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Abstract
Gene-based therapies for tissue regeneration involve delivering a specific gene to a target tissue with the goal of changing the phenotype or protein expression profile of the recipient cell; the ultimate goal being to form specific tissues required for regeneration. One of the principal advantages of this approach is that it provides for a sustained delivery of physiologic levels of the growth factor of interest.
This manuscript will review the principals of gene-enhanced tissue engineering and the techniques of introducing DNA into cells. Part 2 will review recent advances in gene-based therapies for dental hard tissue regeneration, specifically as it pertains to dentin regeneration/pulp capping and periodontal regeneration.

i. Introduction
Current approaches to tissue regeneration include: (i) the use of passive three-dimensional scaffolds to provide a local environment that is conducive to new tissue formation, (ii) inductive strategies in which additional growth factors are incorporated into a scaffold/matrix to modify cell behavior, and (iii) strategies to form a vital construct of cells, either fully differentiated autologous cells of the desired type, or stem cells that have been isolated and expanded in vitro to restore tissue function.
Gene-enhanced tissue engineering (GETE) combines techniques of tissue engineering with gene therapy. Specifically, gene-based therapies involve delivering a specific gene to the target tissue with the goal of changing the phenotype or protein expression profile of the recipient cell [1]. This can stimulate the gene-enhanced cell and/or neighboring uncommitted cells to differentiate into the desired cell and tissue types. One of the principal advantages of this approach is that it provides for a sustained delivery of physiologic levels of the growth factor of interest. This is in contrast to protein delivery systems, which are often hampered by the short half life of the delivered protein.
The central premise underpinning this approach is the existence of a population of progenitor cells that are capable of regenerating different tissues with guidance from local cues in the wound environment. Mammalian cells are, of necessity, fully capable of forming the varied tissues and organs during initial development and growth of the organism. This regenerative ability is decreased with aging, in part the result of a decrease in production of the specific protein factors involved in regulating development of these tissues [2]. The goal of gene-enhanced tissue engineering is to reclaim this lost regenerative capacity by local delivery of cells that have been genetically-enhanced to deliver physiologic levels of these growth factors.
Based on previous studies on the regeneration of articular cartilage [3], meniscal cartilage [4], bone [5], and dermal wounds [6], it is apparent that the ideal graft material provides a source of cells capable of forming the desired tissue when suitably induced, provides a biodegradable scaffold for new tissue formation (a tissue conductive environment), and provides the appropriate signals to induce tissue formation (an inductive environment).
a. Cellular component
One of the current tenets is that embryonic, fetal, or postnatal stem cells, isolated through complex protocols, are required for successful tissue regeneration. However, as discussed later, recent findings bring this view into question.
Stem cells are undifferentiated progenitor cells that have the capacity to self-renew, without senescence. They have the desirable property of being capable of differentiating into multiple, more specialized, cells that arise from any of the three germ layers. Stem cells can be identified based on their expression of early mesenchymal stem cell markers, such as STRO-1 and CD146/MUC18. In contrast, "progenitor" or "precursor" cells are similar to stem cells, but lack the ability to self-renew [7].
The challenge to using stem cells for tissue regeneration is to direct their differentiation along the desired pathway. Besides their ability to differentiate into multiple cell types, stem cells also interact with stromal tissue in the site of implantation, thereby repopulating the desired cell types. This property, known as homing, is believed to be regulated by signaling molecules in the local environment [8]. Additional approaches used to drive differentiation of stem cells towards the desired cell type include co-culturing with an isolate from the desired tissue type, the use of inductive cell culture conditions (e.g. supplementation of media with growth factors), and genetic modification [9, 10].
(i) Fetal stem cells
Since the initial isolation and characterization of human embryonic stem cells from fetal blastocytes [11], there has been significant interest in the potential use of these cells for tissue regeneration. Although fetal cells appear to have great potential in the field of tissue engineering, ethical, religious and political concerns, as well as a paucity of cell lines, have dampened this enthusiasm. This has been compounded by concerns over the possibility of tissue rejection and recent evidence pointing to the potential for teratoma and teratocarcinoma formation [12]. In order to circumvent some of these issues, other potential sources of stem cells are actively being explored; including placental-derived stem cells [13] and umbilical cord blood [14].

