transcription start site (TSS) and direction of RNA synthesis.) 1) the eukaryotic translation elongation factor 1α (EF1α) promoter: a short core promoter (CP) sequence lies upstream of the TSS with additional activation sequences located downstream in intron 1 of the EF1a gene (Wakabayashi-Ito and Nagata, 1994; Gopalkrishnan et al., 1999); 2) the cytomegalovirus (CMV) immediate early promoter/enhancer: composed of a minimal promoter (MP) that signals the TSS with short proximal and distal enhancer elements (PE and DE) immediately upstream (Prösch et al., 1996; Isomura et al., 2004) and 3) the early promoter from Simian Virus 40 (SV40): composed of a small minimal promoter with activation signals located in tandem 21 bp and 72 bp repeat sequences immediately upstream (Gendra et al., 2007). Other strong promoters common in the literature are Hybrids assembled from sequence elements of both eukaryotic and viral origin. Among these are 1) the chicken β-actin promoter (CBA/CAG) comprised of the CMV distal enhancer (DE) positioned upstream of the CBA core promoter, followed by the splice donor and enhancer elements from CBA intron 1 fused to the splice acceptor site of exon 3 of the rabbit b-globin gene (rβg) (Xu et al., 2001; You et al., 2010), and 2) the derivative CBh promoter composed of the CMV DE and CBA core promoter, with a hybrid intron immediately downstream composed of the splice donor site from CBA intron 1 fused to the splice acceptor site from minute virus of mice (MVM) VP intron (Gray et al., 2011). As each can provide high-level expression in the proper contexts, promoter selection is heavily influenced by size- of both the promoter and transgene and available space within vector. Inducible Promoters: for certain applications where conditional expression is desired, a wide range of synthetic inducible promoter systems are commercially available, or can be readily constructed/synthesized using the minimal CMV promoter as the transcription start site linked to an upstream array of up to 30 response/recognition elements (REs) (Ede et al., 2016) for potent transcription factor(s) induced by a particular change(s) in growth conditions, such as NF-kB (inflammation) or HIF1 (hypoxia) (Shibata et al., 2000). Alternatively transgene expression can be induced externally by the presence of a chemical agent, such as tetracycline which enables a Tet-binding transactivator (Tet/ta) to bind and interact with the TetO cis element (Loew et al., 2010). Tissue Specific Promoters: to prevent toxicity from transgene expression in off-target tissues, a number of tissue-specific promoters have been developed using the endogenous regulatory sequences. These elements are typically large, with weak transgene expression relative to ubiquitously active promoters, e.g., the muscle-specific desmin promoter/enhancer (DES) (Talbot et al., 2010). The muscle creatine kinase (CMK), Muscle Hybrid (MH) promoter designed in silico from muscle-specific transcription factor binding clusters is comprised of the desmin and CMK enhancer regions upstream of the CMK core promoter and followed downstream by a small intronic enhancer element (SIE) (Piekarowicz et al., 2019). In vitro and in vivo gene expression from the MH promoter was 2–4x that of CMV and >100x greater than the desmin promoter. A small liver-specific hybrid promoter comprised of core promoter for human α1 antitrypsin (hAAT) linked to upstream apolipoprotein E enhancer elements provides potent transgene expression in hepatocyte cultures and in liver, equivalent to CMV (Gehrke et al., 2003).
Inducible promoter systems engineered with response elements for specific transcription factors can enable selective activation of transgene expression under defined conditions, such as inflammation or hypoxia, or the presence of an exogenous activator such as tetracycline (tet) as in the tet/on system (Qin et al., 2010; Powell et al., 2015) (Figure 3). Alternatively, tissue-specific promoters can limit transgene expression to a desired cell type or tissue, but low activity and/or large size can restrict their use. Given the challenges simply achieving functional levels of transgene expression in vivo, the formulation or use of inducible or self-regulating systems should only be considered when off-target effects or overproduction of the transgene product causes a deleterious response that cannot be addressed by reducing vector dose.
Auxiliary Elements
Additional transcribed but non-coding sequence elements can be inserted into the template of the expression cassette (Figure 2), including synthetic introns for RNA splicing, polyadenylation sequences and post-transcriptional response elements (PRE) for enhanced nuclear export, translation and mRNA stability (Powell et al., 2015). Other regulatory elements (e.g., Kozac sequences, microRNA binding sites) can be engineered into the flanking untranslated regions (UTRs) of the transcript to fine tune mRNA translation for specific applications (Broderick and Zamore, 2011).
VECTORS FOR GENE TRANSFER
Since the uptake of exogenous nucleic acids by mammalian cells is extremely inefficient, a vector is required to ferry the expression cassette into target cells, facilitate nuclear trafficking and stabilize its activity. Vector development has followed two distinct tracks: 1) vectors derived from viruses, (Bulcha et al., 2021), and 2) those that are not (Zu and Gao, 2021). For the sake of clarity, viral-mediated gene transfer occurs through the process of transduction, while non-viral gene delivery via transfection.
Viral Vectors
A virus is a biological entity comprised of genetic material (RNA or DNA) packaged in a protective shell (capsid). The relatively small viral genome codes for: 1) enzymes that preferentially express, replicate, and package its genetic material, and 2) the structural components of the viral particle. The remainder of the molecular components required for reproduction (e.g., polymerases, ribosomes, nucleotides, amino acids etc.) are provided by the host cell. Lacking the machinery for autonomous replication, procreation is contingent upon the ability of the virus to deliver its genetic material to permissive cell types with great proficiency. Natural selection over thousands of years, has allowed viruses to optimize their genome and capsid components for peak transduction efficiency. Thus, when devising a gene delivery strategy, appropriation of these naturally evolved systems is a logical approach. The challenges lie with engineering a recombinant form that’s technically manipulable, maintains efficient transduction and can be manufactured at high titer, while eliminating its ability to reproduce in the host and cause pathology (Bulcha et al., 2021).
In general, a viral vector is created by removing the coding sequences from its genome, while leaving in place the non-coding elements required for replication and packaging into the viral capsid. Since the genome length of the wild type (wt) virus approximates the maximum amount of genetic material that can be packaged in the viral capsid, removal of viral genes creates room for an exogenous expression cassette. Transfer and expression of the viral coding sequences in a complementing cell line allows for selective replication and packaging of the vector DNA. The resulting virions can infect and transduce target cells but can only replicate in the complementing cell line. Removal of viral coding sequences from the vector genome, precludes their expression in transduced cell populations, reducing immune recognition and elimination. As each viral vector has a different tropism and transduction pathway, the vector and expression cassette must be tailored to the therapeutic needs of the target disease. The following sections describe the salient features of the viral vectors most common in clinical gene therapy: adenovirus (Ad), adeno-associated virus (AAV), γ−retrovirus and lentivirus.
Adenovirus
Vectors derived from adenovirus (Ad) have been widely used in orthopaedic research due to their broad host range, high-level of infectivity, and ease of propagation. wtAd is common in nature and generally associated with self-limiting respiratory infections but can also infect the brain and bladder. The viral capsid is a non-enveloped icosahedron ∼80–100 nm in diameter that encases a linear, double stranded (ds)DNA genome ∼35 kb in length. Figure 1 The Ad genome is flanked on either end by inverted terminal repeat (ITR) sequences required for replication; a short psi (Ψ) sequence marks the DNA for packaging into the viral capsid. The wt genome encodes ∼35 viral proteins, sequentially expressed in the early (E) and late phases of viral infection and replication (Bulcha et al., 2021).
Early generation vectors were created by removing the immediate early E1A and E1B genes, and later the E3 gene, creating room for an expression cassette of up to 7.5 kb. Since E1A is required for transcription of the other viral genes, removal of the E1 locus renders the vector replication-deficient in normal cells. The vector is propagated in 293 cells (Graham et al., 1977), which stably harbor the left-hand end of the wt adenoviral genome, and constitutively express the E1A and E1B proteins (Louis et al., 1997). Infection of 293 cells with recombinant Ad provides the E1 proteins in trans, allowing its replication.
Ad vectors provide several functional and technical advantages which have made them the workhorse system in studies of orthopaedic gene therapy: 1) broad tropism, 2) efficient transduction of dividing and non-dividing cells, 3) non-integrating genome, 4) high-level transgene expression with rapid onset; 5) relatively large packaging capacity, and 6) straightforward methods of propagation. Distinct limitations are their propensity to provoke inflammation and immune recognition of transduced cells in vivo. Despite removal of the E1 locus, leaky readthrough transcription allows low-level expression of the residual viral coding sequences and the activation of antigen-specific CD8+ cytotoxic T lymphocytes (CTL) that selectively kill the transduced cell populations (Yang et al., 1994). Within 3–4 weeks of vector delivery, initially robust transgene expression is progressively extinguished as the Ad-infected cells are found and eliminated (Shirley et al., 2020). In certain disease/injury models, a few weeks of high-level expression is sufficient to provide a robust demonstration of the bioactivity and therapeutic potential of a candidate gene product in vivo.
To reduce the immunogenicity of Ad-infected cells, “gutted” or “high-capacity” (HC) vectors have been developed in which all viral coding sequences have been removed from the genome, leaving only the flanking ITRs and the psi packaging sequence. HC vectors can accommodate up to 36 kb of exogenous DNA but require co-infection with a helper adenovirus for replication. While removal of the viral coding sequences reduces the immunogenicity of transduced cells and extends transgene expression in vivo, innate immune responses to the capsid protein and adenoviral infection can still cause the vector to be inflammatory and in certain contexts will lead to its elimination (Muruve, 2004; Carlin, 2019). Removal of the helper virus from vector preparations presents additional challenges (Alba et al., 2005). Further, due to the prevalence of wt adenovirus in nature, much of the human population is seropositive for neutralizing antibodies (NAbs) against one or more human variants, limiting the use of the most common Ad vectors in humans (Mast et al., 2010). To circumvent immune inactivation, vector systems have been developed from non-human variants common in other species. Notably Ad vectors developed from variants found in chimpanzees are used to deliver and express the coding sequence for the SARS-CoV-2 spike protein and are in widespread use as vaccines against COVID-19 (Barrett et al., 2021; Ewer et al., 2021).
Adeno-Associated Virus
Recombinant (r)AAV is another non-integrating viral vector capable of transducing both dividing and non-dividing cells (Li and Samulski, 2020). Compared to other prominent viral systems, rAAV is accepted as the least toxic, and induces relatively low innate and adaptive immune responses against transduced cells (Zaiss et al., 2002; Somanathan et al., 2010). Though its genome remains episomal, rAAV can support long-term (>10 years) transgene expression in quiescent cells in vivo (Lebherz et al., 2005; Rivera et al., 2005; Nathwani et al., 2014). With a favorable safety profile in over 200 clinical studies, rAAV is the preferred vector system for human protocols involving in vivo gene delivery.
wtAAV is a small (∼20 nm diameter), non-enveloped, single-stranded (ss)DNA virus, that is non-pathogenic in humans. Naturally replication defective, wtAAV requires co-infection with a second virus (e.g., adenovirus or herpes simplex virus) to provide helper functions necessary for replication (Xiao et al., 1998; Linden and Berns, 2000). The 4.7 kb genome harbors four open reading frames (ORFs) including the rep and cap genes necessary for its replication and packaging. Short inverted terminal repeat (ITR) sequences, 145 nt in length, flank the viral genome and internally base-pair to form hairpin structures necessary for priming genomic replication and packaging (Linden and Berns, 2000). As the ITRs are the only required sequence elements for vector replication and packaging, the vector genome is remarkably simple, and comprised only of an expression cassette with an ITR on either end. The packaging limit of ∼5 kb precludes the use of large cDNAs and promoter sequences. The viral vector is propagated by co-transfection of 293 cells with the vector plasmid and plasmids harboring the rep and cap genes and the adenoviral helper functions.
At least 12 natural serotypes and more than 1,000 naturally-occurring wtAAV variants have been identified, which preferentially target various cell surface glycans and secondary receptors (Mietzsch et al., 2014). AAV serotype 2 (AAV2), the most prevalent variant in humans, uses heparan sulfate proteoglycan as a primary binding receptor (Summerford and Samulski, 1998), while AAV5 binds N-linked sialic acid and AAV9 targets galactose (Li and Samulski, 2020). Once bound to the cell surface, secondary receptors mediate viral entry, where the virus is trafficked through late endosomal and lysosomal compartments before being shuttled into the nucleus and unencapsidated. The ssDNA genome of conventional AAV vectors, requires synthesis of the complementary DNA strand before it can be recognized by the transcriptional apparatus of the nucleus (Li and Samulski, 2020). The ITRs facilitate inter- and intra-molecular recombination to form concatenated dsDNA circles, which enable the vector genomes to be maintained as episomal elements (Dudek et al., 2018). In adult mesenchymal tissues, where the resident cell populations are largely quiescent, the requirement for second strand DNA synthesis can be prohibitive to transgene expression. However, deletion of the terminal resolution sequence (trs) from one ITR provides for the synthesis of genomes with covalently linked + and – DNA strands. Intra-molecular base-pairing forms double-stranded self-complementary (sc)AAV genomes that are fully functional at the time of infection (McCarty et al., 2001; McCarty et al., 2003; Li and Samulski, 2020) with substantially higher transduction efficiency in mesenchymal cells and rapid onset of expression (Kay et al., 2009). Since the sc modification doubles the size of the vector genome, the packaging limit is cut in half to ∼2.5 kb (McCarty et al., 2001; McCarty et al., 2003) which further restricts the size and composition of the expression cassette.
Though non-pathogenic, childhood infections from wtAAV are common and often induce life-long production of capsid-specific NAb. Depending on location, anywhere from 30%–70% of the human population have circulating NAb to one or multiple AAV variants (Calcedo et al., 2009). The ability to cross-package (or pseudotype) the AAV vector genome in different capsids alters its tropism and provides the opportunity to increase gene transfer efficiency in specific tissues. Cross-packaging also provides the potential to evade pre-existing capsid-specific NAb from natural infection or treatment with rAAV (Li and Samulski, 2020). The generation of designer AAV capsids with enhanced properties for specific applications using rational design (Li et al., 2012; Wang et al., 2019), directed evolution, (Marsic et al., 2014), and in silico approaches (Zinn et al., 2015; Smith et al., 2016; Li and Samulski, 2020) is currently an area of intense investigation.
Retroviral Vectors
Vectors derived the retrovirus family (e.g., γ-retrovirus, and lentivirus) are spherical enveloped viruses ∼100 nm in diameter with genomes composed of two copies of sense (+) strand RNA (Robbins et al., 1994; Vogt, 1997). Figure 1 In contrast to non-enveloped viruses (e.g., adenovirus and AAV), which reproduce by lytic infection and release thousands of viral progeny in a burst that kills the host cell, retroviruses are enveloped and reproduce by continuous budding from the surface of the infected cell. Though the genome is encased in a protective capsid, the outer envelope is comprised of lipid bilayer appropriated from the plasma membrane of the host cell.
γ-retroviruses, which harbor only three genes are considered to be simple, while lentiviruses with nine overlapping coding regions are classified as complex (Bulcha et al., 2021). The retroviral genome is flanked by sophisticated long terminal repeat (LTR) sequences containing strong promoter/enhancer elements that drive transcription of the entire viral genome. Other cis- acting elements include sequences for replication priming and a psi- sequence for encapsidation (Beasley and Hu, 2002). All retroviral genomes contain three core genes: gag, pol, and env (Hanawa et al., 2002). The group associated antigen (gag) gene codes for the protective capsid. The env gene codes for glycoproteins that transverse the viral envelope and bind to surface receptors of target cells (Maetzig et al., 2011). For both retroviral vectors, the endogenous env gene is often replaced with the coding sequence of the vesicular stomatitis virus glycoprotein (VSV-G) (Hanawa et al., 2002), which dramatically expands the tropism, enhances infectivity, and increases the stability of the vector particle. The pol gene codes for reverse transcriptase (RT) and integrase proteins that are carried within the viral envelope (Hanawa et al., 2002). Viral RT converts the RNA genome to dsDNA, which the integrase inserts into the cellular genome as a provirus, preferentially targeting regions that are transcriptionally active (Mitchell et al., 2004). Retroviral vectors are highly infectious, elicit relatively weak immune responses, and vector integration provides the potential for stable expression of the transgene, which can be amplified with subsequent cell divisions in vitro and in vivo (Naldini, 2011).
γ-Retrovirus
The vector derived from Moloney murine leukemia virus (MoMLV) was among the first developed from γ-retrovirus, and the first used successfully in a clinical trial (Mann et al., 1983; Maetzig et al., 2011). Unable to penetrate the nuclear envelope of an infected cell, γ-retroviruses can only access the host genome during mitosis, when the nuclear envelope is disassembled (Mann et al., 1983; Miller et al., 1990). This limits their host range to cells that are actively dividing and confines their use to ex vivo applications. In early vectors, the gag, pol, and env genes were replaced by the cDNA of interest and expression was driven by the promoter/enhancer of the 5′ LTR (Maetzig et al., 2011). The vector was propagated in complementing cell lines modified to stably express the gag, pol, and env genes. As one of the earliest viral vector systems, γ-retroviral vectors have been used in numerous clinical trials, including gene therapy for RA (Evans et al., 1996).
γ-retroviral vectors preferentially integrate near the transcription start sites of active genes, with a particular affinity for proto-oncogenes (Wu et al., 2003), which brings the potential for insertional mutagenesis and oncogenic activation of the infected cell (Mitchell et al., 2004). Insertion of the promoter/enhancer elements of the vector LTRs near the start site of a cell cycle gene can hyper-induce its expression and lead to clonal proliferation. In one of the earliest gene therapy trials, a γ-retroviral vector was used to modify hematopoietic stem cells for correction of X-linked SCID. Though the treatment stably reversed disease in 9 of 10 male infants, four of the boys went on to develop T-cell acute lymphocytic leukemia. Analysis of the leukemic cells revealed vector integration adjacent to proto-oncogenes LMO2 and BMI (Hacein-Bey-Abina et al., 2008; Howe et al., 2008; Thornhill et al., 2008). Based on similar events in other trials, self-inactivating (SIN) vectors were created in which the LTR enhancers are deleted/inactivated reducing the risk of vector-induced oncogenesis and the generation of replication competent retrovirus (RCR) (Yu et al., 1986; Suerth et al., 2010).
Lentivirus
Following infection, lentiviruses employ active transport mechanisms to traverse the pores of the nuclear envelope and access the host chromosomes. This allows recombinant lentiviral vectors to transduce both dividing and non-dividing cells with similarly high efficiency (Roe et al., 1993; Lewis and Emerman, 1994) and extends their use to in vivo applications. Although lentiviruses preferentially integrate in transcriptionally active chromatin, they typically target gene bodies over start sites, which reduces the risk of genotoxicity (Schröder et al., 2002; Mitchell et al., 2004). Risk can be further decreased by targeting quiescent cells with inactive cell cycle genes (Durand and Cimarelli, 2011). Due to increased versatility and safety, recombinant lentivirus has emerged as the preferred retroviral system for clinical gene delivery, ex vivo applications in particular.
The first and most often used lentiviral vector was derived from human immunodeficiency virus I (HIV1) (Naldini et al., 1996; Naldini, 2011), the agent responsible for acquired immune deficiency syndrome (AIDS), and tremendous effort was invested to minimize the potential for adverse effects (Naldini et al., 1996; Dull et al., 1998). In addition to the core retroviral genes, the HIV1 genome contains four virulence factor genes (vif, vpr, vpu, and nef) and two regulatory genes (rev and tat) with overlapping coding sequences. In the current third-generation vectors, all but rev, which is essential for vector replication, have been deleted (Dull et al., 1998). Since the tropism of HIV1 is restricted to CD4+ T helper cells, the vector is commonly pseudotyped with VSV-G. To reduce the possibility of generating RCR by intermolecular recombination, the viral elements required for vector production are delivered to packaging cells in four separate plasmids: 1) a transfer vector, 2) a packaging plasmid harboring the gag and pol genes from HIV1, and separate expression plasmids containing the genes for 3) rev and 4) VSV-G (Hanawa et al., 2002). The expression cassette of the transfer vector can accommodate genetic payloads of 8–9 kb, and is flanked by LTRs with inactivated enhancers to create a SIN packaging system (Naldini, 2015). Transgene expression is driven by an exogenous promoter (often CMV) rather than the native LTR. Insertion of the woodchuck post-transcriptional regulatory element (WPRE) is used to enhance RNA stability and translation.
NON-VIRAL GENE DELIVERY
Non-viral gene transfer initially focused solely on the delivery of plasmid DNAs (Zu and Gao, 2021); the field has since grown to include an assortment of nucleic acids composed of both RNA and DNA.
Plasmid DNA
Historically, the pursuit of non-viral gene transfer has been motivated by its perceived advantages over viral-based systems (Hardee et al., 2017), that included: 1) increased safety, 2) ease of manipulation, 3) reduced production costs, 4) lack of immune response, and 5) large payload capacity. With advances in viral technologies, the extent to which these advantages still exist is highly questionable. While exogenous nucleic acids do not provoke adaptive immune responses, they are potent inducers of innate immune pathways (Turvey and Broide, 2010) and are characteristically inflammatory following delivery in vivo. Regarding safety, available data from >200 clinical trials indicate that AAV-based vectors administered at moderate doses are safe, well-tolerated and efficacious (Kuzmin et al., 2021). Although large plasmids containing multiple expression cassettes can be assembled fairly readily, transfection efficiency is inversely proportional to the size of the construct, such that plasmid uptake and expression drops precipitously with constructs >3 kb in length and is most efficient with minicircles of 650 bp or less (Kreiss et al., 1999; Yin et al., 2005). Considering the functional limitations of non-viral gene transfer in vivo (i.e., low transgene expression of brief duration), lower production cost is a non-issue.
DNA (and RNA) has a pronounced negative charge that inhibits diffusion through the plasma membrane of target cells. Complexation with cationic agents is used to mask the electrostatic charge and condense the nucleic acid and facilitate uptake (Meng et al., 2017). The complexes must enter the cell through endocytosis or pinocytosis and passively find their way to the nucleus, then traverse the nuclear envelope before they can be transcribed (Zu and Gao, 2021). Much like γ-retrovirus, transfection efficiency is far higher in mitotic cells, which strongly favors in vitro applications. Technologies such as electroporation, hydrodynamic injection, and ultrasound can enhance uptake in vivo, but are difficult to administer in larger animals/tissues and can provoke significant damage. Regardless of the method of delivery, non-viral transgene expression in vivo is extremely modest and transient, which limits its useful applications to vaccinations and ex vivo procedures.
mRNA
The development of methods for delivery of soluble mRNA, and recently its widespread application in SARS-CoV-2 vaccines, have moved this “gene-based” strategy to the forefront of the non-viral field. Soluble mRNA has a markedly higher transfection efficiency than plasmid DNA. Once internalized by the cell mRNA is immediately available for translation, bypassing the need for nuclear trafficking, translocation, transcription, RNA processing and nuclear export (Meng et al., 2017; Balmayor and Evans, 2019).
As with plasmid DNA, soluble mRNAs are complexed with cationic lipids or polymers to enhance stability and transfection. As a single-stranded polymer, RNA can internally base-pair to form double stranded (ds) regions, whose recognition by intra-cellular toll-like receptors (TLRs) triggers innate immune activation and release of inflammatory cytokines (Meng et al., 2017). The addition of a 5′ cap and poly-A tail, and various chemical modifications improve mRNA stability and translation, and reduce inflammatory activation (Balmayor and Evans, 2019). Though soluble mRNAs have a limited life-span intra-cellularly, they can persist for several days, providing a burst of local protein expression in the context of a moderate inflammatory response. This pattern is useful for vaccination and applications where repeat dosing is straightforward and inflammatory signaling is a component of early-stage healing or repair (Balmayor and Evans, 2019).
RNA Interference
RNA Interference (RNAi) is a broad term encompassing gene regulation by small, non-coding RNAs that selectively base-pair with target mRNAs to inhibit translation (Lam et al., 2015). In each case a short guide sequence on the RNAi molecule directs an assembly of ribonucleoproteins, the RNA-induced silencing complex (RISC) (Ichim et al., 2004), to complementary sequences on the mRNA target. Depending on nature of the RNA duplex, the mRNA will either be cleaved (Elbashir et al., 2001), degraded, or its translation repressed.
Micro-RNAs (miRNAs) are endogenously produced to modulate gene expression in a cell type-specific manner. With guide sequences of ∼21 nt, miRNAs bind imperfectly to sequences in the 3′ untranslated region (UTR) of mRNAs to inhibit translation or destabilize the RNA leading to its degradation. Incomplete or partial base-pairing allows one miRNA to inhibit the translation of dozens of mRNAs. Small-interfering RNAs (siRNAs) and short-hairpin RNAs (shRNAs) use their guide sequences (∼19–22 nts) to base-pair with 100% identity to the coding regions of mRNAs, inducing cleavage and degradation.
Therapeutic use of synthetic RNAi molecules is based on the targeted silencing of disease-causing gene products. While potentially useful against infections, targeted gene inhibition is not well-suited to the activation of repair pathways or treatment of heterogeneous multigenic diseases, such as OA. As with other intra-cellular approaches, efficacy requires that a large majority of the cells in the diseased tissues acquire and maintain the RNAi molecules at functional levels. Soluble RNAs have limited intracellular half-lives and only persist for few days. For more sustained activity, their sequences can be incorporated into a viral vector and synthesized continuously in modified cells as shRNAs or miRNA mimics (Cullen, 2005; Silva et al., 2005; Zeng et al., 2005), but efficacy is still contingent upon highly efficient transduction of the cells in the target tissue. Since gene inhibition is based on sequence complementarity, limited incidental base-pairing with the UTRs of an unintended mRNA(s) can suppress its translation and lead to undesirable off-target effects, including death in laboratory animals (Jackson et al., 2003; Lin et al., 2005; Jackson et al., 2006; Rao et al., 2009; Gagnon and Corey, 2019). Off-target suppression is increased by RNAi molecules at supraphysiologic levels (Rao et al., 2009; Gagnon and Corey, 2019). Since the use of RNAi in vivo requires high vector doses, overexpression of RNAi gene products in a sub-population of cells is an inevitable consequence, and brings the risk of patient morbidity from prolonged off-target gene silencing (Grimm et al., 2006).
As stated earlier, RNAi is exceedingly difficult to control on a per-cell basis and is incompatible with regenerative strategies. Moreover, chronic degenerative conditions, such as OA and IVDD have complex multifactorial etiologies involving multiple diverse signaling mechanisms and redundant activation pathways. In the face of such complexity and heterogeneity of disease, it’s extremely unlikely that the downregulation of a single gene product in a minority subpopulation of cells in a pathologic environment can meaningfully impact disease progression.
GENE EDITING- CRISPR/CAS9
Over the last decade, technologies for targeted editing of eukaryotic genomes have been developed from bacterial defense systems that utilize Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) sequences (Barrangou et al., 2007). The spacer sequences between the repeats are transcribed and incorporated into protein complexes to create RNA-guided nucleases that selectively cleave and inactivate the DNAs of invading viruses and plasmids (Jinek et al., 2012). The CRISPR system used for genomic editing is comprised of two core components: 1) a small guide RNA (gRNA) ∼125 nts in length, and 2) a CRISPR-associated nuclease (Cas9), which combine to form a ribonucleoprotein (RNP) complex (Mali et al., 2013). Once bound by Cas9, an 18–20 nt sequence at the upstream 5′ end of the gRNA directs the RNP complex to the complementary sequence(s) in the host genome with high specificity. RNP binding and DNA cleavage at the target locus in the genome requires 1) sequence complementarity with the gRNA targeting domain and 2) the presence of a short 3 base-pair sequence (e.g., 5′ NGG) on the opposite DNA strand immediately downstream from the target site (termed the “Protospacer Adjacent Motif,” or PAM). Once bound to the target locus, the Cas9 nuclease makes a double strand break (DSB) in the genomic DNA 3–4 bp upstream of the PAM. The fractured chromosome triggers the induction of endogenous DNA repair pathways [i.e., Non-Homologous End Joining (NHEJ) or Homology Directed Repair (HDR)] whose respective activities are co-opted for specific editing functions.
Targeted Gene Knockout
As the principal repair pathway for DSBs, NHEJ is an efficient, but error-prone process that often generates small (1–10 bp) heterogeneous nucleotide insertions or deletions (“indels”) at the repair site as the DNA ends are ligated together. Indels that create a shift in reading frame generate premature stop codons and loss of gene function, either through synthesis of truncated non-functional proteins or nonsense-mediated mRNA decay. Alternatively, co-delivery of Cas9 with multiple gRNAs targeting the same gene at different locations can generate multiple simultaneous DSBs resulting in deletion of large segments of intervening coding sequence, which completely inactivates the target gene (Cong et al., 2013).
Successful Knockout (KO) requires functional delivery of both the gRNA and Cas9 protein to the desired cell population. For in vitro experimentation, this can be achieved fairly readily by co-transfection of soluble RNAs (gRNA and Cas9 mRNA), preformed Cas9-gRNA RNPs, or dual expression cassettes on plasmid DNA or viral vector. Though most groups use expression cassettes for delivery, RNPs are more efficient with fewer off-target cuts. With careful gRNA sequence engineering, the Cas9 nuclease can be directed to selectively cleave the coding sequence (or regulatory region) of virtually any gene in nearly any location. While the procedure is fairly straightforward in vitro, careful screening is required at the DNA and protein level to identify and validate KO clones. For in vivo use viral vectors are required for Cas9-gRNA delivery to most tissues as transfection is too inefficient to generate a measurable response. Non-integrating, with low inflammatory potential, AAV is the preferred vector (Wang et al., 2020). The small genome can accommodate expression cassettes for Cas9 mRNA and up to two gRNAs (Bengtsson et al., 2017).
Gene Knock-In
Precise genomic editing, e.g., targeted insertion of a fluorescent reporter, or the correction (or introduction) of a specific mutation, is achieved by inducing HDR and repair of Cas9-targeted DSBs by homologous recombination. In addition to delivery of the gRNA(s) and Cas9, an exogenous DNA template is also required that contains the desired sequences for insertion bracketed on either side by asymmetric sequence arms 50–800 bp in length, homologous to the genomic sequences on each side of the DSB. Recombination between the homologous regions of the genomic DNAs and corresponding sequence arms of the repair template inserts the template DNA cleanly into the host chromosome (Cong et al., 2013). Template DNA in the form of ssDNA oligonucleotide or linearized plasmid DNA is most effective. Due to the greater complexity, the generation of Knock-In (KI) models is substantially less efficient than KO. This situation is amplified in vivo where simultaneous co-infection of each target cell with two different AAV vectors is required- one for the CRISPR/Cas9 components and the second containing the template DNA (Wang et al., 2020; Bengtsson et al., 2017).
CRISPR/Cas9 technologies provide powerful tools for gene manipulation in studies of cell biology and differentiation (Yanagihara et al., 2019), disease mechanisms and signaling pathways (Suzuki et al., 2016; Lin et al., 2017; Zhao et al., 2019), and the roles of cancer-associated genes in tumorigenesis and drug resistance (Guernet et al., 2016; Marko et al., 2016; Xiao et al., 2018). By targeting germline cells of experimental animals, precise transgenic and KO models can be generated much more quickly than previous methods (Williams et al., 2018). However, many significant technical and biologic hurdles remain before gene editing can be considered for clinical use in orthopaedics (Cribbs and Perera, 2017; Lino et al., 2018). The low efficiency of KI modifications, off-target DNA cleavage and template insertion, immune recognition of bacterial Cas proteins, and long-term safety are all major concerns (Dai et al., 2016). The greatest obstacle, however, lies with delivery and the inability to transduce enough cells in tissues of human-scale to mediate a meaningful effect (Dai et al., 2016). This is especially problematic in orthopaedics (Fitzgerald, 2020), where the target tissues are ECM-dense and the predominant monogenic disorders are skeletal dysplasias (e.g., achondroplasia and osteogenesis imperfecta) that generate abnormalities throughout the entire skeletal system (Krakow and Rimoin, 2010; Costantini et al., 2021).
EX VIVO VS. IN VIVO DELIVERY
Gene therapy in orthopaedics has primarily focused on the delivery and overexpression of cDNAs encoding cytokine inhibitors and growth factors, where the modified cells function as local factories for sustained production and release (Evans et al., 2021). Depending on the application, functional gene transfer can be mediated by in vivo (direct) or ex vivo (indirect) methods (Figure 1).
In Vivo Gene Delivery
For gene delivery in vivo, a liquid suspension of vector is injected directly into the fluids or tissues of the host to modify accessible, receptive cell populations. The vector can be administered systemically (Mingozzi and High, 2013) or locally to sites of injury or disease (Evans et al., 2018b). Regarding systemic administration, counter to many reports, there is no mechanism by which recombinant vectors (viral or non-viral) (Pouton and Seymour, 2001), or modified cells (see below) delivered into the bloodstream can selectively target damaged or diseased skeletal/connective tissues and achieve functional expression. With limited exception, the genetic agents will be filtered or entrapped by the organs that process the blood (heart, liver, lungs, spleen, and kidneys). In orthopaedics, gene transfer is used to inhibit pathologic processes or augment repair at specific anatomic locations (skeletal fractures, arthritic joints, cartilage lesions etc.); and local gene delivery is the rational approach. By concentrating the vector and gene product at the site of need, the efficacious vector dose is substantially reduced, as is the risk of adverse off-target effects.
The advantages of in vivo gene transfer include: 1) clinical expediency, 2) straightforward, minimally invasive delivery, and 3) substantially reduced cost relative to protracted ex vivo procedures or cellular engineering strategies. Concerns over unwanted trafficking of vector to vital organs can be mitigated to a large degree by precise anatomic positioning of the injection needle via fluoroscopic, or ultra-sound guidance, the use of minimal injection volumes, and delivery at a controlled flow rate. Detailed pre-clinical studies of the biodistribution of vector genomes and modified cell populations in a relevant animal model, aid in the refinement of dosing and delivery procedures to minimize vector egress from the site of delivery (Watson Levings et al., 2018).
Ex Vivo Gene Transfer
For ex vivo strategies, cells collected from the intended host are genetically modified in the laboratory, then returned to the donor to engraft and express the transgene product (Naldini, 2011; Dunbar et al., 2018). The modified cells can be injected in liquid suspension or seeded in biocompatible scaffolds for implantation. Depending on availability, the cell type selected for modification may be a differentiated resident of the target tissue or a multipotent cell from a distal location. Relative to in vivo delivery, ex vivo procedures offer additional layers of control and safety. No free vector is administered to the host, and the modified cells can be analyzed for quality, function, and the presence adventitious agents or RCR. In these respects, the practitioner controls the cell type, performance criteria, dose, and route of administration.
Despite these advantages, ex vivo procedures pose significant logistical hurdles that raise concerns of real-world utility for common orthopaedic disorders. Firstly, the number and quality of the cells recovered from individual donors can vary widely, as can growth rate, receptiveness to modification and transgene expression, particularly among older patients (Evans et al., 2005). Cells adapted to in vitro culture often die soon after implantation due to stress from the change in growth conditions. From a practical standpoint, ex vivo methods involve serial invasive procedures, are time-consuming, labor-intensive and require qualified GMP facilities, all of which elevate costs dramatically. In clinical trials, the costs of cell manufacturing alone range from $100,000 to $300,000 (or more) per patient (Elverum and Whitman, 2020). Although sophisticated genetic, cellular and tissue engineering strategies can be envisioned for numerous orthopaedic applications, time constraints and unfavorable cost/benefit will be prohibitive to clinical translation (Bara et al., 2016).
Recombinant lentivirus is the preferred vector for ex vivo procedures (Naldini, 2011; Dunbar et al., 2018). Stable insertion into the chromosomes of the modified cell, enables the expression cassette to be passed to both daughter cells following cell division. A few thousand cells can be transduced with a nominal amount of virus then expanded in culture to generate tens of millions (Naldini, 2011). Vectors whose genomes remain episomal (e.g., AAV, Ad, non-viral), can be used ex vivo, but are less than ideal. As extrachromosomal elements, the vector DNA will be progressively lost from dividing cell populations with each round of mitosis (Dunbar et al., 2018). To minimize the loss of transgene expression, the entire volume of cells required for delivery must be modified just prior to implantation. Efficient modification of large volumes of cells can be technically challenging and consume large quantities of clinical grade vector (Bara et al., 2016).
MSCs
Mesenchymal stromal cells (MSCs) are particularly well-suited to gene- and cell-based strategies for repair/regeneration of skeletal connective tissues (Bianco et al., 2008) especially those requiring supplemental cells to increase the cellularity and biosynthetic capacity of the damaged tissue. Although MSCs can be guided to differentiate into multiple mesenchymal lineages, the default pathway follows the chondro-osseous progression of endochondral ossification.
MSCs were first identified in the 1960’s as plastic-adherent, colony-forming unit fibroblasts (CFU-F) capable of differentiating into osteoblastic, chondrocytic and adipocytic lineages in vitro (Friedenstein et al., 1968; Friedenstein et al., 1970; Friedenstein et al., 1974). Relatively abundant in most mammalian tissues, MSCs are isolated most often from bone marrow and adipose tissue. Although numerous surface markers have been variously reported to enrich for MSC-like populations, The International Society for Cell and Gene Therapy has established the following standards for MSC designation: 1) adherence to plastic; 2) tri-lineage potential in vitro (osteoblastic, chondrocytic, and adipogenic differentiation), 3) expression of mesenchymal surface markers CD73, CD90, and CD105, and 4) the absence of characteristic hematopoietic markers (e.g., CD45, CD31, and CD14) (Dominici et al., 2006). By these broad criteria, MSCs are functionally and phenotypically indistinguishable from the fibroblasts that produce collagenous support matrix in virtually every tissue in the body (Haniffa et al., 2009; Prockop, 2009; Ugurlu and Karaoz, 2020).