(ii) Postnatal adult stem cells
Postnatal adult stem cells are multipotential cells that, under the appropriate stimulus, can be induced to develop into a number of different cell types within a specific tissue, including osteoblasts, odontoblasts, adipocytes, and neuronal-like cells [15]. Potential sources of postnatal stem cells include bone marrow-derived mesenchymal stem cells [16], muscle-derived stem cells [17] and adipose tissue-derived stem cells [18]. In vitro, multipotent adult stem cells appear to be capable of undergoing trans-differentiation to form other tissue types, although the significance of this phenomenon in vivo is unclear [7].
Overall, adult stem cells appear to be more limited in potential compared to embryonic stem cells, are difficult to harvest in sufficient quantity, and require specialized isolation techniques. As with fetal stem cells, recent evidence that raises the specter of tumorigenicity [19, 20]means that additional research will be required prior to the widespread use of adult stem cells for tissue regeneration.

(iii) Genetically-enhanced adult cells
Recent findings bring into question the dogma that either fetal or adult stem cells are necessary for successful tissue regeneration. Certain mammalian cell types can be induced to dedifferentiate to progenitor cells when stimulated with appropriate signals [21]. A population of fibroblast-like cells isolated from fat, dermis, and gingiva have significant hard tissue regenerative potential, but only when supplemented with specific growth factors; either by genetic enhancement or through supplementation with recombinant proteins [22–27].
Our results [23, 5] suggest that relatively crude preparations of fibroblast-like cells can potentially serve as a source of "differentially plastic" cells for tissue regeneration when enhanced with signaling molecules and with guidance from local cues in the wound environment. No extensive purification techniques or ex vivo expansion of cells are required. These are not true "stem cells" because they are only capable of regenerating tissue when genetically-enhanced with specific growth factors or morphogens.


b. Scaffold/carrier
A biodegradable matrix is required for ease of delivery of cells to the wound site as well as to provide a three-dimensional scaffold to preserve the space of the defect in anticipation of the formation of new tissue. The ideal scaffold for tissue engineering should be relatively easy to handle, allow for the incorporation of cells, allow for the free diffusion of cells and growth factors, permit the establishment of a vascular bed to ensure survival of the implanted cells, induce a minimal inflammatory response and be ultimately biodegraded. In contrast to orthopedic situations, in which the scaffold must be strong enough to immediately tolerate considerable biomechanical forces, strength may be less of a concern when regenerating relatively small periodontal or dental defects. This however does not obviate the need to consider the effect of biomechanical effect of occlusal forces on both the dentition and surrounding tissues. From the perspective of a pulp capping agent, as well as for periodontal regeneration, it would be advantageous to have a malleable or injectable formulation, allowing it to adapt to the shape of the defect. From a regulatory standpoint, there are obvious benefits to using materials that are already approved for clinical use.
A large number of matrix materials have been employed in tissue engineering [28, 29], ranging from long-lasting porous hydroxyapatite ceramics to naturally-occurring molecules of intermediate duration (e.g. alginate, collagen, chitosan), to relatively short-lasting polymers such as polyglycolic acid (PGA) and polylactic acid (PLA) and their copolymer poly(lactic-co-glycolide) (PLGA). Although this latter group of man-made polymers has been widely used, they have some inherent disadvantages. Their breakdown products can have an adverse effect on wound healing [28]. Moreover, added cells require "seeding" onto the matrix material, which requires ex vivo cell culturing for extended periods of time. In addition, cells often have difficulty in adhering to the polymer.
Type I collagen, a major component of bone, dental pulp and periodontal ligament, is biocompatible and has been shown to promote regeneration of hard tissue defects in various models [28]. However, collagen-based systems, by themselves, are structurally weak. The porous nature of alginate gels, a biodegradable polysaccharide, allows for the migration of cells and regulatory proteins inside the network [30]. Chemical modification designed to couple the rate of alginate degradation to new tissue formation can significantly increase the rate of tissue regeneration [31].
Constituents of the extracellular matrix play a crucial role in mineralization, cell adhesion and differentiation [32]. Methods to improve the properties of scaffold materials by introducing biomimetic motifs (e.g. the introduction of integrin-binding peptide sequences) have tremendous potential in the field of tissue regeneration [33].
Ultimately, no one matrix material will be suitable for all situations. Mixtures of two or more materials, designed to take advantage of the ideal mechanical and/or biologic properties of the individual components, will likely turn out to hold the most promise.