In 1991, the re-branding of the CFU-F as a “mesenchymal stem cell,” (Caplan, 1991) together with aggressive promotion and marketing, served to elevate the perception of MSCs among the research community and lay public to the current status of miracle cure-all (Sipp et al., 2017; Sipp et al., 2018). According to the published literature, irrespective of the disease model or its pathogenesis the administration (by any route) of an arbitrary dose of MSCs from virtually any species, tissue, or culture protocol, will induce a pronounced therapeutic response, (Caplan, 2017; Sipp et al., 2017; Sipp et al., 2018). Following systemic delivery, MSCs are reported to selectively migrate to the diseased tissue of investigator interest to halt ongoing pathologies and mediate repair, even when only briefly present at homeopathic levels (Prockop, 2009). In culture, MSCs are reported to secrete regenerative growth factors and immune suppressive molecules capable of restoring full function to all diseased or damaged tissues (somatic or germ line), enable allogenic transplantation and inhibit autoimmune disease.
The MSC secretome, however, is an artifact of in vitro culture and reflects adaptation to growth in monolayer in synthetic medium enriched with fetal protein factors and various cytokine cocktails (Brooks et al., 2019). Despite numerous claims, MSCs are not immune-privileged. Following delivery in immune competent hosts, allogenic MHC-mismatched MSCs elicit potent humoral and CTL responses (Nauta et al., 2006; Poncelet et al., 2007; Zangi et al., 2009; Ankrum et al., 2014; Berglund et al., 2017; Kamm et al., 2020). When administered systemically MSCs do not home to bone marrow or sites of disease or injury at appreciable levels, but instead become trapped in the organs that process the blood (lungs, liver, heart, spleen, and kidney), such that the vast majority die within 48 h of injection (Lee et al., 2009; Prockop, 2009; Makela et al., 2015; Masterson et al., 2021).
Setting aside the implausible medicinal properties, the controversies, inconsistencies and disagreements that surround the MSC field (Prockop, 2009), the one area of universal agreement is the ability of MSCs to differentiate into chondrocytic and osteoblastic phenotypes and elaborate the corresponding ECM components. This multipotency is reflected in vivo in a variety of pathologic metaplastic conditions: e.g., the formation of ectopic chondro-osseous nodes in synovial chondromatosis, osseous metaplasia in the endometrium and gastrointestinal tract and heterotopic ossification of muscle and tendon following injury. Thus, for skeletal/connective tissue repair, MSCs can fulfill two important roles: 1) as genetically engineered factories for prolonged synthesis and release of bioactive gene products, and 2) as a readily available cell source capable of adopting different mesenchymal phenotypes and contributing to the synthesis and maintenance of repair tissues. Clinical translation, however, will require methods that support and preserve directed differentiation and retain the modified cells at the site of implantation in a viable functional state. For each experimental application detailed tracking studies are required (along with objective, unbiased reporting) to firmly establish the temporal fate of the transplanted MSCs, their density, distribution, lifespan, and contributions, if any, to the generation of repair tissues.
Induced Pluripotent Stem Cells
Induced pluripotent stem (IPS) cells offer a source of pluripotent cells with promise in ex vivo gene therapy applications. The transient delivery and expression of cDNAs for a cocktail of transcription factors that regulate pluripotency and cell division (OCT4, KLF4, NANOG, and MYC; OKNM) induces wholesale epigenomic reprogramming to render terminally differentiated cells into a primordial pluripotent state (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Wernig et al., 2007). Once reprogrammed, IPS cells can be directed to differentiate along any lineage to provide a boundless supply of donor-autologous cells of any desired phenotype for regenerative applications or gene correction strategies (Tsumaki et al., 2015).
IPS technology has been used to reprogram and transdifferentiate fibroblasts into a variety of mesenchymal cell types, including chondrocytes (Craft et al., 2015; Iimori et al., 2021), osteoblasts (Tashiro et al., 2009; Li et al., 2010; Bilousova et al., 2011), tenocytes (Komura et al., 2020; Nakajima et al., 2021) and anulus pulposus cells (Chen et al., 2013; Tang et al., 2018), whose phenotypes appear stable in vivo. While IPS cells appear promising for orthopaedic applications, reprogramming efficiency and cellular phenotype post-differentiation still remain highly variable. IPS cells routinely form teratomas following implantation in vivo, which brings concerns of tumor formation from undifferentiated subpopulations (Yamanaka, 2020). Further, the extensive handling and manipulation required for reprogramming, modification, expansion, and re-differentiation currently render this technology impractical for routine clinical use. Thus, for the foreseeable future, IPS cells will likely remain as experimental tools.
EXPERIMENTAL MODELS
While in vitro assays are useful for assessment of vector function and transgene expression, the results are not representative of the efficacy of gene delivery in vivo. With limited exception, cells in culture are far more receptive to genetic modification than in living tissues. They divide rapidly and arrayed on two-dimensional surfaces free of ECM, provide maximum surface area and availability to recombinant vectors.
Therapeutic gene transfer is an extraordinarily complex process that can only be approximated in the context of an immune-competent animal and relevant disease model. When attempting to treat a condition with molecular tools it’s vital that the pathogenesis and pathology of the experimental model reflect the human condition as closely as possible at the organ, tissue, cellular and molecular levels. Common laboratory animals (e.g., mice, rats, rabbits) are useful for proof-of-concept studies and exploration of basic methodology. Small animals, though, have a remarkable capacity for self-repair and frequently exaggerate the efficacy of regenerative strategies and the facility with which they can be performed. In these respects, large animal models (e.g., sheep, horses, goats, pigs, cows) are essential to the clinical advancement of orthopaedic gene therapies. With skeletal tissues comparable in size to those of humans, with similar thickness and architecture (Figure 4), experimentation in appropriate large animal systems provides information regarding vector dosing, transgene expression, biodistribution and efficacy, directly relevant to clinical application. As experimental therapies in orthopaedics typically involve surgical application, large animals better depict the logistics, ergonomics, and efficacy of the procedure in a clinical setting. Since most large animals are outbred, they more closely reflect the genetic and phenotypic diversity of the human population.
[image: Figure 4]FIGURE 4 | Comparison of the internal anatomic structures of the stifle joints (hind knees) of the adult rat (inset) and the horse, which is comparable in size to the human knee. The striking differences in magnitude, volume and thickness of the tissues underscore the practical challenges associated with the scale-up of a gene-based therapy to a large mammalian system.
EXPERIMENTAL PROGRESS
Rheumatoid Arthritis
Orthopaedic gene therapy was conceived in the early 1990’s to tap into the therapeutic potential of a growing list of proteins with promising activities for RA (Bandara et al., 1993; Evans and Robbins, 1995b). The inherent instability of recombinant proteins in vivo, coupled with the continuous turnover of synovial fluid in diarthrodial joints, provided only transient effects following intra-articular injection. Further, as many of the candidate proteins suppressed inflammation and cytokine signaling, elevated levels in the circulation brought the potential for systemic immune suppression and vulnerability to infection. By delivering the cDNAs to cells in the articular tissues the gene products could be continuously produced to block ongoing erosive pathologies (Evans and Robbins, 1995b).
Limited by available vector technology, an ex vivo procedure was employed involving transduction of autologous synovial fibroblasts with a γ-retroviral vector (MFG) containing the cDNA for interleukin-1 receptor antagonist (IL-1Ra: an inhibitor of IL-1 signaling) (Bandara et al., 1993; Boggs et al., 1995). Following transduction, expansion, and analysis for IL-1Ra expression, sterility and RCR, the cells were injected into RA joints of the respective donors to engraft and express the IL-1Ra transgene. Pre-clinical studies (Bandara et al., 1993; Evans and Robbins, 1995a) followed later by successful phase I trial (Evans et al., 1996; Evans et al., 2005), showed that intra-articular gene delivery was feasible and safe. Unfortunately, the logistics and expense made the procedure impractical for mainstream use.
Osteoarthritis
With the development of recombinant tumor necrosis factor (TNF) receptors and anti-TNF antibodies (e.g., etanercept and adalimumab, respectively), which proved effective in a majority of RA patients, the focus of arthritis gene therapy shifted to OA (Evans et al., 2004). While RA is a systemic polyarticular autoimmune disease, OA is a progressive degenerative condition that affects one or two joints per patient and has no known extra-articular component (Goldring and Berenbaum, 2015; Martel-Pelletier et al., 2016). Existing OA medications reduce joint pain but have no effect on joint degeneration (Martel-Pelletier et al., 2016).
To make gene transfer more applicable and cost-effective, direct intra-articular injection of candidate vectors has been extensively explored (Roessler et al., 1993). Patterns of intra-articular transgene expression have been characterized from every well-developed vector system available, viral, and non-viral (Nita et al., 1996; Evans et al., 2021). Vectors delivered intra-articularly diffuse through the synovial fluid and interact primarily with the synovium, due to its large surface area and high cellularity. Without a basement membrane separating the intimal fibroblasts from the joint fluids, the abundant synovial fibroblasts are immediately available and receptive to modification from most viral vectors (Nita et al., 1996; Evans et al., 2021). Temporal quantification of transgene products in synovial fluid reveals the efficiency of gene delivery and cumulative transgene expression and its persistence over time (Bandara et al., 1993; Evans et al., 1999). With the use of homologous transgenes and vectors with a low immunogenic profile, articular cells are capable of supporting robust transgene expression for over a year (Gouze et al., 2007; Goodrich et al., 2013; Goodrich et al., 2015; Watson Levings et al., 2018).
Of the available vector systems, rAAV is currently the most promising for use in OA, offering efficient gene delivery with a safety profile compatible with treatment of common, non-life-threatening conditions. Following injection in the joints of large animal models, rAAV can modify synovial fibroblasts and chondrocytes in articular cartilage with high efficiency to provide expression of a homologous therapeutic gene product at levels 50 to 100x over endogenous production. Due to its uniquely small size (∼20 nm dia.) AAV is the only vector system capable of penetrating the cartilage ECM to modify articular chondrocytes in situ (Watson Levings et al., 2018). This is particularly valuable in OA since cartilage degradation is the characteristic pathology, and the chondrocytes are responsible for maintaining cartilage matrix homeostasis (Figure 5).
[image: Figure 5]FIGURE 5 | GFP expression in healthy and OA joints following intra-articular gene delivery with scAAV. The middle carpal joints of 3 healthy horses and 3 with late stage naturally-occurring OA were injected with 5 × 1012 vg of scAAV.GFP. Two weeks later the joint tissues were collected and analyzed for fluorescence. (A) (Top row) Fluorescence activity in freshly harvested synovial tissues viewed with inverted fluorescence microscopy at ×10 magnification. (bottom row) Paraffin sections of synovium immunohistochemically stained for GFP at ×20 magnification. In normal joints, the synovium was the predominant site of transgene expression, with abundant fluorescent cells scattered throughout the capsular lining, often concentrated in thicker villous regions. In striking contrast, the number and density of the fluorescent cells in OA joints were visibly greater across the entire expanse of the synovial lining, but particularly so in regions with marked hyperplasia and leukocytic infiltration. In both normal and OA joints the transduced cells were almost exclusively delimited to the synovium and subsynovium, and only rarely seen in the supporting fibrous tissues. (B) GFP expression in fresh cartilage shavings viewed with inverted fluorescence microscopy. Images in the top and bottom rows are at ×10 and ×20 magnification, respectively. In articular cartilage from normal joints, GFP fluorescence was visible but generally faint and limited to scattered isolated cells. In OA cartilage, GFP activity was dramatically enhanced, as populations of brightly fluorescent cells were readily apparent in all shavings recovered. The labeled chondrocytes included both elongated cells, consistent with superficial layer chondrocytes, and cells with more spherical morphology characteristic of chondrocytes in deeper layers. Shavings harvested near full thickness erosions often contained focal regions with intense fluorescence readily visible at low magnification.
A wide range of gene products have been tested in experimental OA and reported to provide benefit. IL-1Ra has been used most frequently, and has consistently shown marked anti-inflammatory and chondroprotective effects (Evans et al., 2021). Currently two clinical trials of OA gene therapy are listed as active with clinicaltrials.gov (https://clinicaltrials.gov/ct2/home). Both involve direct in vivo delivery of IL-1Ra cDNA; the first via scAAV (NCT02790723), while the second employs HC adenovirus (NCT04119687).
A third trial whose status is listed as “unknown” describes an ex vivo approach involving intra-articular injection of irradiated allogenic chondrocytes modified with a γ-retroviral vector to express TGF-β1, mixed 1:3 with unmodified irradiated cells (NCT03383471) (Evans et al., 2018a). The conceptual basis for this trial is of particular concern. Several independent tracking studies have shown that cells injected into the joint do not adhere to cartilage surfaces, damaged or otherwise, but primarily engraft in the synovial lining, and to a lesser extent the surface of the meniscus (Murphy et al., 2003; Desando et al., 2013; Grady et al., 2019; Enomoto et al., 2020). Further, overexpression of TGF-β1 intra-articularly induces severe synovial fibrosis (Figure 6) (Watson et al., 2010), and in immune competent hosts, allogenic cells are recognized as foreign and are killed by CD8+ T cells (Nauta et al., 2006; Poncelet et al., 2007; Ankrum et al., 2014; Cao et al., 2016). Analysis of the modified cells used in clinical trials in South Korea and the U.S. revealed that they were not in fact chondrocytes, but instead were 293 cells. While initial approval in South Korea has been revoked; oddly, the once-suspended phase III study in the US has been allowed to resume. The extent to which this protocol will go forward is unclear.
[image: Figure 6]FIGURE 6 | Severe synovial fibrosis and chondrometaplasia induced by intra-articular gene delivery of TGF-β1. The stifle joints (hind knees) of nude rats were injected bilaterally with 2 × 109 viral particles of Ad.TGF-β1. Groups of animals were killed at days 0, 5, 10, and 30, and the joints were harvested and processed for histology. Adjacent sections were stained with H&E or toluidine blue as indicated. The images in left two columns are at ×2.5 magnification, while those in the right two columns are at ×20. At Day 5, expansion of spindled fibroblasts from the synovial lining and joint capsule produced a dense fibrotic mass that fully occluded the underlying adipose layer. By Day 10, the fibrotic tissue had expanded to displace all the soft tissue structures and began to fuse with articular cartilage, in which the development of rounded chondrocytic cells can be seen. By Day 30, the bulk of the fibrotic expanse had differentiated into a cartilaginous phenotype as indicated by the cellular morphology and metachromatic toluidine blue staining. In some areas the normal articular cartilage was replaced by metaplastic fibrocartilaginous tissue that also permeated the subchondral and periarticular bone. Figure copied with permission from (Watson et al., 2010).
Cartilage Repair
ECM-dense, avascular with sparse cellularity, articular cartilage has minimal capacity for self-repair. In injuries limited to the chondral tissues, there is no rupture of blood vessels or influx of fluids, proteins, or cells to fill the void of the lesion or initiate space-filling repair (Ghivizzani et al., 2000). With no natural guide to inform reparative strategies, clinical approaches attempt to create functional repair substances de novo (Ghivizzani et al., 2000). These procedures generally result in the formation of fibrocartilaginous tissues that offer acceptable levels of improvement, at least in the short-term. Gene-based strategies look to augment the efficacy and durability of these and related procedures, to generate repair tissue with the phenotype of hyaline cartilage and fully restore joint function.
Several growth factors from the TGF-β superfamily are known to induce and sustain chondrogenic differentiation and matrix synthesis in mesenchymal cells but require prolonged delivery (14–21 days) at high levels (Bobick et al., 2009). By modifying target cells to express and secrete these factors as transgene products (Palmer et al., 2005), prolonged growth factor delivery and effective chondrogenesis can be achieved in vitro and in vivo (Graceffa et al., 2018). Though numerous reports describe repair strategies and cDNAs that improve cartilage healing, the best platform for long-term repair remains elusive (Trippel et al., 2007; Bougioukli et al., 2018a).
Due to the inability of exogenous cells to adhere to and colonize cartilage surfaces, and the inability of resident chondrocytes to migrate to sites of damage (Desando et al., 2013; Grady et al., 2019; Enomoto et al., 2020), there is no logical mechanism by which the intra-articular injection of modified chondrocytes or MSCs in suspension can mediate space-filling repair of cartilage lesions or regenerate cartilage surfaces in OA. Fibroblasts resident in the synovium have potent MSC-like properties and are highly responsive to growth factor stimulation. Elevated levels of anabolic factors in the articular tissues and fluids stimulate the fibrotic expansion of the synovial lining that progressively undergoes chondro-ossification (Figure 6) (Watson et al., 2010). To avoid the induction of synovial chondrometaplasia, gene delivery strategies are required that delimit growth factor production and signaling specifically within cartilage lesions (Pascher et al., 2004b).
Ex vivo repair methods initially focused on the implantation of genetically modified chondrocytes to enhance the efficacy of autologous chondrocyte transplantation (ACI) (Palmer et al., 2005; Koga et al., 2008). Implantation into cartilage defects of chondrocytes modified to express growth factors FGF-2, IGF-1 or BMP-7 either alone or in combination has been reported to stimulate cartilage ECM production in vitro and enhance the volume and quality of cartilaginous repair tissue in laboratory animals as well as in horses (Hidaka et al., 2003; Trippel et al., 2004; Shi et al., 2012; Caldwell and Wang, 2015; Ortved et al., 2015; Griffin et al., 2016).
While the use of autologous chondrocytes for repair applications is preferrable, the supply of cartilage available for cell harvest is limited and its use requires two invasive procedures. These technical constraints have driven many in the cartilage repair field to focus on MSCs. Though more abundant and accessible than chondrocytes, MSCs require differentiation into chondrocytes and possibly sustained growth factor stimulation to maintain the phenotype. MSCs from a variety of tissues (Ying et al., 2018) modified to express cDNAs for IGF-1, TGF-β1, BMP-2, and SOX-9 both alone and in combination have been reported to generate repair tissues enriched in collagen II and proteoglycan with the histologic phenotype of articular cartilage. Due to the lack of tracking studies, however, the extent to which the modified cells participate in the repair process or contribute to the cartilaginous repair tissue is uncertain.
Marrow stimulation techniques, such as microfracture, create channels to allow the upwelling of progenitor cells from the marrow where they acquire a fibro-chondrocytic phenotype and elaborate ECM to restore cartilage volume. Methods to genetically modify the marrow cells in situ as they immigrate into the cartilage lesion have been explored. The most direct approach involves the deposition of a small volume of rAAV directly into the open microfracture (Cucchiarini et al., 2018). Alternatively, a vector suspension can be mixed with fresh bone marrow aspirate and following coagulation press-fit the into the osteochondral lesion to form a “gene plug.” Following feasibility studies with Ad vectors containing GFP and luciferase reporters (Pascher et al., 2004a), the implantation of marrow coagulates expressing TGF-β1 in partial thickness chondral lesions generated in sheep provided enhanced repair relative to unmodified marrow clots and significantly increased collagen II levels (Ivkovic et al., 2010). More recently in comparisons of cartilage repair following delivery of marrow coagulates expressing Indian Hedgehog (IHH) or BMP-2 into osteochondral lesions in rabbits (Sieker et al., 2015), sustained BMP-2 expression was associated with formation of osteogenic foci in the repair tissue, while expression of IHH induced a more hyaline repair phenotype. The strengths of the gene plug procedure lie in its simplicity and practicality; efficacy, though, relies on the cellularity of the bone marrow sample at the time of withdrawal, which can vary considerably among aspirates and individuals (Sieker et al., 2015).
Bone
Distinct from other connective tissues, bone has robust capacity for self-repair. With appropriate stabilization, endogenous mechanisms can fully restore the structure and function of most closed fractures. When clinical need exceeds the repair capabilities of the patient, surgical intervention is required to facilitate healing. In this regard, certain co-morbid conditions, e.g., diabetes (Gandhi et al., 2006), aging (Gruber et al., 2006), osteoporosis (Giannoudis et al., 2007), smoking (Kwiatkowski et al., 1996), etc. can predispose individuals to skeletal fracture and contribute to deficient repair and atrophic non-unions. Compound open fractures or loss of significant bone volume can generate lesions that exceed the regenerative capacity of even healthy individuals. Spinal fusion and implant fixation present additional scenarios where the capacity to augment local bone synthesis could improve clinical outcome.
A diverse range of biomaterials is available to augment surgical repair of skeletal lesions (Laurencin et al., 2006; Fillingham and Jacobs, 2016; Morris et al., 2018); each has certain benefits and limitations. Bone autograft, harvested from the iliac crest, is the clinical standard. Variously comprised of marrow, progenitor cells, osteoblasts, osteocytes and bone matrix, the graft materials readily assimilate and synthesize bony repair tissue. The volume of tissue available for harvest can be limiting, and collection is invasive, often painful, with the risk of complications. The reamer irrigator aspirator technique enables procurement of bone matrix and marrow from an intact femur (Porter et al., 2009), but is also invasive and risks damaging healthy bone. Autograft materials can be implanted alone or combined with devitalized bone allograft or synthetic ceramic scaffolds that provide structure and physical support but lack cellularity and osteoinductive properties. As allograft bone does not revitalize or remodel, it can become brittle with a high incidence of failure. Demineralized bone matrix (DBM; the acid-extracted organic matrix of human bone) is approved for use in large-scale skeletal lesions and spinal fusions (Gruskin et al., 2012). Though its osteoconductive and osteoinductive properties are well-established, variable composition, even in pharmaceutical grade DBM, can make it difficult to apply predictably (Gruskin et al., 2012; Glowacki, 2015).
Initial cloning of the osteoinductive factors in DBM (Urist, 1965), the “bone morphogenetic proteins” (BMPs) -1, -2, -4, and -7 revealed a novel family of osteoinductive ligands related to the TGF-β superfamily (Lyons and Rosen, 2019). Since then, a total of 15 BMP isoforms have been identified with overlapping pleiotropic activities. Among these, BMPs-2, -4, -6, -7, and -9 (Fujioka-Kobayashi et al., 2018) have the greatest chondrogenic/osteoinductive activity in vivo. Recombinant human (rh)BMP-2 and BMP-7/osteogenic protein 1 (OP1) have been studied extensively and display potent osteogenic activity (Heckman et al., 1991; Gerhart et al., 1993; Lee et al., 1994; Bostrom and Camacho, 1998). Both are FDA-approved for use in large skeletal defects and spine fusions. Initially high enthusiasm over the use of rhBMPs in orthopaedics has since dimmed (Glowacki, 2015) due to their propensity for adverse side effects, e.g., infection, edema, swelling, heterotopic bone formation, and neural complications, especially in spinal fusions (Shields et al., 2006; Smucker et al., 2006; Perri et al., 2007; Benglis et al., 2008; Hsu and Wang, 2008).
Short half-lives and reduced activity in vivo, make recombinant proteins difficult to administer clinically for bone repair, requiring extremely high doses (with high costs) for prolonged effect. The milligram quantities of rhBMP-2 used in spinal fusions are estimated to be ∼1,000,000 times greater than naturally exists in the adult skeleton (Hsu and Wang, 2008; Glowacki, 2015). Delivered in a single massive bolus in a hydrated collagen sponge (Barnes et al., 2005), osteoinductive protein often diffuses from the implant site to stimulate ectopic bone synthesis in neighboring tissues. Gene transfer provides an alternate delivery approach that may be more favorable and economical. By delivering the cDNAs for osteoinductive growth factors to cells within the repair milieu, prolonged stimulation can be achieved in a more physiologic range. Relative to rhBMP-2 produced in bacteria, hBMP-2 expressed as a transgene product by mammalian cells is processed, glycosylated, and transmitted to neighboring cell populations in a more natural form and context, providing enhanced bioactivity at 100 to 1000-fold lower concentrations (Bessho et al., 1999; De la Vega et al., 2021).
Following initial demonstrations that local gene delivery methods could be used to induce ectopic bone deposition in rodents (Boden et al., 1998; Lieberman et al., 1998; Kang et al., 2004), numerous gene delivery strategies involving both direct and ex vivo approaches have been reported to stimulate osteogenesis and bone repair in vivo (Bez et al., 2020; De la Vega et al., 2021). Direct gene delivery of an adenoviral vector containing the cDNA human BMP-2 into an open fracture model was found to provide robust transgene expression that peaked around 2 weeks post-delivery and then declined during weeks 3–6. Ad-mediated BMP-2 expression was of sufficient amplitude and duration to heal critical sized defects in rabbits (Baltzer et al., 2000) and in a fracture model in sheep with experimental osteoporosis (Egermann et al., 2006a).
Bone repair/regeneration is a multi-step process that begins with an inflammatory phase to establish hemostasis and activate phagocytic cells to remove debris and microbes. Local angiogenesis followed by an influx of mesenchymal progenitors drives the formation of a provisional chondro-osseous matrix that’s subsequently remodeled into mineralized bone. Throughout this process, the coordinate expression of multiple signaling molecules and growth factors is induced at different stages (Aono et al., 1995; Israel et al., 1996; Cho et al., 2002; Fujimura et al., 2002). In line with this, combinatorial delivery of Ad vectors containing cDNAs for BMP-2, BMP-4, and BMP-7 and their expression as heterodimers was found to increase osteoblastogenesis and enhance fracture repair and spinal fusion in rats relative to either alone (Zhu et al., 2004; Zhao et al., 2005; Kaito et al., 2013). As blood flow and oxygenation are essential for osteogenesis, gene delivery of angiogenic factors, such as VEGF (Peng et al., 2002) and cyclooxygenase 2 (COX-2) (Lau et al., 2013) has also been found to enhance bone synthesis in vivo. Similarly gene delivery of other growth factors, including Nell-1 (Aghaloo et al., 2007), IGF-1, TGFβ-1 have been reported to stimulate bone formation in vivo, as well as ex vivo delivery of osteogenic transcription factors RUNX-2 and Osterix, Ex vivo strategies employing genetically modified MSCs have the potential to enhance bone repair from two directions (Baltzer et al., 1999; Lieberman et al., 1999; Musgrave et al., 2000). First, the modified MSCs serve as local factories for prolonged synthesis and secretion of osteoinductive gene products. Secondly, they provide an exogenous supply of osteoprogenitor cells receptive to autocrine stimulation, to expand the regenerative, osteogenic capacity of the endogenous repair milieu in defects with substantial loss of bone volume. Most well-characterized viral vector systems are capable of modifying MSC preparations with reasonable efficiency (Virk et al., 2008). Relative to Ad vectors which provide a transient high-level burst of BMP expression, LV.BMP-2 expression in MSCs is lower but more stable and produces greater volumes of ectopic bone in SCID mice (Sugiyama et al., 2005). Intuitively, bone marrow-derived MSCs (Chan et al., 2018; Gulati et al., 2018), would appear to have the greatest osteogenic potential; however, in certain applications MSCs from human adipose tissue have been noted to perform comparably (Bougioukli et al., 2018b; Vakhshori et al., 2020).
Given the diversity of the human population and the range of skeletal injuries, gene-enhanced repair will require integration of assorted biologic components into individualized paradigms. Lieberman et al. have examined LV.BMP-2 expression and bone repair using MSCs from disparate human donors. Following transduction and quantification of BMP-2 production, varying doses of modified cells from each donor were deposited onto support matrices and implanted into segmental bone lesions in rats (Ihn et al., 2021). Dose dependent bridging repair was observed in all cases, though higher doses of modified cells also increased the incidence heterotopic ossification. Importantly, these studies showed that MSCs from young and middle-aged donors are similarly effective in gene-enhanced bone repair (Kang et al., 2021). More recently customized 3D printed hydroxyapatite β-tricalcium phosphate (TCP) scaffolds were shown to provide effective delivery of LV.BMP-2 modified MSCs and enhanced repair of critical sized bone defects (Alluri et al., 2019; Kang et al., 2021) demonstrating the feasibility of using cell-seeded scaffolds customized to the dimensions of the individual.
While the implantation of exogenous cells and support matrices can facilitate repair of large skeletal defects, lengthy ex vivo procedures are ill-suited to acute injuries (Evans et al., 2007). In this vein, abbreviated/expedited methods are in development that are more cost-effective and applicable for routine use. The first involves an abridged protocol for lentiviral transduction of autologous bone marrow cells, whereby the standard multiweek process of harvest, transduction, expansion and delivery is condensed to a one (Virk et al., 2011) or two-day (Bougioukli et al., 2019) procedure, applicable to pre-planned operative procedures and acute skeletal trauma. Following bone marrow aspiration, the buffy-coat layer containing the MSC fraction is incubated with LV.BMP-2 for 1 h prior to intra-operative implantation in a stabilized defect (“same day” delivery). A “next-day” variation allows overnight LV transduction to enhance BMP-2 expression. In a rat femoral defect model, both procedures provided effective bridging repair, but the “next day” procedure provided greater consistency (Alaee et al., 2015).
The second method involves the implantation of autologous muscle or adipose tissue modified to overexpress osteoinductive factors. Readily accessible in large quantities both tissues provide natural three-dimensional support matrices, pre-loaded with MSCs. Muscle, in particular, is rich with osteogenic cells that directly and substantively contribute to the repair of adjacent fractures (Julien et al., 2021). For this procedure, an appropriate volume of muscle or fat is biopsied from the anesthetized donor; divided into small pieces to enhance diffusion, then incubated with Ad.BMP-2 in the operating room. Afterward, the modified tissue segments are implanted into stabilized bone lesions in the same operative session. While Ad.BMP-2 modified grafts from both muscle and fat (Evans et al., 2009; Betz et al., 2010) mediated bridging repair of femoral defects, muscle provided more robust bone formation and greater consistency (Betz et al., 2015; Betz et al., 2016). As a prelude to large animal studies (Liu et al., 2015), Ad.BMP-2 modified muscle grafts from sheep were found to induce bridging repair in femoral defects of immune compromised rats. Importantly, mechanistic tracking studies using Ad.BMP-2 modified muscle grafts from transgenic GFP + donors demonstrated that the interstitial cells in the graft, secreted transgenic BMP-2 and differentiated into chondro-osseous cells in the endochondral repair milieu, and stably contributed to the bony repair tissue. These findings show a direct functional contribution of exogenous, genetically modified MSC-like cells in tissue healing and repair. This efficient, technically straightforward approach simultaneously solves multiple challenges that confound tissue engineering strategies in skeletal repair (De la Vega et al., 2020; De la Vega et al., 2021).
As with gene-based therapies in general, the induction of CTL responses targeted to the modified cell populations can significantly impede efficacy (Egermann et al., 2006b). In some cases, rapid, high-level induction of transgene expression can stimulate repair responses that outpace the emergence of antigen-targeted CTLs. Immune reactivity varies with species, anatomic location, transgene, as well as vector quality and purity. In studies of bone repair, the cDNAs used most frequently are of human origin, and amino acid (AA) sequence conservation can vary widely among animal species. For example, the AA sequence of human BMP-2 is 100% identical to that of the rat, but only shares 95.7% identity with the rabbit orthologue and 93.7% similarity with sheep. Due to varying levels of immunogenicity among different species, gene delivery of human BMP-2 can produce inconsistent results in these and other model systems. In some circumstances, immune-mediated failure can be averted by transient immune suppression with pharmaceuticals, such as FK506 (De la Vega et al., 2020; De la Vega et al., 2021). Encapsulation of immunogenic cells in hydrogel microspheres sufficiently permeable to allow diffusion of BMP-2 (or other gene products), but sufficiently dense to shield the cells from immune surveillance was found to prevent CTL activation to allow prolonged survival and transgene expression (Sonnet et al., 2013). Effective immune suppression or shielding of allogenic cells could streamline ex vivo gene delivery dramatically, to provide an off-the-shelf cell source with validated osteoinductive activity available for use in cases of acute trauma.
Intervertebral Disc
The intervertebral discs (IVD) cushion and protect the vertebral bodies from axial compression and provide the spine with increased flexibility and stability. As the largest avascular tissue, the IVD is principally comprised of fibrocartilaginous ECM, maintained by sparse populations of chondrocytic and fibroblastic cells. The IVD normally undergoes age-related changes in morphology and composition that increase with advancing years (Boos et al., 2002). IVD degeneration (IVDD), however, is a distinct pathologic condition involving age-accelerated tissue degradation leading to structural failure (Dowdell et al., 2017). Though its etiology is poorly understood, IVDD is widely attributed to the interplay of genetic predisposition and environmental factors (Wong et al., 2019). Progressive loss of ECM structure and cellularity alters the disc mechanics causing overloading, deformation and persistent, often debilitating, pain (Sakai and Grad, 2015).
The core of the IVD, the nucleus pulposus (NP) is comprised of type II collagen and elastin fibers that enmesh a hydrated gelatinous matrix of aggrecan. The matrix is populated at low density with cells of notochordal or chondrocytic phenotype. The cushioning capacity of the IVD stems from the bottle-brush structure and electrostatic charge of the glycosaminoglycan chains bound to the aggrecan core protein, which imbibe water and constrain its flow under mechanical pressure (Dowdell et al., 2017). The anulus fibrosus (AF) surrounds the NP, forming a fibrous boundary of concentric lamellar bands of collagens I and III that prevent its deformation under loading. The thin cartilaginous end plates (CEPs) above and below the NP and AF, are composed of hyaline-like cartilage and bind the fibrocartilaginous disc to the bony end plates of the adjacent vertebrae. Nutrition is provided to the avascular IVD by diffusion from capillary beds in adjacent vertebral bodies. Furthest from the blood supply, the NP cells are adapted to anaerobic metabolism, creating a hypoxic environment high in lactate with low pH (Sakai and Grad, 2015).
IVDD pathogenesis reflects declines in vertebral vascularity (Dowdell et al., 2017) and CEP permeability (Boos et al., 2002; Wong et al., 2019) that increasingly limit oxygen and nutrient availability. Metabolic stress in the IVD cells (Kadow et al., 2015) coupled with inflammatory signaling and/or oxidative stresses from environmental factors (e.g., smoking, obesity, genetic polymorphism etc.) induces production of MMPs, aggrecanases, proteolytic enzymes, and pro-inflammatory cytokines that disrupt ECM homeostasis in favor of catabolism (Dowdell et al., 2017). In the NP, the loss of proteoglycan content and increased deposition of collagen fibers increases its stiffness and diminishes hydraulic cushioning (Kadow et al., 2015). As the IVD loses height and clefts begin to form increased physical stress causes the NP cells to adopt a fibroblastic phenotype and increase production of inflammatory mediators and MMPs. Regional cell populations begin to senesce or die from apoptosis and necrosis. The AF undergoes similar degradative changes, including proteoglycan loss and dehydration. The collagen fibers become disorganized, stiffer, and weaker, and the collagen-elastin network gradually deteriorates. As fissures begin to form, leakage of inflammatory cytokines and degenerative byproducts stimulates vascular and neural ingress (Kadow et al., 2015), contributing to discogenic pain (Freemont et al., 2002). Rupture of the weakened AF causes the disc to bulge or prolapse from the vertebral column; impingement of adjacent neural structures causes local pain that often radiates to the extremities. The failure of one disc accelerates the deterioration of adjacent discs and induces pathologic changes in the supporting spinal structures. Conventional therapies (e.g., steroid injection, physical therapy, spinal arthrodesis/fusion), can provide symptomatic relief, but have no effect on disc structure or the underlying degenerative processes.
Studies of disc biology have identified numerous gene products with therapeutic potential in IVDD, but diminished bioactivity in recombinant form and brief half-life in vivo limit their efficacy. Moreover, the insertion of a needle into the IVD can initiate or exacerbate disc degeneration and is used routinely to induce experimental IVDD (Carragee et al., 2009; Cuellar et al., 2016). While adverse effects can be minimized with careful technique (Kang, 2010), approaches requiring repeat injection are ill-suited to IVDD. Gene transfer technologies, however, provide the capacity for sustained targeted delivery of therapeutic gene products with a single injection. The dense ECM has a profound impact on the dispersion of vectors and cells that must be factored into the design of the treatment strategy.
Investigations of IVDD gene therapy follow two directions: 1) blocking degenerative progression by inhibiting inflammatory signaling and/or ECM proteolysis, or 2) repair/regeneration by increasing the cellularity and ECM synthesis. The best delivery strategies remain unclear. Direct intra-discal injection of recombinant vectors provides ease of application, while ex vivo approaches, in addition to transgenic expression provide supplemental cells to augment the biosynthetic capacity of degenerate disc.
Initial studies of IVD gene transfer involved intra-discal injection of a first-generation Ad vector containing the LacZ reporter gene (Nishida et al., 1998). Histologic assays showed effective transduction of NP cells, but reporter activity was limited to cell populations adjacent to the needle track. Remarkably, despite the use of an immunogenic vector and transgene, reporter activity was sustained for 12 months, demonstrating the quiescence of the NP cells in situ and their sequestration from immune surveillance (Nishida et al., 1998). Despite limited vector dissemination, enhanced matrix production and protection has been reported in experimental models of IVDD following intra-discal gene delivery of factors, such as TGF-β1 (Nishida et al., 1999), TGF-β3, IGF-1, BMP-2 (Leckie et al., 2012), GDF-5 (Liang et al., 2010), and TIMP-1 (Leckie et al., 2012; Yue et al., 2016) and various RNAi molecules with several viral vectors, including recombinant AAV, lentivirus and adenovirus. If the IVD ECM provides a barrier to lymphocyte populations then it will similarly obstruct the entry of and dispersion of injected MSCs.
Existing data indicate that AAV and Ad vectors, and by extension lentiviral vectors, are unable to penetrate and traverse the NP matrix (Nishida et al., 1998; Nishida et al., 1999; Lattermann et al., 2005). Dense concentrations of proteoglycans and glycosaminoglycan chains impede the entry of viral particles and form an impenetrable barrier to exogenous cells. Due to the stiffness and low permeability of the ECM, the injection of a fluid volume can increase the local pressures and force the expulsion of suspensions of vector or cells backward through the needle track (Varden et al., 2019) to engage off-target tissues. Studies of ectopic growth factor expression following vector leakage from the rabbit disc found that high doses of Ad.TGF-β1 or Ad.BMP-2 induced severe adverse effects on the central nervous system, including lower limb paralysis, loss of sensory perception and chondro-osseous metaplasia (Levicoff et al., 2008; Watson et al., 2010). These toxicities caution against intra-discal gene delivery of anabolic growth factors for IVDD (Kadow et al., 2015).