c. Morphogens/growth factors
The regulation of both tooth formation and periodontal attachment formation is mediated by a complex cascade of interactions [34] involving four principal protein families: the bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), and the mutually inhibitory hedgehog and Wnt family of proteins.
Of these, the BMPs appear to be key regulators involved in the formation of new bone and dental hard tissues. BMPs are a family of growth factors that exert their function, in part by stimulating the differentiation of non-committed precursor cells into osteoblasts [35]. A number of recent articles have reviewed the potential for BMP delivery in human bone regeneration [36–38].


ii. Gene delivery systems
A. Benefits and disadvantages of available systems for introducing DNA into cells
The use of GETE for tissue regeneration requires that genes are introduced into cells by some methodology. Many methods of gene transfer exist, each with their own inherent strengths and weaknesses. This section will review the benefits as well as the disadvantages of the methods currently in use as well as some of the newer techniques being developed.
The diverse techniques for introducing nucleic acids into cells are most frequently grouped under the general categories: chemical, physical, and viral. When chemical or physical means are used, these are examples of transfection. When replication incompetent viral vectors are used, the term is transduction. The introduction of DNA by means of wild type or replication competent viral vectors is termed infection.
a. Chemical methods
(i) Calcium phosphate
Calcium phosphate co-precipitation of DNA was first described over 30 years ago [39] and continues to be used today mainly due to its low cost and reasonable transfection efficiency. DNA is combined with calcium chloride and further mixed with phosphate-buffered saline and incubated at room temperature. A DNA/calcium phosphate precipitate forms which, when added drop wise to cells in culture, is endocytosed. The majority of the internalized DNA is destroyed by cytoplasmic nucleases but a small amount avoids that fate, and is transported to the nucleus where the genes are expressed transiently for 2–3 days [40]. In a small number of cells (often in the range of one per hundred thousand), the DNA can integrate into the genome randomly and if a selectable marker is present on the DNA, stably transfected cells can be obtained as clones or populations.
Advantages of this method are the low cost and simple procedure. Disadvantages include sensitivity to impurities in DNA preparations and to minor changes in pH, salt concentration, and temperature; often resulting in poor reproducibility. This method is largely being replaced by lipid-based approaches which, although more costly, generally give consistently better transfection efficiencies.

(ii) DEAE-dextran
Diethylaminoethyl (DEAE)-dextran was one of the first chemical reagents used for DNA transfer into cells [41]. DEAE-dextran is a cationic polymer that associates with negatively-charged nucleic acids. Excess polymer in the DEAE-dextran/DNA complex enables the complex to associate with the negatively-charged cell membrane where it is endocytosed. Transient, but not stable, expression of transferred DNA follows. Advantages of this method are low cost, simplicity, and reproducibility. Disadvantages include lack of utility for obtaining stable transfection and the fact that it is effective only for a limited number of cell types such as macrophages. DEAE-dextran has largely been replaced by newer, more versatile technologies.