Regarding ex vivo approaches, endogenous subpopulations of notochordal and MSC-like cells are already adapted to the hostile growth environment, but limited supply and invasiveness of harvest likely limit their use in cellular therapies. MSCs from bone marrow or fat are more abundant and accessible and can be induced into an NP-like phenotype in vitro. The harsh growth environment and ECM content complicate effective delivery leaving questions of the utility of cell-based therapies in IVDD. Despite these fundamental technical barriers clinical trials are currently investigating the local delivery of unmodified MSCs in IVDD (Crevensten et al., 2004). Tracking studies of GFP-labeled MSCs following intra-discal injection found very few GFP + cells remained within the body of the disc, but instead were predominantly located in osteophytes in the adjacent vertebral bodies, consistent with ectopic colonization following egress from disc (Vadalà et al., 2012). Studies from others show that the limited number of cells retained in the disc are localized in clusters at the injection site (Maidhof et al., 2017) and die within a few weeks of delivery. To date, there is no proven method by which exogenous cells, genetically modified or otherwise, can be delivered to the IVD and enhance the cellular content or substantively contribute to ECM synthesis or repair (Sakai and Andersson, 2015; Tao et al., 2016; Loibl et al., 2019; Binch et al., 2021).
While currently topical, successful use of RNAi or gene editing technologies would require functional modification of a majority of the cells throughout the volume of the IVD. Regardless of the vector type or delivery approach, existing data indicate that intra-discal gene transfer with this level of pervasion and efficiency is currently unachievable (Lin et al., 2021). Due to concerns with leakage post-injection, IVDD does not appear to be a reasonable target for gene delivery of anabolic growth factors, or ex vivo methods in general (Kadow et al., 2015). Considering the available data, delivery of cDNAs for secreted anti-inflammatory gene-products without agonist activity, such as IL-1Ra (Le Maitre et al., 2007), currently appear to have the greatest potential for clinical translation.
Tendon and Ligament
Tendons and ligaments are the prototypical “connective” tissues. Tendons transmit contractile forces of muscle to bones to enable movement and locomotion, while ligaments connect opposing bones at sites of articulation to provide structural stability. As tendon and ligament have related functions, they have similar architectures and are assembled predominately of collagens I and III, which give the tissues tensile strength; proteoglycans, elastic fibers, and water provide viscoelasticity (Zhao et al., 2021). Both ligament and tendon represent hierarchical structures of collagen fiber bundles surrounded by loose connective tissues that provide vasculature and innervation. The resident cell populations (tenocytes and ligament fibroblasts) represent minor components of their respective tissues. Uniformly distributed along the lengths of the collagen fibers they maintain matrix quality and facilitate repair (Docheva et al., 2015). Tendon/ligament injuries and ruptures are common and occur in joints throughout the body, but the anterior cruciate ligament (Grassi et al., 2020), rotator cuff (Tashjian, 2012) and Achilles tendon (Raikin et al., 2013) are among the most commonly affected. The underlying bases for injury arise from a combination of intrinsic influences (e.g., age, muscle weakness, gender, genetics) and extrinsic factors (trauma, nutrition, exercise, smoking, overloading etc.) (Ilaltdinov et al., 2021).
Healthy tendon tissue has the potential to self-repair if the ends of the fractured tissue are in direct contact and the vascular connective tissue remains intact (Docheva et al., 2015). However, the process is extremely slow and inefficient due to the limited vascularity, cellularity, and low growth factor activity. In most patients, especially seniors, ineffective remodeling and maturation (Kader et al., 2002) generate repair tissue resembling poorly aligned scar tissue with reduced tensile strength and increased risk of re- injury (Sharma and Maffulli, 2005).
Throughout the repair process a wide range of growth factors participate in various stages to promote the deposition of different ECM components and stimulate angiogenesis and fibroblast proliferation (Docheva et al., 2015). In efforts to enhance the natural processes, various biological approaches have been examined, including the local delivery of recombinant growth factors, MSCs and biomaterials (cell-seeded or alone), but have failed to enhance the strength or quality of repair tissues.
In the milieu of prolonged repair, gene-based strategies provide the capacity for sustained delivery of factors to stimulate the synthesis of endogenous signaling molecules, transcription factors and ECM components in the target tissue(s). In this respect, most viral vectors have been shown to deliver and express marker genes and reporters with reasonable efficiency to the ligaments and tendons of animal models by both in vivo and ex vivo methods (Gerich et al., 1997; Hildebrand et al., 1999). Most repair strategies have employed the use of cDNAs for growth factors and proteins associated with tendon/ligament development, including BMP-12/GDF-7, (Lou et al., 2001; Majewski et al., 2008), BMP-14/GDF-5 (Basile et al., 2008; Hasslund et al., 2014), Scleraxis (SCX) (Hsieh et al., 2016), Mowhawk Homeobox (MKX) (Otabe et al., 2015), RUNX-2 (Zhang et al., 2016), periostin (POSTN) (Noack et al., 2014) and tenomodulin (TNMD) (Jiang et al., 2017) alone and in combination. Other cDNAs such as BMP-2, BMP-4 (Coen et al., 2011), Smad-8 (Hoffmann et al., 2006), TGF-β1 (Majewski et al., 2012) VEGF (Tang et al., 2016), and IGF-1 known to increase cellularity, vascularity and ECM deposition have also been tested. The use of gene transfer to aid assimilation of transplanted ligament or tendon tissues to bone following ligament reconstruction surgery has been examined with some success (Martinek et al., 2002; Zhang et al., 2016; Bez et al., 2018).
DISCUSSION
The proof-of-concept, that gene transfer can be used as a drug delivery system in orthopaedic conditions is well-established in a broad range of disease/injury models. Toward clinical translation, gene therapy for osteoarthritis has progressed furthest, with two phase I studies examining direct intra-articular gene transfer of IL-1Ra. A phase III trial involving local injection of 293 cells modified to express TGF-β1 mixed with allogenic chondrocytes is listed on the clinical trials registry, but its current status is uncertain, and controversy continues to surround this treatment strategy.
Among the other areas, bone repair appears the closest to clinical testing. Many studies have shown that various methods of delivering cDNAs for osteoinductive factors can serve as an autograft substitute or adjunct in critical-sized skeletal defects in rodent models, but remarkably few have progressed into large animals (Southwood et al., 2012). Those that have, primarily addressed issues of feasibility (Ishihara et al., 2010a; Ishihara et al., 2010b) with variable levels of success, indicating that technical issues of scale-up remain to be resolved (Wilkinson et al., 2021). Regarding cartilage repair, little has advanced toward a clinical setting, especially findings relating to genetically modified MSCs.
Among the experimental gene therapies under investigation for skeletal disorders, the wide discrepancies among research groups regarding vectors, transgenes, delivery methods, experimental species, injury and disease models etc. prohibit direct comparisons of efficacy and elucidation of the technologies best-suited to individual applications. The majority of published accounts describe one-off studies involving an arbitrary dose of an uncharacterized vector or inhibitory RNA without supporting pharmacologic data. For the broader field to advance, a marked shift away from phenomenology is desperately needed. For both in vivo and ex vivo procedures longitudinal cytologic tracking studies are necessary to establish the spatiotemporal patterns of transgene expression among the modified cell populations, and the nature and extent that transgene expression influences the repair environment. In this respect, small animals fail to represent the size and 3-dimensional volume of human tissues and underestimate the challenges of clinical treatment. The use of large animal models is especially important for these types of investigations. Unfortunately, the value and clinical relevance of studies performed in large animals is often unrecognized by grant reviewers as applications receive low scores for not being “hypothesis driven” or sufficiently innovative or mechanistic. These data, though, are pivotal to clinical translation and are required by the FDA for testing advanced therapeutic medicinal products (ATMPs) in human subjects (Ribitsch et al., 2020).
AUTHOR CONTRIBUTIONS
SG and CE contributed to the conception and design of the review. SG, RW-L, GP, PL, AD, and CE wrote sections, and SG compiled the first draft of the manuscript. All authors reviewed the manuscript, read, and approved the submitted version.
FUNDING
Work in CHE’s laboratory was supported by grants W81XWH-16-1-0540 from the U.S. Department of Defense, R01 AR074395 from the National Institute of Arthritis Musculoskeletal and Skin Diseases and the John and Posy Krebiel Professorship in Orthopedics. Work in SCG’s laboratory was supported by grants W81XWH-14-1-0498 and W81XWH-19-1-0515 from the U.S. Department of Defense.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aghaloo, T., Jiang, X., Soo, C., Zhang, Z., Zhang, X., Hu, J., et al. (2007). A Study of the Role of Nell-1 Gene Modified Goat Bone Marrow Stromal Cells in Promoting New Bone Formation. Mol. Ther. 15, 1872–1880. doi:10.1038/sj.mt.6300270
 Alaee, F., Bartholomae, C., Sugiyama, O., Virk, M., Drissi, H., Wu, Q., et al. (2015). Biodistribution of LV-TSTA Transduced Rat Bone Marrow Cells Used for "Ex-Vivo" Regional Gene Therapy for Bone Repair. Cgt 15, 481–491. doi:10.2174/1566523215666150812120229
 Alba, R., Bosch, A., and Chillon, M. (2005). Gutless Adenovirus: Last-Generation Adenovirus for Gene Therapy. Gene Ther. 12 (Suppl. 1), S18–S27. doi:10.1038/sj.gt.3302612
 Alluri, R., Song, X., Bougioukli, S., Pannell, W., Vakhshori, V., Sugiyama, O., et al. (2019). Regional Gene Therapy with 3D Printed Scaffolds to Heal Critical Sized Bone Defects in a Rat Model. J. Biomed. Mater Res. 107, 2174–2182. doi:10.1002/jbm.a.36727
 Altawalah, H. (2021). Antibody Responses to Natural SARS-CoV-2 Infection or after COVID-19 Vaccination. Vaccines (Basel) 9, 910. doi:10.3390/vaccines9080910
 Ankrum, J. A., Ong, J. F., and Karp, J. M. (2014). Mesenchymal Stem Cells: Immune Evasive, Not Immune Privileged. Nat. Biotechnol. 32, 252–260. doi:10.1038/nbt.2816
 Aono, A., Hazama, M., Notoya, K., Taketomi, S., Yamasaki, H., Tsukuda, R., et al. (1995). Potent Ectopic Bone-Inducing Activity of Bone Morphogenetic Protein-4/7 Heterodimer. Biochem. Biophysical Res. Commun. 210, 670–677. doi:10.1006/bbrc.1995.1712
 Balmayor, E. R., and Evans, C. H. (2019). RNA Therapeutics for Tissue Engineering. Tissue Eng. Part A 25, 9–11. doi:10.1089/ten.tea.2018.0315
 Baltzer, A. W. A., Lattermann, C., Whalen, J. D., Wooley, P., Weiss, K., Grimm, M., et al. (2000). Genetic Enhancement of Fracture Repair: Healing of an Experimental Segmental Defect by Adenoviral Transfer of the BMP-2 Gene. Gene Ther. 7, 734–739. doi:10.1038/sj.gt.3301166
 Baltzer, A. W. A., Whalen, J. D., Stefanovic-Racic, M., Ziran, B., Robbins, P. D., and Evans, C. H. (1999). Adenoviral Transduction of Human Osteoblastic Cell Cultures: a New Perspective for Gene Therapy of Bone Diseases. Acta Orthop. Scand. 70, 419–424. doi:10.3109/17453679909000974
 Bandara, G., Mueller, G. M., Galea-Lauri, J., Tindal, M. H., Georgescu, H. I., Suchanek, M. K., et al. (1993). Intraarticular Expression of Biologically Active Interleukin 1-Receptor-Antagonist Protein by Ex Vivo Gene Transfer. Proc. Natl. Acad. Sci. U.S.A. 90, 10764–10768. doi:10.1073/pnas.90.22.10764
 Bara, J. J., Herrmann, M., Evans, C. H., Miclau, T., Ratcliffe, A., and Richards, R. G. (2016). Improving Translation Success of Cell-Based Therapies in Orthopaedics. J. Orthop. Res. 34, 17–21. doi:10.1002/jor.23055
 Barnes, B., Boden, S. D., Louis-Ugbo, J., Tomak, P. R., Park, J.-S., Park, M.-S., et al. (2005). Lower Dose of rhBMP-2 Achieves Spine Fusion when Combined with an Osteoconductive Bulking Agent in Non-human Primates. Spine 30, 1127–1133. doi:10.1097/01.brs.0000162623.48058.8c
 Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., et al. (2007). CRISPR Provides Acquired Resistance against Viruses in Prokaryotes. Science 315, 1709–1712. doi:10.1126/science.1138140
 Barrett, J. R., Belij-Rammerstorfer, S., Dold, C., Ewer, K. J., Folegatti, P. M., Gilbride, C., et al. (2021). Phase 1/2 Trial of SARS-CoV-2 Vaccine ChAdOx1 nCoV-19 with a Booster Dose Induces Multifunctional Antibody Responses. Nat. Med. 27, 279–288. doi:10.1038/s41591-020-01179-4
 Basile, P., Dadali, T., Jacobson, J., Hasslund, S., Ulrich-Vinther, M., Søballe, K., et al. (2008). Freeze-dried Tendon Allografts as Tissue-Engineering Scaffolds for Gdf5 Gene Delivery. Mol. Ther. 16, 466–473. doi:10.1038/sj.mt.6300395
 Beasley, B. E., and Hu, W.-S. (2002). Cis - Acting Elements Important for Retroviral RNA Packaging Specificity. J. Virol. 76, 4950–4960. doi:10.1128/jvi.76.10.4950-4960.2002
 Benglis, D., Wang, M. Y., and Levi, A. D. (2008). A Comprehensive Review of the Safety Profile of Bone Morphogenetic Protein in Spine Surgery. Neurosurgery 62, ONS423–ONS431. discussion ONS431. doi:10.1227/01.neu.0000326030.24220.d8
 Bengtsson, N. E., Hall, J. K., Odom, G. L., Phelps, M. P., Andrus, C. R., Hawkins, R. D., et al. (2017). Muscle-specific CRISPR/Cas9 Dystrophin Gene Editing Ameliorates Pathophysiology in a Mouse Model for Duchenne Muscular Dystrophy. Nat. Commun. 8, 14454. doi:10.1038/ncomms14454
 Berglund, A. K., Fortier, L. A., Antczak, D. F., and Schnabel, L. V. (2017). Immunoprivileged No More: Measuring the Immunogenicity of Allogeneic Adult Mesenchymal Stem Cells. Stem Cell. Res. Ther. 8, 288. doi:10.1186/s13287-017-0742-8
 Bessho, K., Kusumoto, K., Fujimura, K., Konishi, Y., Ogawa, Y., Tani, Y., et al. (1999). Comparison of Recombinant and Purified Human Bone Morphogenetic Protein. Br. J. Oral Maxillofac. Surg. 37, 2–5. doi:10.1054/bjom.1998.0379
 Betz, O. B., Betz, V. M., Abdulazim, A., Penzkofer, R., Schmitt, B., Schröder, C., et al. (2010). The Repair of Critical-Sized Bone Defects Using Expedited, AutologousBMP-2Gene-Activated Fat Implants. Tissue Eng. Part A 16, 1093–1101. doi:10.1089/ten.tea.2009.0656
 Betz, V. M., Betz, O. B., Rosin, T., Keller, A., Thirion, C., Salomon, M., et al. (2016). An Expedited Approach for Sustained Delivery of Bone Morphogenetic Protein-7 to Bone Defects Using Gene Activated Fragments of Subcutaneous Fat. J. Gene Med. 18, 199–207. doi:10.1002/jgm.2892
 Betz, V. M., Betz, O. B., Rosin, T., Keller, A., Thirion, C., Salomon, M., et al. (2015). The Effect of BMP-7 Gene Activated Muscle Tissue Implants on the Repair of Large Segmental Bone Defects. Injury 46, 2351–2358. doi:10.1016/j.injury.2015.09.016
 Bez, M., Kremen, T. J., Tawackoli, W., Avalos, P., Sheyn, D., Shapiro, G., et al. (2018). Ultrasound-Mediated Gene Delivery Enhances Tendon Allograft Integration in Mini-Pig Ligament Reconstruction. Mol. Ther. 26, 1746–1755. doi:10.1016/j.ymthe.2018.04.020
 Bez, M., Pelled, G., and Gazit, D. (2020). BMP Gene Delivery for Skeletal Tissue Regeneration. Bone 137, 115449. doi:10.1016/j.bone.2020.115449
 Bianco, P., Robey, P. G., and Simmons, P. J. (2008). Mesenchymal Stem Cells: Revisiting History, Concepts, and Assays. Cell. Stem Cell. 2, 313–319. doi:10.1016/j.stem.2008.03.002
 Bilousova, G., Jun, D. H., King, K. B., De Langhe, S., Chick, W. S., Torchia, E. C., et al. (2011). Osteoblasts Derived from Induced Pluripotent Stem Cells Form Calcified Structures in Scaffolds Both In Vitro and In Vivo. Stem Cells 29, 206–216. doi:10.1002/stem.566
 Binch, A. L. A., Fitzgerald, J. C., Growney, E. A., and Barry, F. (2021). Cell-based Strategies for IVD Repair: Clinical Progress and Translational Obstacles. Nat. Rev. Rheumatol. 17, 158–175. doi:10.1038/s41584-020-00568-w
 Bobick, B. E., Chen, F. H., Le, A. M., and Tuan, R. S. (2009). Regulation of the Chondrogenic Phenotype in Culture. Birth Defect Res. C 87, 351–371. doi:10.1002/bdrc.20167
 Boden, S. D., Titus, L., Hair, G., Liu, Y., Viggeswarapu, M., Nanes, M. S., et al. (1998). 1998 Volvo Award Winner in Basic Science Studies. Spine 23, 2486–2492. doi:10.1097/00007632-199812010-00003
 Boggs, S. S., Patrene, K. D., Mueller, G. M., Evans, C. H., Doughty, L. A., and Robbins, P. D. (1995). Prolonged Systemic Expression of Human IL-1 Receptor Antagonist (hIL-1ra) in Mice Reconstituted with Hematopoietic Cells Transduced with a Retrovirus Carrying the hIL-1ra cDNA. Gene Ther. 2, 632–638.
 Boos, N., Weissbach, S., Rohrbach, H., Weiler, C., Spratt, K. F., and Nerlich, A. G. (2002). Classification of Age-Related Changes in Lumbar Intervertebral Discs. Spine 27, 2631–2644. doi:10.1097/00007632-200212010-00002
 Bostrom, M. P. G., and Camacho, N. P. (1998). Potential Role of Bone Morphogenetic Proteins in Fracture Healing. Clin. Orthop. Relat. Res. 355S, S274–S282. doi:10.1097/00003086-199810001-00028
 Bougioukli, S., Alluri, R., Pannell, W., Sugiyama, O., Vega, A., Tang, A., et al. (2019). Ex Vivo gene Therapy Using Human Bone Marrow Cells Overexpressing BMP-2: "Next-Day" Gene Therapy versus Standard "Two-step" Approach. Bone 128, 115032. doi:10.1016/j.bone.2019.08.005
 Bougioukli, S., Evans, C. H., Alluri, R. K., Ghivizzani, S. C., and Lieberman, J. R. (2018a). Gene Therapy to Enhance Bone and Cartilage Repair in Orthopaedic Surgery. Cgt 18, 154–170. doi:10.2174/1566523218666180410152842
 Bougioukli, S., Sugiyama, O., Pannell, W., Ortega, B., Tan, M. H., Tang, A. H., et al. (2018b). Gene Therapy for Bone Repair Using Human Cells: Superior Osteogenic Potential of Bone Morphogenetic Protein 2-Transduced Mesenchymal Stem Cells Derived from Adipose Tissue Compared to Bone Marrow. Hum. Gene Ther. 29, 507–519. doi:10.1089/hum.2017.097
 Broderick, J. A., and Zamore, P. D. (2011). MicroRNA Therapeutics. Gene Ther. 18, 1104–1110. doi:10.1038/gt.2011.50
 Brooks, Aes., Iminitoff, M., Williams, E., Damani, T., Jackson-Patel, V., Fan, V., et al. (2019). Ex Vivo Human Adipose Tissue Derived Mesenchymal Stromal Cells (ASC) Are a Heterogeneous Population that Demonstrate Rapid Culture-Induced Changes. Front. Pharmacol. 10, 1695. doi:10.3389/fphar.2019.01695
 Bulcha, J. T., Wang, Y., Ma, H., Tai, P. W. L., and Gao, G. (2021). Viral Vector Platforms within the Gene Therapy Landscape. Sig Transduct. Target Ther. 6, 53. doi:10.1038/s41392-021-00487-6
 Calcedo, R., Vandenberghe, L. H., Gao, G., Lin, J., and Wilson, J. M. (2009). Worldwide Epidemiology of Neutralizing Antibodies to Adeno‐Associated Viruses. J. Infect. Dis. 199, 381–390. doi:10.1086/595830
 Caldwell, K. L., and Wang, J. (2015). Cell-based Articular Cartilage Repair: the Link between Development and Regeneration. Osteoarthr. Cartil. 23, 351–362. doi:10.1016/j.joca.2014.11.004
 Cao, J., Hou, S., Ding, H., Liu, Z., Song, M., Qin, X., et al. (2016). In Vivo Tracking of Systemically Administered Allogeneic Bone Marrow Mesenchymal Stem Cells in Normal Rats through Bioluminescence Imaging. Stem Cells Int. 2016, 3970942. doi:10.1155/2016/3970942
 Caplan, A. I. (1991). Mesenchymal Stem Cells. J. Orthop. Res. 9, 641–650. doi:10.1002/jor.1100090504
 Caplan, A. I. (2017). Mesenchymal Stem Cells: Time to Change the Name!. Stem Cells Transl. Med. 6, 1445–1451. doi:10.1002/sctm.17-0051
 Carlin, C. R. (2019). New Insights to Adenovirus-Directed Innate Immunity in Respiratory Epithelial Cells. Microorganisms 7, 216. doi:10.3390/microorganisms7080216
 Carragee, E. J., Don, A. S., Hurwitz, E. L., Cuellar, J. M., Carrino, J., and Herzog, R. (2009). 2009 ISSLS Prize Winner: Does Discography Cause Accelerated Progression of Degeneration Changes in the Lumbar Disc. Spine 34, 2338–2345. doi:10.1097/brs.0b013e3181ab5432
 Caulfield, T., Sipp, D., Murry, C. E., Daley, G. Q., and Kimmelman, J. (2016). Confronting Stem Cell Hype. Science 352, 776–777. doi:10.1126/science.aaf4620
 Chan, C. K. F., Gulati, G. S., Sinha, R., Tompkins, J. V., Lopez, M., Carter, A. C., et al. (2018). Identification of the Human Skeletal Stem Cell. Cell. 175, 43–56. doi:10.1016/j.cell.2018.07.029
 Chen, J., Lee, E. J., Jing, L., Christoforou, N., Leong, K. W., and Setton, L. A. (2013). Differentiation of Mouse Induced Pluripotent Stem Cells (iPSCs) into Nucleus Pulposus-like Cells In Vitro. PLoS One 8, e75548. doi:10.1371/journal.pone.0075548
 Cho, T.-J., Gerstenfeld, L. C., and Einhorn, T. A. (2002). Differential Temporal Expression of Members of the Transforming Growth Factor β Superfamily during Murine Fracture Healing. J. Bone Min. Res. 17, 513–520. doi:10.1359/jbmr.2002.17.3.513
 Coen, M. J., Chen, S.-T., Rundle, C. H., Wergedal, J. E., and Lau, K.-H. W. (2011). Lentiviral-based BMP4 In Vivo Gene Transfer Strategy Increases Pull-Out Tensile Strength without an Improvement in the Osteointegration of the Tendon Graft in a Rat Model of Biceps Tenodesis. J. Gene Med. 13, 511–521. doi:10.1002/jgm.1604
 Collins, M., and Thrasher, A. (2015). Gene Therapy: Progress and Predictions. Proc. R. Soc. B 282, 20143003. doi:10.1098/rspb.2014.3003
 Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., et al. (2013). Multiplex Genome Engineering Using CRISPR/Cas Systems. Science 339, 819–823. doi:10.1126/science.1231143
 Costantini, A., Muurinen, M. H., and Mäkitie, O. (2021). New Gene Discoveries in Skeletal Diseases with Short Stature. Endocr. Connect. 10, R160–R174. doi:10.1530/ec-21-0083
 Craft, A. M., Rockel, J. S., Nartiss, Y., Kandel, R. A., Alman, B. A., and Keller, G. M. (2015). Generation of Articular Chondrocytes from Human Pluripotent Stem Cells. Nat. Biotechnol. 33, 638–645. doi:10.1038/nbt.3210
 Crevensten, G., Walsh, A. J. L., Ananthakrishnan, D., Page, P., Wahba, G. M., Lotz, J. C., et al. (2004). Intervertebral Disc Cell Therapy for Regeneration: Mesenchymal Stem Cell Implantation in Rat Intervertebral Discs. Ann. Biomed. Eng. 32, 430–434. doi:10.1023/b:abme.0000017545.84833.7c
 Cribbs, A. P., and Perera, S. M. W. (2017). Science and Bioethics of CRISPR-Cas9 Gene Editing: An Analysis towards Separating Facts and Fiction. Yale J. Biol. Med. 90, 625–634.
 Cucchiarini, M., Asen, A.-K., Goebel, L., Venkatesan, J. K., Schmitt, G., Zurakowski, D., et al. (2018). Effects of TGF-β Overexpression via rAAV Gene Transfer on the Early Repair Processes in an Osteochondral Defect Model in Minipigs. Am. J. Sports Med. 46, 1987–1996. doi:10.1177/0363546518773709
 Cuellar, J. M., Stauff, M. P., Herzog, R. J., Carrino, J. A., Baker, G. A., and Carragee, E. J. (2016). Does Provocative Discography Cause Clinically Important Injury to the Lumbar Intervertebral Disc? A 10-year Matched Cohort Study. Spine J. 16, 273–280. doi:10.1016/j.spinee.2015.06.051
 Cullen, B. R. (2005). RNAi the Natural Way. Nat. Genet. 37, 1163–1165. doi:10.1038/ng1105-1163
 Dai, W.-J., Zhu, L.-Y., Yan, Z.-Y., Xu, Y., Wang, Q.-L., and Lu, X.-J. (2016). CRISPR-Cas9 for In Vivo Gene Therapy: Promise and Hurdles. Mol. Ther. - Nucleic Acids 5, e349. doi:10.1038/mtna.2016.58
 De la Vega, R., Coenen, M. J., Coenen, M., Müller, S., Nagelli, C., Quirk, N., et al. (2020). Effects of FK506 on the Healing of Diaphyseal, Critical Size Defects in the Rat Femur. eCM 40, 160–171. doi:10.22203/ecm.v040a10
 De la Vega, R. E., Atasoy-Zeybek, A., Panos, J. A., Van Griensven, M., Evans, C. H., and Balmayor, E. R. (2021). Gene Therapy for Bone Healing: Lessons Learned and New Approaches. Transl. Res. 236, 1–16. doi:10.1016/j.trsl.2021.04.009
 Desando, G., Cavallo, C., Sartoni, F., Martini, L., Parrilli, A., Veronesi, F., et al. (2013). Intra-articular Delivery of Adipose Derived Stromal Cells Attenuates Osteoarthritis Progression in an Experimental Rabbit Model. Arthritis Res. Ther. 15, R22. doi:10.1186/ar4156
 Docheva, D., Müller, S. A., Majewski, M., and Evans, C. H. (2015). Biologics for Tendon Repair. Adv. Drug Deliv. Rev. 84, 222–239. doi:10.1016/j.addr.2014.11.015
 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause, D. S., et al. (2006). Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy Position Statement. Cytotherapy 8, 315–317. doi:10.1080/14653240600855905
 Dowdell, J., Erwin, M., Choma, T., Vaccaro, A., Iatridis, J., and Cho, S. K. (2017). Intervertebral Disk Degeneration and Repair. Neurosurgery 80, S46–S54. doi:10.1093/neuros/nyw078
 Dudek, A. M., Pillay, S., Puschnik, A. S., Nagamine, C. M., Cheng, F., Qiu, J., et al. (2018). An Alternate Route for Adeno-Associated Virus (AAV) Entry Independent of AAV Receptor. J. Virol. 92, e02213–17. doi:10.1128/JVI.02213-17
 Dull, T., Zufferey, R., Kelly, M., Mandel, R. J., Nguyen, M., Trono, D., et al. (1998). A Third-Generation Lentivirus Vector with a Conditional Packaging System. J. Virol. 72, 8463–8471. doi:10.1128/jvi.72.11.8463-8471.1998
 Dunbar, C. E., High, K. A., Joung, J. K., Kohn, D. B., Ozawa, K., and Sadelain, M. (2018). Gene Therapy Comes of Age. Science 359, eaan4672. doi:10.1126/science.aan4672
 Durand, S., and Cimarelli, A. (2011). The inside Out of Lentiviral Vectors. Viruses 3, 132–159. doi:10.3390/v3020132
 Dyer, O. (2020). Health Ministers Condemn Novartis Lottery for Zolgensma, the World's Most Expensive Drug. BMJ 368, m580. doi:10.1136/bmj.m580
 Ede, C., Chen, X., Lin, M.-Y., and Chen, Y. Y. (2016). Quantitative Analyses of Core Promoters Enable Precise Engineering of Regulated Gene Expression in Mammalian Cells. ACS Synth. Biol. 5, 395–404. doi:10.1021/acssynbio.5b00266
 Egermann, M., Baltzer, A. W., Adamaszek, S., Evans, C., Robbins, P., Schneider, E., et al. (2006a). Direct Adenoviral Transfer of Bone Morphogenetic Protein-2 cDNA Enhances Fracture Healing in Osteoporotic Sheep. Hum. Gene Ther. 17, 507–517. doi:10.1089/hum.2006.17.507
 Egermann, M., Lill, C. A., Griesbeck, K., Evans, C. H., Robbins, P. D., Schneider, E., et al. (2006b). Effect of BMP-2 Gene Transfer on Bone Healing in Sheep. Gene Ther. 13, 1290–1299. doi:10.1038/sj.gt.3302785
 Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., and Tuschl, T. (2001). Duplexes of 21-nucleotide RNAs Mediate RNA Interference in Cultured Mammalian Cells. Nature 411, 494–498. doi:10.1038/35078107
 Elverum, K., and Whitman, M. (2020). Delivering Cellular and Gene Therapies to Patients: Solutions for Realizing the Potential of the Next Generation of Medicine. Gene Ther. 27, 537–544. doi:10.1038/s41434-019-0074-7
 Enomoto, T., Akagi, R., Ogawa, Y., Yamaguchi, S., Hoshi, H., Sasaki, T., et al. (2020). Timing of Intra-articular Injection of Synovial Mesenchymal Stem Cells Affects Cartilage Restoration in a Partial Thickness Cartilage Defect Model in Rats. Cartilage 11, 122–129. doi:10.1177/1947603518786542
 Evans, C., Gouze, J., Gouze, E., Robbins, P., and Ghivizzani, S. (2004). Osteoarthritis Gene Therapy. Gene Ther. 11, 379–389. doi:10.1038/sj.gt.3302196
 Evans, C. H., Ghivizzani, S. C., Lechman, E. R., Mi, Z., Jaffurs, D., and Robbins, P. D. (1999). Lessons Learned from Gene Transfer Approaches. Arthritis Res. 1, 21–24. doi:10.1186/ar6
 Evans, C. H., Ghivizzani, S. C., and Robbins, P. D. (2018a). Arthritis Gene Therapy Is Becoming a Reality. Nat. Rev. Rheumatol. 14, 381–382. doi:10.1038/s41584-018-0009-5
 Evans, C. H., Ghivizzani, S. C., and Robbins, P. D. (2018b). Gene Delivery to Joints by Intra-articular Injection. Hum. Gene Ther. 29, 2–14. doi:10.1089/hum.2017.181
 Evans, C. H., Ghivizzani, S. C., and Robbins, P. D. (2021). Orthopaedic Gene Therapy: Twenty-Five Years on. JBJS Rev. 9, 10.2106/JBJS.RVW.20.00220. doi:10.2106/jbjs.rvw.20.00220
 Evans, C. H., Kraus, V. B., and Setton, L. A. (2014). Progress in Intra-articular Therapy. Nat. Rev. Rheumatol. 10, 11–22. doi:10.1038/nrrheum.2013.159
 Evans, C. H., Mankin, H. J., Robbins, P. D., Ghivizzani, S. C., Herndon, J. H., Kang, R., et al. (1996). Clinical Trial to Assess the Safety, Feasibility, and Efficacy of Transferring a Potentially Anti-arthritic Cytokine Gene to Human Joints with Rheumatoid Arthritis. University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania. Hum. Gene Ther. 7, 1261–1280. doi:10.1089/hum.1996.7.10-1261
 Evans, C. H., Palmer, G. D., Pascher, A., Porter, R., Kwong, F. N., Gouze, E., et al. (2007). Facilitated Endogenous Repair: Making Tissue Engineering Simple, Practical, and Economical. Tissue Eng. 13, 1987–1993. doi:10.1089/ten.2006.0302
 Evans, C. H., Robbins, P. D., Ghivizzani, S. C., Wasko, M. C., Tomaino, M. M., Kang, R., et al. (2005). Gene Transfer to Human Joints: Progress toward a Gene Therapy of Arthritis. Proc. Natl. Acad. Sci. U.S.A. 102, 8698–8703. doi:10.1073/pnas.0502854102
 Evans, C. H., and Robbins, P. D. (1995a). Possible Orthopaedic Applications of Gene Therapy. J. Bone & Jt. Surg. 77, 1103–1114. doi:10.2106/00004623-199507000-00021
 Evans, C. H., and Robbins, P. D. (1995b). Progress toward the Treatment of Arthritis by Gene Therapy. Ann. Med. 27, 543–546. doi:10.3109/07853899509002466
 Evans, C. H. (2019). The Vicissitudes of Gene Therapy. Bone & Jt. Res. 8, 469–471. doi:10.1302/2046-3758.810.bjr-2019-0265
 Evans, C., Liu, F. J., Liu, F.-J., Glatt, V., Hoyland, J., Kirker-Head, C., et al. (2009). Use of Genetically Modified Muscle and Fat Grafts to Repair Defects in Bone and Cartilage. eCM 18, 96–111. doi:10.22203/ecm.v018a09
 Ewer, K. J., Barrett, J. R., Belij-Rammerstorfer, S., Sharpe, H., Makinson, R., Morter, R., et al. (2021). T Cell and Antibody Responses Induced by a Single Dose of ChAdOx1 nCoV-19 (AZD1222) Vaccine in a Phase 1/2 Clinical Trial. Nat. Med. 27, 270–278. doi:10.1038/s41591-020-01194-5
 Fehse, B., and Roeder, I. (2008). Insertional Mutagenesis and Clonal Dominance: Biological and Statistical Considerations. Gene Ther. 15, 143–153. doi:10.1038/sj.gt.3303052
 Fillingham, Y., and Jacobs, J. (2016). Bone Grafts and Their Substitutes. Bone & Jt. J. 98-B, 6–9. doi:10.1302/0301-620x.98b.36350
 Fitzgerald, J. (2020). Applications of CRISPR for Musculoskeletal Research. Bone & Jt. Res. 9, 351–359. doi:10.1302/2046-3758.97.bjr-2019-0364.r2
 Freemont, A. J., Watkins, A., Le Maitre, C., Baird, P., Jeziorska, M., Knight, M. T. N., et al. (2002). Nerve Growth Factor Expression and Innervation of the Painful Intervertebral Disc. J. Pathol. 197, 286–292. doi:10.1002/path.1108
 Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S. (1970). The Development of Fibroblast Colonies in Monolayer Cultures of guinea-pig Bone Marrow and Spleen Cells. Cell. Prolif. 3, 393–403. doi:10.1111/j.1365-2184.1970.tb00347.x
 Friedenstein, A. J., Chailakhyan, R. K., Latsinik, N. V., Panasyuk, A. F., and Keiliss-Borok, I. V. (1974). Stromal Cells Responsible for Transferring the Microenvironment of the Hemopoietic Tissues. Transplantation 17, 331–340. doi:10.1097/00007890-197404000-00001
 Friedenstein, A. J., Petrakova, K. V., Kurolesova, A. I., and Frolova, G. P. (1968). Heterotopic Transplants of Bone Marrow. Transplantation 6, 230–247. doi:10.1097/00007890-196803000-00009
 Friedmann, T. (2005). Lessons for the Stem Cell Discourse from the Gene Therapy Experience. Perspect. Biol. Med. 48, 585–591. doi:10.1353/pbm.2005.0089
 Fujimura, K., Bessho, K., Okubo, Y., Kusumoto, K., Segami, N., and Iizuka, T. (2002). The Effect of Fibroblast Growth Factor-2 on the Osteoinductive Activity of Recombinant Human Bone Morphogenetic Protein-2 in Rat Muscle. Archives Oral Biol. 47, 577–584. doi:10.1016/s0003-9969(02)00046-8
 Fujioka-Kobayashi, M., Abd El Raouf, M., Saulacic, N., Kobayashi, E., Zhang, Y., Schaller, B., et al. (2018). Superior Bone-Inducing Potential of rhBMP9 Compared to rhBMP2. J. Biomed. Mat. Res. 106, 1561–1574. doi:10.1002/jbm.a.36359
 Gagnon, K. T., and Corey, D. R. (2019). Guidelines for Experiments Using Antisense Oligonucleotides and Double-Stranded RNAs. Nucleic Acid. Ther. 29, 116–122. doi:10.1089/nat.2018.0772
 Gandhi, A., Liporace, F., Azad, V., Mattie, J., and Lin, S. S. (2006). Diabetic Fracture Healing. Foot Ankle Clin. 11, 805–824. doi:10.1016/j.fcl.2006.06.009
 Gehrke, S., Jérôme, V., and Müller, R. (2003). Chimeric Transcriptional Control Units for Improved Liver-specific Transgene Expression. Gene 322, 137–143. doi:10.1016/j.gene.2003.08.010
 Gendra, E., Colgan, D. F., Meany, B., and Konarska, M. M. (2007). A Sequence Motif in the Simian Virus 40 (SV40) Early Core Promoter Affects Alternative Splicing of Transcribed mRNA. J. Biol. Chem. 282, 11648–11657. doi:10.1074/jbc.m611126200
 Gerhart, T. N., Kirker-Head, C. A., Kriz, M. J., Holtrop, M. E., Hennig, G. E., Hipp, J., et al. (1993). Healing Segmental Femoral Defects in Sheep Using Recombinant Human Bone Morphogenetic Protein. Clin. Orthop. Relat. Res. &NA;, 317–326. doi:10.1097/00003086-199308000-00043
 Gerich, T. G., Kang, R., Fu, F. H., Robbins, P. D., and Evans, C. H. (1997). Gene Transfer to the Patellar Tendon. Knee Surg. 5, 118–123. doi:10.1007/s001670050037
 Ghivizzani, S. C., Oligino, T. J., Robbins, P. D., and Evans, C. H. (2000). Cartilage Injury and Repair. Phys. Med. Rehabilitation Clin. N. Am. 11, 289–307. vi. doi:10.1016/s1047-9651(18)30130-x
 Giannoudis, P., Tzioupis, C., Almalki, T., and Buckley, R. (2007). Fracture Healing in Osteoporotic Fractures: Is it Really Different? A Basic Science Perspective. Injury 38 (Suppl. 1), S90–S99. doi:10.1016/j.injury.2007.02.014
 Glowacki, J. (2015). Demineralized Bone and BMPs: Basic Science and Clinical Utility. J. Oral Maxillofac. Surg. 73, S126–S131. doi:10.1016/j.joms.2015.04.009
 Goldring, M. B., and Berenbaum, F. (2015). Emerging Targets in Osteoarthritis Therapy. Curr. Opin. Pharmacol. 22, 51–63. doi:10.1016/j.coph.2015.03.004
 Goodrich, L. R., Grieger, J. C., Phillips, J. N., Khan, N., Gray, S. J., Mcilwraith, C. W., et al. (2015). scAAVIL-1ra Dosing Trial in a Large Animal Model and Validation of Long-Term Expression with Repeat Administration for Osteoarthritis Therapy. Gene Ther. 22, 536–545. doi:10.1038/gt.2015.21
 Goodrich, L. R., Phillips, J. N., Mcilwraith, C. W., Foti, S. B., Grieger, J. C., Gray, S. J., et al. (2013). Optimization of scAAVIL-1ra In Vitro and In Vivo to Deliver High Levels of Therapeutic Protein for Treatment of Osteoarthritis. Mol. Ther. - Nucleic Acids 2, e70. doi:10.1038/mtna.2012.61
 Gopalkrishnan, R., Christiansen, K. A., Goldstein, N. I., Depinho, R. A., and Fisher, P. B. (1999). Use of the Human EF-1alpha Promoter for Expression Can Significantly Increase Success in Establishing Stable Cell Lines with Consistent Expression: a Study Using the Tetracycline-Inducible System in Human Cancer Cells. Nucleic Acids Res. 27, 4775–4782. doi:10.1093/nar/27.24.4775
 Gouze, E., Gouze, J.-N., Palmer, G. D., Pilapil, C., Evans, C. H., and Ghivizzani, S. C. (2007). Transgene Persistence and Cell Turnover in the Diarthrodial Joint: Implications for Gene Therapy of Chronic Joint Diseases. Mol. Ther. 15, 1114–1120. doi:10.1038/sj.mt.6300151
 Graceffa, V., Vinatier, C., Guicheux, J., Evans, C. H., Stoddart, M., Alini, M., et al. (2018). State of Art and Limitations in Genetic Engineering to Induce Stable Chondrogenic Phenotype. Biotechnol. Adv. 36, 1855–1869. doi:10.1016/j.biotechadv.2018.07.004
 Grady, S. T., Britton, L., Hinrichs, K., Nixon, A. J., and Watts, A. E. (2019). Persistence of Fluorescent Nanoparticle-Labelled Bone Marrow Mesenchymal Stem Cells In Vitro and after Intra-articular Injection. J. Tissue Eng. Regen. Med. 13, 191–202. doi:10.1002/term.2781
 Graham, F. L., Russell, W. C., Smiley, J., and Nairn, R. (1977). Characteristics of a Human Cell Line Transformed by DNA from Human Adenovirus Type 5. J. Gen. Virol. 36, 59–72. doi:10.1099/0022-1317-36-1-59
 Grassi, A., Macchiarola, L., Filippini, M., Lucidi, G. A., Della Villa, F., and Zaffagnini, S. (2020). Epidemiology of Anterior Cruciate Ligament Injury in Italian First Division Soccer Players. Sports Health 12, 279–288. doi:10.1177/1941738119885642
 Gray, S. J., Foti, S. B., Schwartz, J. W., Bachaboina, L., Taylor-Blake, B., Coleman, J., et al. (2011). Optimizing Promoters for Recombinant Adeno-Associated Virus-Mediated Gene Expression in the Peripheral and Central Nervous System Using Self-Complementary Vectors. Hum. Gene Ther. 22, 1143–1153. doi:10.1089/hum.2010.245
 Griffin, D. J., Ortved, K. F., Nixon, A. J., and Bonassar, L. J. (2016). Mechanical Properties and Structure-Function Relationships in Articular Cartilage Repaired Using IGF-I Gene-Enhanced Chondrocytes. J. Orthop. Res. 34, 149–153. doi:10.1002/jor.23038
 Grimm, D., Streetz, K. L., Jopling, C. L., Storm, T. A., Pandey, K., Davis, C. R., et al. (2006). Fatality in Mice Due to Oversaturation of Cellular microRNA/short Hairpin RNA Pathways. Nature 441, 537–541. doi:10.1038/nature04791
 Gruber, R., Koch, H., Doll, B. A., Tegtmeier, F., Einhorn, T. A., and Hollinger, J. O. (2006). Fracture Healing in the Elderly Patient. Exp. Gerontol. 41, 1080–1093. doi:10.1016/j.exger.2006.09.008
 Gruskin, E., Doll, B. A., Futrell, F. W., Schmitz, J. P., and Hollinger, J. O. (2012). Demineralized Bone Matrix in Bone Repair: History and Use. Adv. Drug Deliv. Rev. 64, 1063–1077. doi:10.1016/j.addr.2012.06.008
 Guernet, A., Mungamuri, S. K., Cartier, D., Sachidanandam, R., Jayaprakash, A., Adriouch, S., et al. (2016). CRISPR-barcoding for Intratumor Genetic Heterogeneity Modeling and Functional Analysis of Oncogenic Driver Mutations. Mol. Cell. 63, 526–538. doi:10.1016/j.molcel.2016.06.017
 Gulati, G. S., Murphy, M. P., Marecic, O., Lopez, M., Brewer, R. E., Koepke, L. S., et al. (2018). Isolation and Functional Assessment of Mouse Skeletal Stem Cell Lineage. Nat. Protoc. 13, 1294–1309. doi:10.1038/nprot.2018.041
 Hacein-Bey-Abina, S., Garrigue, A., Wang, G. P., Soulier, J., Lim, A., Morillon, E., et al. (2008). Insertional Oncogenesis in 4 Patients after Retrovirus-Mediated Gene Therapy of SCID-X1. J. Clin. Invest.. 118, 3132–3142. doi:10.1172/jci35700
 Hanawa, H., Kelly, P. F., Nathwani, A. C., Persons, D. A., Vandergriff, J. A., Hargrove, P., et al. (2002). Comparison of Various Envelope Proteins for Their Ability to Pseudotype Lentiviral Vectors and Transduce Primitive Hematopoietic Cells from Human Blood. Mol. Ther. 5, 242–251. doi:10.1006/mthe.2002.0549
 Haniffa, M. A., Collin, M. P., Buckley, C. D., and Dazzi, F. (2009). Mesenchymal Stem Cells: the Fibroblasts' New Clothes?Haematologica 94, 258–263. doi:10.3324/haematol.13699
 Hanson, G., and Coller, J. (2018). Codon Optimality, Bias and Usage in Translation and mRNA Decay. Nat. Rev. Mol. Cell. Biol. 19, 20–30. doi:10.1038/nrm.2017.91
 Hardee, C. L., Arevalo-Soliz, L. M., Hornstein, B. D., and Zechiedrich, L. (2017). Advances in Non-viral DNA Vectors for Gene Therapy. Genes. (Basel) 8, 65. doi:10.3390/genes8020065
 Hasslund, S., Dadali, T., Ulrich-Vinther, M., Søballe, K., Schwarz, E. M., and Awad, H. A. (2014). Freeze-dried Allograft-Mediated Gene or Protein Delivery of Growth and Differentiation Factor 5 Reduces Reconstructed Murine Flexor Tendon Adhesions. J. Tissue Eng. 5, 2041731414528736. doi:10.1177/2041731414528736
 Heckman, J. D., Boyan, B. D., Aufdemorte, T. B., and Abbott, J. T. (1991). The Use of Bone Morphogenetic Protein in the Treatment of Non-union in a Canine Model. J. Bone & Jt. Surg. 73, 750–764. doi:10.2106/00004623-199173050-00015
 Hidaka, C., Goodrich, L. R., Chen, C.-T., Warren, R. F., Crystal, R. G., and Nixon, A. J. (2003). Acceleration of Cartilage Repair by Genetically Modified Chondrocytes over Expressing Bone Morphogenetic Protein-7. J. Orthop. Res. 21, 573–583. doi:10.1016/s0736-0266(02)00264-4
 Hildebrand, K. A., Deie, M., Allen, C. R., Smith, D. W., Georgescu, H. I., Evans, C. H., et al. (1999). Early Expression of Marker Genes in the Rabbit Medial Collateral and Anterior Cruciate Ligaments: the Use of Different Viral Vectors and the Effects of Injury. J. Orthop. Res. 17, 37–42. doi:10.1002/jor.1100170107
 Hoffmann, A., Pelled, G., Turgeman, G., Eberle, P., Zilberman, Y., Shinar, H., et al. (2006). Neotendon Formation Induced by Manipulation of the Smad8 Signalling Pathway in Mesenchymal Stem Cells. J. Clin. Investigation 116, 940–952. doi:10.1172/jci22689
 Howe, S. J., Mansour, M. R., Schwarzwaelder, K., Bartholomae, C., Hubank, M., Kempski, H., et al. (2008). Insertional Mutagenesis Combined with Acquired Somatic Mutations Causes Leukemogenesis Following Gene Therapy of SCID-X1 Patients. J. Clin. Invest.. 118, 3143–3150. doi:10.1172/jci35798
 Hsieh, C.-F., Alberton, P., Loffredo-Verde, E., Volkmer, E., Pietschmann, M., Müller, P., et al. (2016). Scaffold-free Scleraxis-Programmed Tendon Progenitors Aid in Significantly Enhanced Repair of Full-Size Achilles Tendon Rupture. Nanomedicine 11, 1153–1167. doi:10.2217/nnm.16.34
 Hsu, W. K., and Wang, J. C. (2008). The Use of Bone Morphogenetic Protein in Spine Fusion. Spine J. 8, 419–425. doi:10.1016/j.spinee.2008.01.008
 Ichim, T. E., Li, M., Qian, H., Popov, I. A., Rycerz, K., Zheng, X., et al. (2004). RNA Interference: a Potent Tool for Gene-specific Therapeutics. Am. J. Transpl. 4, 1227–1236. doi:10.1111/j.1600-6143.2004.00530.x
 Ihn, H., Kang, H., Iglesias, B., Sugiyama, O., Tang, A., Hollis, R., et al. (2021). Regional Gene Therapy with Transduced Human Cells: The Influence of "Cell Dose" on Bone Repair. Tissue Eng. Part A 27 (21-22), 1422–1433. doi:10.1089/ten.TEA.2020.0382
 Iimori, Y., Morioka, M., Koyamatsu, S., and Tsumaki, N. (2021). Implantation of Human-Induced Pluripotent Stem Cell-Derived Cartilage in Bone Defects of Mice. Tissue Eng. Part A 27 (21-22), 1355–1367. doi:10.1089/ten.TEA.2020.0346
 Ilaltdinov, A. W., Gong, Y., Leong, D. J., Gruson, K. I., Zheng, D., Fung, D. T., et al. (2021). Advances in the Development of Gene Therapy, Noncoding RNA, and Exosome‐based Treatments for Tendinopathy. Ann. N.Y. Acad. Sci. 1490, 3–12. doi:10.1111/nyas.14382
 Ishihara, A., Zekas, L. J., Litsky, A. S., Weisbrode, S. E., and Bertone, A. L. (2010a). Dermal Fibroblast-Mediated BMP2 Therapy to Accelerate Bone Healing in an Equine Osteotomy Model. J. Orthop. Res. 28, 403–411. doi:10.1002/jor.20978
 Ishihara, A., Zekas, L. J., Weisbrode, S. E., and Bertone, A. L. (2010b). Comparative Efficacy of Dermal Fibroblast-Mediated and Direct Adenoviral Bone Morphogenetic Protein-2 Gene Therapy for Bone Regeneration in an Equine Rib Model. Gene Ther. 17, 733–744. doi:10.1038/gt.2010.13
 Isomura, H., Tsurumi, T., and Stinski, M. F. (2004). Role of the Proximal Enhancer of the Major Immediate-Early Promoter in Human Cytomegalovirus Replication. J. Virol. 78, 12788–12799. doi:10.1128/jvi.78.23.12788-12799.2004
 Israel, D. I., Nove, J., Kerns, K. M., Kaufman, R. J., Rosen, V., Cox, K. A., et al. (1996). Heterodimeric Bone Morphogenetic Proteins Show Enhanced ActivityIn VitroandIn Vivo. Growth 13, 291–300. doi:10.3109/08977199609003229
 Ivkovic, A., Pascher, A., Hudetz, D., Maticic, D., Jelic, M., Dickinson, S., et al. (2010). Articular Cartilage Repair by Genetically Modified Bone Marrow Aspirate in Sheep. Gene Ther. 17, 779–789. doi:10.1038/gt.2010.16
 Jackson, A. L., Bartz, S. R., Schelter, J., Kobayashi, S. V., Burchard, J., Mao, M., et al. (2003). Expression Profiling Reveals Off-Target Gene Regulation by RNAi. Nat. Biotechnol. 21, 635–637. doi:10.1038/nbt831
 Jackson, A. L., Burchard, J., Schelter, J., Chau, B. N., Cleary, M., Lim, L., et al. (2006). Widespread siRNA "Off-Target" Transcript Silencing Mediated by Seed Region Sequence Complementarity. RNA 12, 1179–1187. doi:10.1261/rna.25706
 Jiang, Y., Shi, Y., He, J., Zhang, Z., Zhou, G., Zhang, W., et al. (2017). Enhanced Tenogenic Differentiation and Tendon-like Tissue Formation by Tenomodulin Overexpression in Murine Mesenchymal Stem Cells. J. Tissue Eng. Regen. Med. 11, 2525–2536. doi:10.1002/term.2150
 Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E. (2012). A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity. Science 337, 816–821. doi:10.1126/science.1225829
 Julien, A., Kanagalingam, A., Martínez-Sarrà, E., Megret, J., Luka, M., Ménager, M., et al. (2021). Direct Contribution of Skeletal Muscle Mesenchymal Progenitors to Bone Repair. Nat. Commun. 12, 2860. doi:10.1038/s41467-021-22842-5
 Kader, D., Saxena, A., Movin, T., and Maffulli, N. (2002). Achilles Tendinopathy: Some Aspects of Basic Science and Clinical Management. Br. J. Sports Med. 36, 239–249. doi:10.1136/bjsm.36.4.239
 Kadow, T., Sowa, G., Vo, N., and Kang, J. D. (2015). Molecular Basis of Intervertebral Disc Degeneration and Herniations: what Are the Important Translational Questions?Clin. Orthop. Relat. Res. 473, 1903–1912. doi:10.1007/s11999-014-3774-8
 Kaito, T., Johnson, J., Ellerman, J., Tian, H., Aydogan, M., Chatsrinopkun, M., et al. (2013). Synergistic Effect of Bone Morphogenetic Proteins 2 and 7 by Ex Vivo Gene Therapy in a Rat Spinal Fusion Model. J. Bone Jt. Surg. Am. 95, 1612–1619. doi:10.2106/jbjs.l.01396
 Kamm, J. L., Riley, C. B., Parlane, N., Gee, E. K., and Mcilwraith, C. W. (2020). Interactions between Allogeneic Mesenchymal Stromal Cells and the Recipient Immune System: A Comparative Review with Relevance to Equine Outcomes. Front. Vet. Sci. 7, 617647. doi:10.3389/fvets.2020.617647
 Kang, H. P., Ihn, H., Robertson, D. M., Chen, X., Sugiyama, O., Tang, A., et al. (2021). Regional Gene Therapy for Bone Healing Using a 3D Printed Scaffold in a Rat Femoral Defect Model. J. Biomed. Mater Res. 109, 2346–2356. doi:10.1002/jbm.a.37217
 Kang, J. D. (2010). Does a Needle Puncture into the Annulus Fibrosus Cause Disc Degeneration?Spine J. 10, 1106–1107. doi:10.1016/j.spinee.2010.10.014
 Kang, Q., Sun, M. H., Cheng, H., Peng, Y., Montag, A. G., Deyrup, A. T., et al. (2004). Characterization of the Distinct Orthotopic Bone-Forming Activity of 14 BMPs Using Recombinant Adenovirus-Mediated Gene Delivery. Gene Ther. 11, 1312–1320. doi:10.1038/sj.gt.3302298
 Kay, J. D., Gouze, E., Oligino, T. J., Gouze, J.-N., Watson, R. S., Levings, P. P., et al. (2009). Intra-articular Gene Delivery and Expression of interleukin-1Ra Mediated by Self-Complementary Adeno-Associated Virus. J. Gene Med. 11, 605–614. doi:10.1002/jgm.1334
 Keravala, A., and Gasmi, M. (2021). Expression Cassette Design and Regulation of Transgene Expression. Int. Ophthalmol. Clin. 61, 17–33. doi:10.1097/iio.0000000000000363
 Koga, H., Muneta, T., Nagase, T., Nimura, A., Ju, Y.-J., Mochizuki, T., et al. (2008). Comparison of Mesenchymal Tissues-Derived Stem Cells for In Vivo Chondrogenesis: Suitable Conditions for Cell Therapy of Cartilage Defects in Rabbit. Cell. Tissue Res. 333, 207–215. doi:10.1007/s00441-008-0633-5
 Komura, S., Satake, T., Goto, A., Aoki, H., Shibata, H., Ito, K., et al. (2020). Induced Pluripotent Stem Cell-Derived Tenocyte-like Cells Promote the Regeneration of Injured Tendons in Mice. Sci. Rep. 10, 3992. doi:10.1038/s41598-020-61063-6
 Krakow, D., and Rimoin, D. L. (2010). The Skeletal Dysplasias. Genet. Med. 12, 327–341. doi:10.1097/gim.0b013e3181daae9b
 Kreiss, P., Cameron, B., Rangara, R., Mailhe, P., Aguerre-Charriol, O., Airiau, M., et al. (1999). Plasmid DNA Size Does Not Affect the Physicochemical Properties of Lipoplexes but Modulates Gene Transfer Efficiency. Nucleic Acids Res. 27, 3792–3798. doi:10.1093/nar/27.19.3792
 Kuzmin, D. A., Shutova, M. V., Johnston, N. R., Smith, O. P., Fedorin, V. V., Kukushkin, Y. S., et al. (2021). The Clinical Landscape for AAV Gene Therapies. Nat. Rev. Drug Discov. 20, 173–174. doi:10.1038/d41573-021-00017-7
 Kwiatkowski, T. C., Hanley, E. N., and Ramp, W. K. (1996). Cigarette Smoking and its Orthopedic Consequences. Am. J. Orthop. (Belle Mead NJ) 25, 590–597.
 Lam, J. K. W., Chow, M. Y. T., Zhang, Y., and Leung, S. W. S. (2015). siRNA versus miRNA as Therapeutics for Gene Silencing. Mol. Ther. - Nucleic Acids 4, e252. doi:10.1038/mtna.2015.23
 Lattermann, C., Oxner, W. M., Xiao, X., Li, J., Gilbertson, L. G., Robbins, P. D., et al. (2005). The Adeno Associated Viral Vector as a Strategy for Intradiscal Gene Transfer in Immune Competent and Pre-exposed Rabbits. Spine 30, 497–504. doi:10.1097/01.brs.0000154764.62072.44
 Lau, K.-H. W., Kothari, V., Das, A., Zhang, X.-B., and Baylink, D. J. (2013). Cellular and Molecular Mechanisms of Accelerated Fracture Healing by COX2 Gene Therapy. Bone 53, 369–381. doi:10.1016/j.bone.2013.01.003
 Laurencin, C., Khan, Y., and El-Amin, S. F. (2006). Bone Graft Substitutes. Expert Rev. Med. Devices 3, 49–57. doi:10.1586/17434440.3.1.49
 Le Maitre, C. L., Hoyland, J. A., and Freemont, A. J. (2007). Interleukin-1 Receptor Antagonist Delivered Directly and by Gene Therapy Inhibits Matrix Degradation in the Intact Degenerate Human Intervertebral Disc: an In Situ Zymographic and Gene Therapy Study. Arthritis Res. Ther. 9, R83. doi:10.1186/ar2282
 Lebherz, C., Auricchio, A., Maguire, A. M., Rivera, V. M., Tang, W., Grant, R. L., et al. (2005). Long-term Inducible Gene Expression in the Eye via Adeno-Associated Virus Gene Transfer in Nonhuman Primates. Hum. Gene Ther. 16, 178–186. doi:10.1089/hum.2005.16.178
 Leckie, S. K., Bechara, B. P., Hartman, R. A., Sowa, G. A., Woods, B. I., Coelho, J. P., et al. (2012). Injection of AAV2-BMP2 and AAV2-TIMP1 into the Nucleus Pulposus Slows the Course of Intervertebral Disc Degeneration in an In Vivo Rabbit Model. Spine J. 12, 7–20. doi:10.1016/j.spinee.2011.09.011
 Lee, R. H., Pulin, A. A., Seo, M. J., Kota, D. J., Ylostalo, J., Larson, B. L., et al. (2009). Intravenous hMSCs Improve Myocardial Infarction in Mice Because Cells Embolized in Lung Are Activated to Secrete the Anti-inflammatory Protein TSG-6. Cell. Stem Cell. 5, 54–63. doi:10.1016/j.stem.2009.05.003
 Lee, S. C., Shea, M., Battle, M. A., Kozitza, K., Ron, E., Turek, T., et al. (1994). Healing of Large Segmental Defects in Rat Femurs Is Aided by RhBMP-2 in PLGA Matrix. J. Biomed. Mat. Res. 28, 1149–1156. doi:10.1002/jbm.820281005
 Levicoff, E. A., Kim, J. S., Sobajima, S., Wallach, C. J., Larson, J. W., Robbins, P. D., et al. (2008). Safety Assessment of Intradiscal Gene Therapy II. Spine 33, 1509–1516. ; discussion 1517. doi:10.1097/brs.0b013e318178866c
 Lewis, P. F., and Emerman, M. (1994). Passage through Mitosis Is Required for Oncoretroviruses but Not for the Human Immunodeficiency Virus. J. Virol. 68, 510–516. doi:10.1128/jvi.68.1.510-516.1994
 Li, C., Diprimio, N., Bowles, D. E., Hirsch, M. L., Monahan, P. E., Asokan, A., et al. (2012). Single Amino Acid Modification of Adeno-Associated Virus Capsid Changes Transduction and Humoral Immune Profiles. J. Virol. 86, 7752–7759. doi:10.1128/jvi.00675-12
 Li, C., and Samulski, R. J. (2020). Engineering Adeno-Associated Virus Vectors for Gene Therapy. Nat. Rev. Genet. 21, 255–272. doi:10.1038/s41576-019-0205-4
 Li, F., Bronson, S., and Niyibizi, C. (2010). Derivation of Murine Induced Pluripotent Stem Cells (iPS) and Assessment of Their Differentiation toward Osteogenic Lineage. J. Cell. Biochem. 109, 643–652. doi:10.1002/jcb.22440
 Li, Y., Yang, L., Zhu, S., Luo, M.-H., Zeng, W.-B., and Zhao, F. (2021). In Vivo cell Tracking with Viral Vector Mediated Genetic Labeling. J. Neurosci. Methods 350, 109021. doi:10.1016/j.jneumeth.2020.109021
 Liang, H., Ma, S.-Y., Feng, G., Shen, F. H., and Joshua Li, X. (2010). Therapeutic Effects of Adenovirus-Mediated Growth and Differentiation Factor-5 in a Mice Disc Degeneration Model Induced by Annulus Needle Puncture. Spine J. 10, 32–41. doi:10.1016/j.spinee.2009.10.006
 Lieberman, J. R., Daluiski, A., Stevenson, S., Jolla, L., Wu, L., McALLISTER, P., et al. (1999). The Effect of Regional Gene Therapy with Bone Morphogenetic Protein-2-Producing Bone-Marrow Cells on the Repair of Segmental Femoral Defects in Rats*. J. Bone & Jt. Surg. 81, 905–917. doi:10.2106/00004623-199907000-00002
 Lieberman, J. R., Le, L. Q., Wu, L., Finerman, G. A. M., Berk, A., Witte, O. N., et al. (1998). Regional Gene Therapy with a BMP-2-Producing Murine Stromal Cell Line Induces Heterotopic and Orthotopic Bone Formation in Rodents. J. Orthop. Res. 16, 330–339. doi:10.1002/jor.1100160309
 Lin, J., Zhou, Y., Liu, J., Chen, J., Chen, W., Zhao, S., et al. (2017). Progress and Application of CRISPR/Cas Technology in Biological and Biomedical Investigation. J. Cell.. Biochem. 118, 3061–3071. doi:10.1002/jcb.26198
 Lin, X.-L., Zheng, Z.-Y., Zhang, Q.-S., Zhang, Z., and An, Y.-Z. (2021). Expression of miR-195 and its Target Gene Bcl-2 in Human Intervertebral Disc Degeneration and Their Effects on Nucleus Pulposus Cell Apoptosis. J. Orthop. Surg. Res. 16, 412. doi:10.1186/s13018-021-02538-8
 Lin, X., Ruan, X., Anderson, M. G., Mcdowell, J. A., Kroeger, P. E., Fesik, S. W., et al. (2005). siRNA-mediated Off-Target Gene Silencing Triggered by a 7 Nt Complementation. Nucleic Acids Res. 33, 4527–4535. doi:10.1093/nar/gki762
 Linden, R. M., and Berns, K. I. (2000). Molecular Biology of Adeno-Associated Viruses. Contrib. Microbiol. 4, 68–84. doi:10.1159/000060327
 Lino, C. A., Harper, J. C., Carney, J. P., and Timlin, J. A. (2018). Delivering CRISPR: a Review of the Challenges and Approaches. Drug Deliv. 25, 1234–1257. doi:10.1080/10717544.2018.1474964
 Liu, F., Ferreira, E., Ferreira, E., Porter, R., Glatt, V., Schinhan, M., et al. (2015). Rapid and Reliable Healing of Critical Size Bone Defects with Genetically Modified Sheep Muscle. eCM 30, 118–131. discussion 130-1. doi:10.22203/ecm.v030a09
 Liu, W., Toyosawa, S., Furuichi, T., Kanatani, N., Yoshida, C., Liu, Y., et al. (2001). Overexpression of Cbfa1 in Osteoblasts Inhibits Osteoblast Maturation and Causes Osteopenia with Multiple Fractures. J. Cell. Biol. 155, 157–166. doi:10.1083/jcb.200105052
 Loew, R., Heinz, N., Hampf, M., Bujard, H., and Gossen, M. (2010). Improved Tet-Responsive Promoters with Minimized Background Expression. BMC Biotechnol. 10, 81. doi:10.1186/1472-6750-10-81
 Loibl, M., Wuertz‐Kozak, K., Vadala, G., Lang, S., Fairbank, J., and Urban, J. P. (2019). Controversies in Regenerative Medicine: Should Intervertebral Disc Degeneration Be Treated with Mesenchymal Stem Cells?JOR Spine 2, e1043. doi:10.1002/jsp2.1043
 Lou, J., Tu, Y., Burns, M., Silva, M. J., and Manske, P. (2001). BMP-12 Gene Transfer Augmentation of Lacerated Tendon Repair. J. Orthop. Res. 19, 1199–1202. doi:10.1016/s0736-0266(01)00042-0
 Louis, N., Evelegh, C., and Graham, F. L. (1997). Cloning and Sequencing of the Cellular-Viral Junctions from the Human Adenovirus Type 5 Transformed 293 Cell Line. Virology 233, 423–429. doi:10.1006/viro.1997.8597
 Lyons, K. M., and Rosen, V. (2019). BMPs, TGFβ, and Border Security at the Interzone. Curr. Top. Dev. Biol. 133, 153–170. doi:10.1016/bs.ctdb.2019.02.001
 Maetzig, T., Galla, M., Baum, C., and Schambach, A. (2011). Gammaretroviral Vectors: Biology, Technology and Application. Viruses 3, 677–713. doi:10.3390/v3060677
 Maidhof, R., Rafiuddin, A., Chowdhury, F., Jacobsen, T., and Chahine, N. O. (2017). Timing of Mesenchymal Stem Cell Delivery Impacts the Fate and Therapeutic Potential in Intervertebral Disc Repair. J. Orthop. Res. 35, 32–40. doi:10.1002/jor.23350
 Majewski, M., Betz, O., Ochsner, P. E., Liu, F., Porter, R. M., and Evans, C. H. (2008). Ex Vivo adenoviral Transfer of Bone Morphogenetic Protein 12 (BMP-12) cDNA Improves Achilles Tendon Healing in a Rat Model. Gene Ther. 15, 1139–1146. doi:10.1038/gt.2008.48
 Majewski, M., Porter, R. M., Porter, R., Betz, O., Betz, V., Clahsen, H., et al. (2012). Improvement of Tendon Repair Using Muscle Grafts Transduced with TGF-Β1 cDNA. eCM 23, 94–102. discussion 101-2. doi:10.22203/ecm.v023a07
 Mäkelä, T., Takalo, R., Arvola, O., Haapanen, H., Yannopoulos, F., Blanco, R., et al. (2015). Safety and Biodistribution Study of Bone Marrow-Derived Mesenchymal Stromal Cells and Mononuclear Cells and the Impact of the Administration Route in an Intact Porcine Model. Cytotherapy 17, 392–402. doi:10.1016/j.jcyt.2014.12.004
 Mali, P., Yang, L., Esvelt, K. M., Aach, J., Guell, M., Dicarlo, J. E., et al. (2013). RNA-guided Human Genome Engineering via Cas9. Science 339, 823–826. doi:10.1126/science.1232033
 Mann, R., Mulligan, R. C., and Baltimore, D. (1983). Construction of a Retrovirus Packaging Mutant and its Use to Produce Helper-free Defective Retrovirus. Cell. 33, 153–159. doi:10.1016/0092-8674(83)90344-6
 Marko, T. A., Shamsan, G. A., Edwards, E. N., Hazelton, P. E., Rathe, S. K., Cornax, I., et al. (2016). Slit-Robo GTPase-Activating Protein 2 as a Metastasis Suppressor in Osteosarcoma. Sci. Rep. 6, 39059. doi:10.1038/srep39059
 Marsic, D., Govindasamy, L., Currlin, S., Markusic, D. M., Tseng, Y.-S., Herzog, R. W., et al. (2014). Vector design Tour de Force: integrating combinatorial and rational approaches to derive novel adeno-associated virus variants. Mol. Ther. 22, 1900–1909. doi:10.1038/mt.2014.139
 Martel-Pelletier, J., Barr, A. J., Cicuttini, F. M., Conaghan, P. G., Cooper, C., Goldring, M. B., et al. (2016). Osteoarthritis. Nat. Rev. Dis. Prim. 2, 16072. doi:10.1038/nrdp.2016.72
 Martinek, V., Latterman, C., Usas, A., Abramowitch, S., Woo, S. L.-Y., Fu, F. H., et al. (2002). Enhancement of Tendon-Bone Integration of Anterior Cruciate Ligament Grafts with Bone Morphogenetic Protein-2 Gene Transfer. J. Bone & Jt. Surg. 84, 1123–1131. doi:10.2106/00004623-200207000-00005
 Mast, T. C., Kierstead, L., Gupta, S. B., Nikas, A. A., Kallas, E. G., Novitsky, V., et al. (2010). International Epidemiology of Human Pre-existing Adenovirus (Ad) Type-5, Type-6, Type-26 and Type-36 Neutralizing Antibodies: Correlates of High Ad5 Titers and Implications for Potential HIV Vaccine Trials. Vaccine 28, 950–957. doi:10.1016/j.vaccine.2009.10.145
 Masterson, C. H., Tabuchi, A., Hogan, G., Fitzpatrick, G., Kerrigan, S. W., Jerkic, M., et al. (2021). Intra-vital Imaging of Mesenchymal Stromal Cell Kinetics in the Pulmonary Vasculature during Infection. Sci. Rep. 11, 5265. doi:10.1038/s41598-021-83894-7
 McCarty, D. M., Fu, H., Monahan, P. E., Toulson, C. E., Naik, P., and Samulski, R. J. (2003). Adeno-associated Virus Terminal Repeat (TR) Mutant Generates Self-Complementary Vectors to Overcome the Rate-Limiting Step to Transduction In Vivo. Gene Ther. 10, 2112–2118. doi:10.1038/sj.gt.3302134
 McCarty, D., Monahan, P., and Samulski, R. (2001). Self-complementary Recombinant Adeno-Associated Virus (scAAV) Vectors Promote Efficient Transduction Independently of DNA Synthesis. Gene Ther. 8, 1248–1254. doi:10.1038/sj.gt.3301514
 Mendell, J. R., Al-Zaidy, S., Shell, R., Arnold, W. D., Rodino-Klapac, L. R., Prior, T. W., et al. (2017). Single-Dose Gene-Replacement Therapy for Spinal Muscular Atrophy. N. Engl. J. Med. 377, 1713–1722. doi:10.1056/nejmoa1706198
 Meng, Z., O'Keeffe-Ahern, J., Lyu, J., Pierucci, L., Zhou, D., and Wang, W. (2017). A New Developing Class of Gene Delivery: Messenger RNA-Based Therapeutics. Biomater. Sci. 5, 2381–2392. doi:10.1039/c7bm00712d
 Mietzsch, M., Broecker, F., Reinhardt, A., Seeberger, P. H., and Heilbronn, R. (2014). Differential Adeno-Associated Virus Serotype-specific Interaction Patterns with Synthetic Heparins and Other Glycans. J. Virol. 88, 2991–3003. doi:10.1128/jvi.03371-13
 Miller, D. G., Adam, M. A., and Miller, A. D. (1990). Gene Transfer by Retrovirus Vectors Occurs Only in Cells that Are Actively Replicating at the Time of Infection. Mol. Cell.. Biol. 10, 4239–4242. doi:10.1128/mcb.10.8.4239
 Mingozzi, F., and High, K. A. (2013). Immune Responses to AAV Vectors: Overcoming Barriers to Successful Gene Therapy. Blood 122, 23–36. doi:10.1182/blood-2013-01-306647
 Mitchell, R. S., Beitzel, B. F., Schroder, A. R., Shinn, P., Chen, H., Berry, C. C., et al. (2004). Retroviral DNA Integration: ASLV, HIV, and MLV Show Distinct Target Site Preferences. PLoS Biol. 2, E234. doi:10.1371/journal.pbio.0020234
 Morris, M. T., Tarpada, S. P., and Cho, W. (2018). Bone Graft Materials for Posterolateral Fusion Made Simple: a Systematic Review. Eur. Spine J. 27, 1856–1867. doi:10.1007/s00586-018-5511-6
 Murphy, J. M., Fink, D. J., Hunziker, E. B., and Barry, F. P. (2003). Stem Cell Therapy in a Caprine Model of Osteoarthritis. Arthritis & Rheumatism 48, 3464–3474. doi:10.1002/art.11365
 Muruve, D. A. (2004). The Innate Immune Response to Adenovirus Vectors. Hum. Gene Ther. 15, 1157–1166. doi:10.1089/hum.2004.15.1157
 Musgrave, D. S., Bosch, P., Lee, J. Y., Pelinkovic, D., Ghivizzani, S. C., Whalen, J., et al. (2000). Ex Vivo gene Therapy to Produce Bone Using Different Cell Types. Clin. Orthop. Relat. Res. 378, 290–305. doi:10.1097/00003086-200009000-00040
 Nakajima, T., Nakahata, A., Yamada, N., Yoshizawa, K., Kato, T. M., Iwasaki, M., et al. (2021). Grafting of iPS Cell-Derived Tenocytes Promotes Motor Function Recovery after Achilles Tendon Rupture. Nat. Commun. 12, 5012. doi:10.1038/s41467-021-25328-6
 Naldini, L., Blömer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F. H., et al. (1996). In Vivo gene Delivery and Stable Transduction of Nondividing Cells by a Lentiviral Vector. Science 272, 263–267. doi:10.1126/science.272.5259.263
 Naldini, L. (2011). Ex Vivo gene Transfer and Correction for Cell-Based Therapies. Nat. Rev. Genet. 12, 301–315. doi:10.1038/nrg2985
 Naldini, L. (2015). Gene Therapy Returns to Centre Stage. Nature 526, 351–360. doi:10.1038/nature15818
 Nathwani, A. C., Reiss, U. M., Tuddenham, E. G. D., Rosales, C., Chowdary, P., Mcintosh, J., et al. (2014). Long-term Safety and Efficacy of Factor IX Gene Therapy in Hemophilia B. N. Engl. J. Med. 371, 1994–2004. doi:10.1056/nejmoa1407309
 Nauta, A. J., Westerhuis, G., Kruisselbrink, A. B., Lurvink, E. G. A., Willemze, R., and Fibbe, W. E. (2006). Donor-derived Mesenchymal Stem Cells Are Immunogenic in an Allogeneic Host and Stimulate Donor Graft Rejection in a Nonmyeloablative Setting. Blood 108, 2114–2120. doi:10.1182/blood-2005-11-011650
 Neefjes, M., van Caam, A. P. M., and van der Kraan, P. M. (2020). Transcription Factors in Cartilage Homeostasis and Osteoarthritis. Biol. (Basel) 9, 290. doi:10.3390/biology9090290
 Nishida, K., Kang, J. D., Gilbertson, L. G., Moon, S.-H., Suh, J.-K., Vogt, M. T., et al. (1999). 1999 Volvo Award Winner in Basic Science Studies. Spine 24, 2419–2425. doi:10.1097/00007632-199912010-00002
 Nishida, K., Kang, J. D., Suh, J.-K., Robbins, P. D., Evans, C. H., and Gilbertson, L. G. (1998). Adenovirus-Mediated Gene Transfer to Nucleus Pulposus Cells. Spine 23, 2437–2442. discussion 2443. doi:10.1097/00007632-199811150-00016
 Nita, I., Ghivizzani, S. C., Galea-Lauri, J., Bandara, G., Georgescu, H. I., Robbins, P. D., et al. (1996). Direct Gene Delivery to Synovium: An Evaluation of Potential Vectors In Vitro and In Vivo. Arthritis & Rheumatism 39, 820–828. doi:10.1002/art.1780390515
 Noack, S., Seiffart, V., Willbold, E., Laggies, S., Winkel, A., Shahab-Osterloh, S., et al. (2014). Periostin Secreted by Mesenchymal Stem Cells Supports Tendon Formation in an Ectopic Mouse Model. Stem Cells Dev. 23, 1844–1857. doi:10.1089/scd.2014.0124
 Ortved, K. F., Begum, L., Mohammed, H. O., and Nixon, A. J. (2015). Implantation of rAAV5-IGF-I Transduced Autologous Chondrocytes Improves Cartilage Repair in Full-Thickness Defects in the Equine Model. Mol. Ther. 23, 363–373. doi:10.1038/mt.2014.198
 Otabe, K., Nakahara, H., Hasegawa, A., Matsukawa, T., Ayabe, F., Onizuka, N., et al. (2015). Transcription Factor Mohawk Controls Tenogenic Differentiation of Bone Marrow Mesenchymal Stem Cells In Vitro and In Vivo. J. Orthop. Res. 33, 1–8. doi:10.1002/jor.22750
 Palmer, G. D., Steinert, A., Pascher, A., Gouze, E., Gouze, J.-N., Betz, O., et al. (2005). Gene-induced Chondrogenesis of Primary Mesenchymal Stem Cells In Vitro. Mol. Ther. 12, 219–228. doi:10.1016/j.ymthe.2005.03.024
 Panda, M., Tripathi, S. K., and Biswal, B. K. (2021). SOX9: An Emerging Driving Factor from Cancer Progression to Drug Resistance. Biochim. Biophys. Acta. Rev. Cancer. 1875, 188517. doi:10.1016/j.bbcan.2021.188517
 Pascher, A., Palmer, G., Steinert, A., Oligino, T., Gouze, E., Gouze, J.-N., et al. (2004a). Gene Delivery to Cartilage Defects Using Coagulated Bone Marrow Aspirate. Gene Ther. 11, 133–141. doi:10.1038/sj.gt.3302155
 Pascher, A., Steinert, A. F., Palmer, G. D., Betz, O., Gouze, J.-N., Gouze, E., et al. (2004b). Enhanced Repair of the Anterior Cruciate Ligament by In Situ Gene Transfer: Evaluation in an In Vitro Model. Mol. Ther. 10, 327–336. doi:10.1016/j.ymthe.2004.03.012
 Peng, H., Wright, V., Usas, A., Gearhart, B., Shen, H.-C., Cummins, J., et al. (2002). Synergistic Enhancement of Bone Formation and Healing by Stem Cell-Expressed VEGF and Bone Morphogenetic Protein-4. J. Clin. Invest.. 110, 751–759. doi:10.1172/jci15153
 Perri, B., Cooper, M., Lauryssen, C., and Anand, N. (2007). Adverse Swelling Associated with Use of Rh-BMP-2 in Anterior Cervical Discectomy and Fusion: a Case Study. Spine J. 7, 235–239. doi:10.1016/j.spinee.2006.04.010
 Piekarowicz, K., Bertrand, A. T., Azibani, F., Beuvin, M., Julien, L., Machowska, M., et al. (2019). A Muscle Hybrid Promoter as a Novel Tool for Gene Therapy. Mol. Ther. Methods Clin. Dev. 15, 157–169. doi:10.1016/j.omtm.2019.09.001
 Poncelet, A. J., Vercruysse, J., Saliez, A., and Gianello, P. (2007). Although Pig Allogeneic Mesenchymal Stem Cells Are Not Immunogenic In Vitro, Intracardiac Injection Elicits an Immune Response In Vivo. Transplantation 83, 783–790. doi:10.1097/01.tp.0000258649.23081.a3
 Porter, R. M., Liu, F., Pilapil, C., Betz, O. B., Vrahas, M. S., Harris, M. B., et al. (2009). Osteogenic Potential of Reamer Irrigator Aspirator (RIA) Aspirate Collected from Patients Undergoing Hip Arthroplasty. J. Orthop. Res. 27, 42–49. doi:10.1002/jor.20715
 Pouton, C. W., and Seymour, L. W. (2001). Key Issues in Non-viral Gene delivery1PII of Original Article: S0169-409X(98)00048-9. The Article Was Originally Published in Advanced Drug Delivery Reviews 34 (1998) 3-19.1. Adv. Drug Deliv. Rev. 46, 187–203. doi:10.1016/s0169-409x(00)00133-2
 Powell, S. K., Rivera-Soto, R., and Gray, S. J. (2015). Viral Expression Cassette Elements to Enhance Transgene Target Specificity and Expression in Gene Therapy. Discov. Med. 19, 49–57.
 Prockop, D. J. (2009). Repair of Tissues by Adult Stem/progenitor Cells (MSCs): Controversies, Myths, and Changing Paradigms. Mol. Ther. 17, 939–946. doi:10.1038/mt.2009.62
 Prösch, S., Stein, J., Staak, K., Liebenthal, C., Volk, H.-D., and Krüger, D. H. (1996). Inactivation of the Very Strong HCMV Immediate Early Promoter by DNA CpG MethylationIn Vitro. Biol. Chem. Hoppe-Seyler 377, 195–202. doi:10.1515/bchm3.1996.377.3.195
 Qin, J. Y., Zhang, L., Clift, K. L., Hulur, I., Xiang, A. P., Ren, B.-Z., et al. (2010). Systematic Comparison of Constitutive Promoters and the Doxycycline-Inducible Promoter. PLoS One 5, e10611. doi:10.1371/journal.pone.0010611
 Raikin, S. M., Garras, D. N., and Krapchev, P. V. (2013). Achilles Tendon Injuries in a United States Population. Foot Ankle Int. 34, 475–480. doi:10.1177/1071100713477621
 Rao, D. D., Vorhies, J. S., Senzer, N., and Nemunaitis, J. (2009). siRNA vs. shRNA: Similarities and Differences. Adv. Drug Deliv. Rev. 61, 746–759. doi:10.1016/j.addr.2009.04.004
 Raper, S. E., Chirmule, N., Lee, F. S., Wivel, N. A., Bagg, A., Gao, G.-p., et al. (2003). Fatal Systemic Inflammatory Response Syndrome in a Ornithine Transcarbamylase Deficient Patient Following Adenoviral Gene Transfer. Mol. Genet. Metabolism 80, 148–158. doi:10.1016/j.ymgme.2003.08.016
 Ribitsch, I., Baptista, P. M., Lange-Consiglio, A., Melotti, L., Patruno, M., Jenner, F., et al. (2020). Large Animal Models in Regenerative Medicine and Tissue Engineering: To Do or Not to Do. Front. Bioeng. Biotechnol. 8, 972. doi:10.3389/fbioe.2020.00972
 Rivera, V. M., Gao, G.-p., Grant, R. L., Schnell, M. A., Zoltick, P. W., Rozamus, L. W., et al. (2005). Long-term Pharmacologically Regulated Expression of Erythropoietin in Primates Following AAV-Mediated Gene Transfer. Blood 105, 1424–1430. doi:10.1182/blood-2004-06-2501
 Robbins, P. D., Tahara, H., Mueller, G., Hung, G., Bahnson, A., Zitvogel, L., et al. (1994). Retroviral Vectors for Use in Human Gene Therapy for Cancer, Gaucher Disease, and Arthritis. Ann. N. Y. Acad. Sci. 716, 72–89. discussion 88-9. doi:10.1111/j.1749-6632.1994.tb21704.x
 Roe, T., Reynolds, T. C., Yu, G., and Brown, P. O. (1993). Integration of Murine Leukemia Virus DNA Depends on Mitosis. EMBO J. 12, 2099–2108. doi:10.1002/j.1460-2075.1993.tb05858.x
 Roessler, B. J., Allen, E. D., Wilson, J. M., Hartman, J. W., and Davidson, B. L. (1993). Adenoviral-mediated Gene Transfer to Rabbit Synovium In Vivo. J. Clin. Invest.. 92, 1085–1092. doi:10.1172/jci116614
 Russell, S., Bennett, J., Wellman, J. A., Chung, D. C., Yu, Z.-F., Tillman, A., et al. (2017). Efficacy and Safety of Voretigene Neparvovec (AAV2-hRPE65v2) in Patients with RPE65 -mediated Inherited Retinal Dystrophy: a Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet 390, 849–860. doi:10.1016/s0140-6736(17)31868-8
 Sakai, D., and Andersson, G. B. J. (2015). Stem Cell Therapy for Intervertebral Disc Regeneration: Obstacles and Solutions. Nat. Rev. Rheumatol. 11, 243–256. doi:10.1038/nrrheum.2015.13
 Sakai, D., and Grad, S. (2015). Advancing the Cellular and Molecular Therapy for Intervertebral Disc Disease. Adv. Drug Deliv. Rev. 84, 159–171. doi:10.1016/j.addr.2014.06.009
 Schröder, A. R. W., Shinn, P., Chen, H., Berry, C., Ecker, J. R., and Bushman, F. (2002). HIV-1 Integration in the Human Genome Favors Active Genes and Local Hotspots. Cell. 110, 521–529. doi:10.1016/s0092-8674(02)00864-4
 Scott, L. J. (2015). Alipogene Tiparvovec: A Review of its use in Adults with Familial Lipoprotein Lipase Deficiency. Drugs 75, 175–182. doi:10.1007/s40265-014-0339-9
 Sharma, P., and Maffulli, N. (2005). Tendon Injury and Tendinopathy. J. Bone & Jt. Surg. 87, 187–202. doi:10.2106/jbjs.d.01850
 Shi, S., Mercer, S., Eckert, G. J., and Trippel, S. B. (2012). Regulation of Articular Chondrocyte Aggrecan and Collagen Gene Expression by Multiple Growth Factor Gene Transfer. J. Orthop. Res. 30, 1026–1031. doi:10.1002/jor.22036
 Shibata, T., Giaccia, A. J., and Brown, J. M. (2000). Development of a Hypoxia-Responsive Vector for Tumor-specific Gene Therapy. Gene Ther. 7, 493–498. doi:10.1038/sj.gt.3301124
 Shields, L. B. E., Raque, G. H., Glassman, S. D., Campbell, M., Vitaz, T., Harpring, J., et al. (2006). Adverse Effects Associated with High-Dose Recombinant Human Bone Morphogenetic Protein-2 Use in Anterior Cervical Spine Fusion. Spine 31, 542–547. doi:10.1097/01.brs.0000201424.27509.72
 Shirley, J. L., de Jong, Y. P., Terhorst, C., and Herzog, R. W. (2020). Immune Responses to Viral Gene Therapy Vectors. Mol. Ther. 28, 709–722. doi:10.1016/j.ymthe.2020.01.001
 Sieker, J. T., Kunz, M., Weissenberger, M., Gilbert, F., Frey, S., Rudert, M., et al. (2015). Direct Bone Morphogenetic Protein 2 and Indian Hedgehog Gene Transfer for Articular Cartilage Repair Using Bone Marrow Coagulates. Osteoarthr. Cartil. 23, 433–442. doi:10.1016/j.joca.2014.11.008
 Silva, J. M., Li, M. Z., Chang, K., Ge, W., Golding, M. C., Rickles, R. J., et al. (2005). Second-generation shRNA Libraries Covering the Mouse and Human Genomes. Nat. Genet. 37, 1281–1288. doi:10.1038/ng1650
 Sipp, D., Caulfield, T., Kaye, J., Barfoot, J., Blackburn, C., Chan, S., et al. (2017). Marketing of Unproven Stem Cell-Based Interventions: A Call to Action. Sci. Transl. Med. 9, eaag0426. doi:10.1126/scitranslmed.aag0426
 Sipp, D., Robey, P. G., and Turner, L. (2018). Clear up This Stem-Cell Mess. Nature 561, 455–457. doi:10.1038/d41586-018-06756-9
 Smith, R. H., Hallwirth, C. V., Westerman, M., Hetherington, N. A., Tseng, Y.-S., Cecchini, S., et al. (2016). Germline Viral "fossils" Guide In Silico Reconstruction of a Mid-cenozoic Era Marsupial Adeno-Associated Virus. Sci. Rep. 6, 28965. doi:10.1038/srep28965
 Smucker, J. D., Rhee, J. M., Singh, K., Yoon, S. T., and Heller, J. G. (2006). Increased Swelling Complications Associated with Off-Label Usage of rhBMP-2 in the Anterior Cervical Spine. Spine 31, 2813–2819. doi:10.1097/01.brs.0000245863.52371.c2
 Somanathan, S., Breous, E., Bell, P., and Wilson, J. M. (2010). AAV Vectors Avoid Inflammatory Signals Necessary to Render Transduced Hepatocyte Targets for Destructive T Cells. Mol. Ther. 18, 977–982. doi:10.1038/mt.2010.40
 Sonnet, C., Simpson, C. L., Olabisi, R. M., Sullivan, K., Lazard, Z., Gugala, Z., et al. (2013). Rapid Healing of Femoral Defects in Rats with Low Dose Sustained BMP2 Expression from PEGDA Hydrogel Microspheres. J. Orthop. Res. 31, 1597–1604. doi:10.1002/jor.22407
 Southwood, L. L., Kawcak, C. E., Hidaka, C., Mcilwraith, C. W., Werpy, N., Macleay, J., et al. (2012). Evaluation of Direct In Vivo Gene Transfer in an Equine Metacarpal IV Ostectomy Model Using an Adenoviral Vector Encoding the Bone Morphogenetic Protein-2 and Protein-7 Gene. Vet. Surg. 41, 345–354. doi:10.1111/j.1532-950X.2011.00947.x
 Stolberg, S. G. (1999). The Biotech Death of Jesse Gelsinger. N. Y. Times Mag. 136-140, 136–150. 
 Suerth, J. D., Maetzig, T., Galla, M., Baum, C., and Schambach, A. (2010). Self-inactivating Alpharetroviral Vectors with a Split-Packaging Design. J. Virol. 84, 6626–6635. doi:10.1128/jvi.00182-10
 Sugiyama, O., Sung An, D., Kung, S. P. K., Feeley, B. T., Gamradt, S., Liu, N. Q., et al. (2005). Lentivirus-mediated Gene Transfer Induces Long-Term Transgene Expression of BMP-2 In Vitro and New Bone Formation In Vivo. Mol. Ther. 11, 390–398. doi:10.1016/j.ymthe.2004.10.019
 Summerford, C., and Samulski, R. J. (1998). Membrane-associated Heparan Sulfate Proteoglycan Is a Receptor for Adeno-Associated Virus Type 2 Virions. J. Virol. 72, 1438–1445. doi:10.1128/jvi.72.2.1438-1445.1998
 Suzuki, H., Ito, Y., Shinohara, M., Yamashita, S., Ichinose, S., Kishida, A., et al. (2016). Gene Targeting of the Transcription Factor Mohawk in Rats Causes Heterotopic Ossification of Achilles Tendon via Failed Tenogenesis. Proc. Natl. Acad. Sci. U.S.A. 113, 7840–7845. doi:10.1073/pnas.1522054113
 Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al. (2007). Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell. 131, 861–872. doi:10.1016/j.cell.2007.11.019
 Takahashi, K., and Yamanaka, S. (2006). Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell. 126, 663–676. doi:10.1016/j.cell.2006.07.024
 Talbot, G. E., Waddington, S. N., Bales, O., Tchen, R. C., and Antoniou, M. N. (2010). Desmin-regulated Lentiviral Vectors for Skeletal Muscle Gene Transfer. Mol. Ther. 18, 601–608. doi:10.1038/mt.2009.267
 Tang, J. B., Wu, Y. F., Cao, Y., Chen, C. H., Zhou, Y. L., Avanessian, B., et al. (2016). Basic FGF or VEGF Gene Therapy Corrects Insufficiency in the Intrinsic Healing Capacity of Tendons. Sci. Rep. 6, 20643. doi:10.1038/srep20643
 Tang, R., Jing, L., Willard, V. P., Wu, C.-l., Guilak, F., Chen, J., et al. (2018). Differentiation of Human Induced Pluripotent Stem Cells into Nucleus Pulposus-like Cells. Stem Cell. Res. Ther. 9, 61. doi:10.1186/s13287-018-0797-1
 Tao, H., Lin, Y., Zhang, G., Gu, R., and Chen, B. (2016). Experimental Observation of Human Bone Marrow Mesenchymal Stem Cell Transplantation into Rabbit Intervertebral Discs. Biomed. Rep. 5, 357–360. doi:10.3892/br.2016.731
 Tashiro, K., Kondo, A., Kawabata, K., Sakurai, H., Sakurai, F., Yamanishi, K., et al. (2009). Efficient Osteoblast Differentiation from Mouse Bone Marrow Stromal Cells with Polylysin-Modified Adenovirus Vectors. Biochem. Biophysical Res. Commun. 379, 127–132. doi:10.1016/j.bbrc.2008.12.055
 Tashjian, R. Z. (2012). Epidemiology, Natural History, and Indications for Treatment of Rotator Cuff Tears. Clin. Sports Med. 31, 589–604. doi:10.1016/j.csm.2012.07.001
 Thornhill, S. I., Schambach, A., Howe, S. J., Ulaganathan, M., Grassman, E., Williams, D., et al. (2008). Self-inactivating Gammaretroviral Vectors for Gene Therapy of X-Linked Severe Combined Immunodeficiency. Mol. Ther. 16, 590–598. doi:10.1038/sj.mt.6300393
 Trippel, S., Cucchiarini, M., Madry, H., Shi, S., and Wang, C. (2007). Gene Therapy for Articular Cartilage Repair. Proc. Inst. Mech. Eng. H. 221, 451–459. doi:10.1243/09544119jeim237
 Trippel, S., Ghivizzani, S., and Nixon, A. (2004). Gene-based Approaches for the Repair of Articular Cartilage. Gene Ther. 11, 351–359. doi:10.1038/sj.gt.3302201
 Tsumaki, N., Okada, M., and Yamashita, A. (2015). iPS Cell Technologies and Cartilage Regeneration. Bone 70, 48–54. doi:10.1016/j.bone.2014.07.011
 Turvey, S. E., and Broide, D. H. (2010). Innate Immunity. J. Allergy Clin. Immunol. 125, S24–S32. doi:10.1016/j.jaci.2009.07.016
 Ugurlu, B., and Karaoz, E. (2020). Comparison of Similar Cells: Mesenchymal Stromal Cells and Fibroblasts. Acta Histochem. 122, 151634. doi:10.1016/j.acthis.2020.151634
 Urist, M. R. (1965). Bone: Formation by Autoinduction. Science 150, 893–899. doi:10.1126/science.150.3698.893
 Vadalà, G., Sowa, G., Hubert, M., Gilbertson, L. G., Denaro, V., and Kang, J. D. (2012). Mesenchymal Stem Cells Injection in Degenerated Intervertebral Disc: Cell Leakage May Induce Osteophyte Formation. J. Tissue Eng. Regen. Med. 6, 348–355. doi:10.1002/term.433
 Vakhshori, V., Bougioukli, S., Sugiyama, O., Kang, H. P., Tang, A. H., Park, S.-H., et al. (2020). Ex Vivo regional Gene Therapy with Human Adipose-Derived Stem Cells for Bone Repair. Bone 138, 115524. doi:10.1016/j.bone.2020.115524
 Varden, L. J., Nguyen, D. T., and Michalek, A. J. (2019). Slow Depressurization Following Intradiscal Injection Leads to Injectate Leakage in a Large Animal Model. JOR Spine 2, e1061. doi:10.1002/jsp2.1061
 Verma, I. M. (1994). Gene Therapy: Hopes, Hypes, and Hurdles. Mol. Med. 1, 2–3. doi:10.1007/bf03403525
 Virk, M. S., Conduah, A., Park, S.-H., Liu, N., Sugiyama, O., Cuomo, A., et al. (2008). Influence of Short-Term Adenoviral Vector and Prolonged Lentiviral Vector Mediated Bone Morphogenetic Protein-2 Expression on the Quality of Bone Repair in a Rat Femoral Defect Model. Bone 42, 921–931. doi:10.1016/j.bone.2007.12.216
 Virk, M. S., Sugiyama, O., Park, S. H., Gambhir, S. S., Adams, D. J., Drissi, H., et al. (2011). "Same Day" Ex-Vivo Regional Gene Therapy: A Novel Strategy to Enhance Bone Repair. Mol. Ther. 19, 960–968. doi:10.1038/mt.2011.2
 Vogt, V. M. (1997). “Retroviral Virions and Genomes,” in Retroviruses ed . Editors J. M. Coffin, S. H. Hughes, and H. E. Varmus ((NY): Cold Spring Harbor). 
 Wakabayashi-Ito, N., and Nagata, S. (1994). Characterization of the Regulatory Elements in the Promoter of the Human Elongation Factor-1 Alpha Gene. J. Biol. Chem. 269, 29831–29837. doi:10.1016/s0021-9258(18)43956-7
 Wang, D., Tai, P. W. L., and Gao, G. (2019). Adeno-associated Virus Vector as a Platform for Gene Therapy Delivery. Nat. Rev. Drug Discov. 18, 358–378. doi:10.1038/s41573-019-0012-9
 Wang, D., Zhang, F., and Gao, G. (2020). CRISPR-based Therapeutic Genome Editing: Strategies and In Vivo Delivery by AAV Vectors. Cell. 181, 136–150. doi:10.1016/j.cell.2020.03.023
 Watson Levings, R. S., Broome, T. A., Smith, A. D., Rice, B. L., Gibbs, E. P., Myara, D. A., et al. (2018). Gene Therapy for Osteoarthritis: Pharmacokinetics of Intra-articular Self-Complementary Adeno-Associated Virus Interleukin-1 Receptor Antagonist Delivery in an Equine Model. Hum. Gene Ther. Clin. Dev. 29, 90–100. doi:10.1089/humc.2017.142
 Watson, R. S., Gouze, E., Levings, P. P., Bush, M. L., Kay, J. D., Jorgensen, M. S., et al. (2010). Gene Delivery of TGF-Β1 Induces Arthrofibrosis and Chondrometaplasia of Synovium In Vivo. Lab. Invest. 90, 1615–1627. doi:10.1038/labinvest.2010.145
 Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger, K., et al. (2007). In Vitro reprogramming of Fibroblasts into a Pluripotent ES-cell-like State. Nature 448, 318–324. doi:10.1038/nature05944
 Wilkinson, P., Bozo, I. Y., Braxton, T., Just, P., Jones, E., Deev, R. V., et al. (2021). Systematic Review of the Preclinical Technology Readiness of Orthopedic Gene Therapy and Outlook for Clinical Translation. Front. Bioeng. Biotechnol. 9, 626315. doi:10.3389/fbioe.2021.626315
 Williams, D. K., Pinzón, C., Huggins, S., Pryor, J. H., Falck, A., Herman, F., et al. (2018). Genetic Engineering a Large Animal Model of Human Hypophosphatasia in Sheep. Sci. Rep. 8, 16945. doi:10.1038/s41598-018-35079-y
 Wong, J., Sampson, S. L., Bell-Briones, H., Ouyang, A., Lazar, A. A., Lotz, J. C., et al. (2019). Nutrient Supply and Nucleus Pulposus Cell Function: Effects of the Transport Properties of the Cartilage Endplate and Potential Implications for Intradiscal Biologic Therapy. Osteoarthr. Cartil. 27, 956–964. doi:10.1016/j.joca.2019.01.013
 Wu, X., Li, Y., Crise, B., and Burgess, S. M. (2003). Transcription Start Regions in the Human Genome Are Favored Targets for MLV Integration. Science 300, 1749–1751. doi:10.1126/science.1083413
 Xiao, X., Li, J., and Samulski, R. J. (1998). Production of High-Titer Recombinant Adeno-Associated Virus Vectors in the Absence of Helper Adenovirus. J. Virol. 72, 2224–2232. doi:10.1128/jvi.72.3.2224-2232.1998
 Xiao, Z., Wan, J., Nur, A. A., Dou, P., Mankin, H., Liu, T., et al. (2018). Targeting CD44 by CRISPR-Cas9 in Multi-Drug Resistant Osteosarcoma Cells. Cell. Physiol. Biochem. 51, 1879–1893. doi:10.1159/000495714
 Xu, L., Daly, T., Gao, C., Flotte, T. R., Song, S., Byrne, B. J., et al. (2001). CMV-β-Actin Promoter Directs Higher Expression from an Adeno-Associated Viral Vector in the Liver Than the Cytomegalovirus or Elongation Factor 1α Promoter and Results in Therapeutic Levels of Human Factor X in Mice. Hum. Gene Ther. 12, 563–573. doi:10.1089/104303401300042500
 Yamanaka, S. (2020). Pluripotent Stem Cell-Based Cell Therapy-Promise and Challenges. Cell. Stem Cell. 27, 523–531. doi:10.1016/j.stem.2020.09.014
 Yanagihara, Y., Inoue, K., Saeki, N., Sawada, Y., Yoshida, S., Lee, J., et al. (2019). Zscan10 Suppresses Osteoclast Differentiation by Regulating Expression of Haptoglobin. Bone 122, 93–100. doi:10.1016/j.bone.2019.02.011
 Yang, J., Zhou, W., Zhang, Y., Zidon, T., Ritchie, T., and Engelhardt, J. F. (1999). Concatamerization of Adeno-Associated Virus Circular Genomes Occurs through Intermolecular Recombination. J. Virol. 73, 9468–9477. doi:10.1128/jvi.73.11.9468-9477.1999
 Yang, Y., Nunes, F. A., Berencsi, K., Furth, E. E., Gönczöl, E., and Wilson, J. M. (1994). Cellular Immunity to Viral Antigens Limits E1-Deleted Adenoviruses for Gene Therapy. Proc. Natl. Acad. Sci. U.S.A. 91, 4407–4411. doi:10.1073/pnas.91.10.4407
 Yin, W., Xiang, P., and Li, Q. (2005). Investigations of the Effect of DNA Size in Transient Transfection Assay Using Dual Luciferase System. Anal. Biochem. 346, 289–294. doi:10.1016/j.ab.2005.08.029
 Ying, J., Wang, P., Zhang, S., Xu, T., Zhang, L., Dong, R., et al. (2018). Transforming Growth Factor-Beta1 Promotes Articular Cartilage Repair through Canonical Smad and Hippo Pathways in Bone Mesenchymal Stem Cells. Life Sci. 192, 84–90. doi:10.1016/j.lfs.2017.11.028
 You, L.-m., Luo, J., Wang, A.-p., Zhang, G.-p., Weng, H.-b., Guo, Y.-n., et al. (2010). A Hybrid Promoter-Containing Vector for Direct Cloning and Enhanced Expression of PCR-Amplified ORFs in Mammalian Cells. Mol. Biol. Rep. 37, 2757–2765. doi:10.1007/s11033-009-9814-x
 Yu, S. F., von Rüden, T., Kantoff, P. W., Garber, C., Seiberg, M., Rüther, U., et al. (1986). Self-inactivating Retroviral Vectors Designed for Transfer of Whole Genes into Mammalian Cells. Proc. Natl. Acad. Sci. U.S.A. 83, 3194–3198. doi:10.1073/pnas.83.10.3194
 Yue, B., Lin, Y., Ma, X., Xiang, H., Qiu, C., Zhang, J., et al. (2016). Survivin-TGFB3-TIMP1 Gene Therapy via Lentivirus Vector Slows the Course of Intervertebral Disc Degeneration in an In Vivo Rabbit Model. Spine 41, 926–934. doi:10.1097/brs.0000000000001474
 Zaiss, A.-K., Liu, Q., Bowen, G. P., Wong, N. C. W., Bartlett, J. S., and Muruve, D. A. (2002). Differential Activation of Innate Immune Responses by Adenovirus and Adeno-Associated Virus Vectors. J. Virol. 76, 4580–4590. doi:10.1128/jvi.76.9.4580-4590.2002
 Zangi, L., Margalit, R., Reich-Zeliger, S., Bachar-Lustig, E., Beilhack, A., Negrin, R., et al. (2009). Direct Imaging of Immune Rejection and Memory Induction by Allogeneic Mesenchymal Stromal Cells. Stem Cells 27, 2865–2874. doi:10.1002/stem.217
 Zeng, Y., Yi, R., and Cullen, B. R. (2005). Recognition and Cleavage of Primary microRNA Precursors by the Nuclear Processing Enzyme Drosha. EMBO J. 24, 138–148. doi:10.1038/sj.emboj.7600491
 Zhang, X., Ma, Y., Fu, X., Liu, Q., Shao, Z., Dai, L., et al. (2016). Runx2-Modified Adipose-Derived Stem Cells Promote Tendon Graft Integration in Anterior Cruciate Ligament Reconstruction. Sci. Rep. 6, 19073. doi:10.1038/srep19073
 Zhao, J., Wang, X., Han, J., Yu, Y., Chen, F., and Yao, J. (2021). Boost Tendon/Ligament Repair with Biomimetic and Smart Cellular Constructs. Front. Bioeng. Biotechnol. 9, 726041. doi:10.3389/fbioe.2021.726041
 Zhao, L., Huang, J., Fan, Y., Li, J., You, T., He, S., et al. (2019). Exploration of CRISPR/Cas9-based Gene Editing as Therapy for Osteoarthritis. Ann. Rheum. Dis. 78, 676–682. doi:10.1136/annrheumdis-2018-214724
 Zhao, M., Zhao, Z., Koh, J.-T., Jin, T., and Franceschi, R. T. (2005). Combinatorial Gene Therapy for Bone Regeneration: Cooperative Interactions between Adenovirus Vectors Expressing Bone Morphogenetic Proteins 2, 4, and 7. J. Cell.. Biochem. 95, 1–16. doi:10.1002/jcb.20411
 Zhu, W., Rawlins, B. A., Boachie-Adjei, O., Myers, E. R., Arimizu, J., Choi, E., et al. (2004). Combined Bone Morphogenetic Protein-2 and −7 Gene Transfer Enhances Osteoblastic Differentiation and Spine Fusion in a Rodent Model. J. Bone Min. Res. 19, 2021–2032. doi:10.1359/jbmr.040821
 Zinn, E., Pacouret, S., Khaychuk, V., Turunen, H. T., Carvalho, L. S., Andres-Mateos, E., et al. (2015). In Silico Reconstruction of the Viral Evolutionary Lineage Yields a Potent Gene Therapy Vector. Cell. Rep. 12, 1056–1068. doi:10.1016/j.celrep.2015.07.019
 Zu, H., and Gao, D. (2021). Non-viral Vectors in Gene Therapy: Recent Development, Challenges, and Prospects. AAPS J. 23, 78. doi:10.1208/s12248-021-00608-7
Conflict of Interest: SG and CE are founders, shareholders, and scientific advisory board members of Genascence Inc., a company developing gene-based treatments for osteoarthritis.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Watson-Levings, Palmer, Levings, Dacanay, Evans and Ghivizzani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-901317-g005.gif
Synovium Cartilage.






OPS/images/fbioe-10-901317-g006.gif





OPS/images/fbioe-10-901317-g003.gif





OPS/images/fbioe-10-901317-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Gene Therapy in Orthopaedics: Progress and Challenges in Pre-Clinical Development and Translation		Introduction

		Assembly of a Gene Delivery Platform		Transgene Product- Secreted vs. Intracellular

		Expression Cassette

		Promoter

		Auxiliary Elements





		Vectors for Gene Transfer		Viral Vectors

		Adenovirus

		Adeno-Associated Virus

		Retroviral Vectors

		γ-Retrovirus

		Lentivirus





		Non-Viral Gene Delivery		Plasmid DNA

		mRNA

		RNA Interference





		Gene Editing- CRISPR/Cas9		Targeted Gene Knockout

		Gene Knock-In





		Ex Vivo vs. In Vivo Delivery		In Vivo Gene Delivery

		Ex Vivo Gene Transfer





		Experimental Models

		Experimental Progress		Rheumatoid Arthritis

		Osteoarthritis

		Cartilage Repair

		Bone

		Intervertebral Disc

		Tendon and Ligament





		Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-10-901317-g001.gif





OPS/images/fbioe-10-901317-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