(iii) Lipids
Artificial liposomes were first used to deliver DNA to cells as early as 1980, however, the popularity of this method increased dramatically with the advent of cationic lipids for transfection or "lipofection" as this method is now called [42]. Many types of lipids are used to lipofect cells, hence the many lipofection products on the market. In general, cationic lipids contain a positively-charged head group, such as an amine, attached to a linker group with at least two hydrophobic tail groups. The cationic portion of the lipid molecule associates with the negatively-charged nucleic acids to form a complex. The overall net positive charge of the complex allows for closer association with negatively-charged cellular membranes. Following endocytosis, the complexes appear in endosomes and are destined for destruction in lysosomes. To prevent this destruction of the DNA, the lipid mixture also contains a neutral lipid (i.e. L-dioleoylphosphatidylethanolamine; DOPE) that facilitates release of the DNA from the endosomes, thereby freeing up the DNA to make its way to the nucleus.
Advantages of this method are the ability to transfect a large number of cell types, high efficiency transient transfection, ease of use, and good reproducibility. Disadvantages include the high cost relative to calcium phosphate and DEAE-dextran, the observation that some primary cells (neurons, dendritic cells, endothelial cells) are not effectively lipofected, and the fact that lipofection is not effective for direct in vivo application where serum is present. Overall, lipofection still remains the most popular method for in vitro transfection.

(iv) Polymers
Organic polymers have also been used for transfection. One polycation, polyethylenimine (PEI), is an organic macromolecule with a high cationic charge density. When PEI is complexed with DNA, the DNA is condensed into positively-charged particles that interact with the negatively-charged proteoglycans on the cell surface and enter cells via endocytosis. Once inside the endosomes, the PEI causes endosomal swelling and rupture, thus releasing the DNA into the cytoplasm and ultimately into the nucleus [43].
Advantages include ease of use and high transfection efficiency in some cell types as well as applicability for in vivo use [44]. Disadvantages include cost and the fact that not as many cell types are transfectable with this approach as compared to lipofection.

(v) Proteins
Proteins and peptides are sometimes used to enhance DNA transfer by cationic lipids. Proteins such as integrins [45] and transferrin [46] and peptides such as protamine sulfate [47] and nuclear localization signal peptides [48] have been used to improve transfection efficiency in certain cell types. The disadvantage of using proteins and peptides is that they increase the cost and complexity of the system.


b. Physical methods
Physical and mechanical methods of gene transfer have the advantage of simplicity and avoidance of the use of chemicals or viral proteins, which can potentially elicit an immune response. Disadvantage of these approaches is that they are mainly limited to transient expression in most tissue except muscle, where longer-term expression can be obtained.
(i) Biolistic
Using the biolistic method, DNA is coated onto metal microparticles and "shot" into cells at high velocity by electrostatic force or gas pressure [49]. Hence, this method is sometimes referred to as a "gene gun".
Advantages of this system are the simplicity of the method, no limitations to cell type transfected, and no limit on size and number of genes transfected. The major disadvantage is low efficiency of transfection. Relatively few cells take up and express the DNA. In addition, there is potential damage to tissues when used in vivo. This method is currently best suited to DNA immunization applications.

(ii) Electroporation
Electroporation involves treatment of cells with a very rapid pulse of high voltage current that results in a perturbation of the cell membrane and transient pore formation. The DNA passes through the pores and into the cytoplasm. Advantages of this system are that it can theoretically work on any cell type and there are no size limitations to the DNA. Disadvantages include: significant effort is required to optimize the technique (duration and strength of pulse) for each cell type, a relatively high degree of cell death is observed, and transfection efficiency is often low in comparison to other methods. This method is most applicable to in vitro studies. However, there have been reports of in vivo use [50].
A variation on electroporation known as nuclear electroporation (or nucleofection) involves direct electroporation of nucleic acids into the nucleus [51]. Advantages of this approach include the ability to bypass blocks in translocation of nucleic acid from the cytoplasm to the nucleus. The system is a good alternative to viral approaches for difficult to transfect primary cell lines. Disadvantages include the high cost of the equipment and reagent buffers and the fact that optimal conditions must be identified for each cell type used. Overall, it is a good option for in vitro transfection when other non-viral methods fail.

(iii) Microinjection
Direct injection of DNA into the nucleus of a cell using glass micropipettes has mainly been used in embryonic stem cells and other cultured cell lines [52]. Advantages of this system include high transfection efficiency and the lack of size limitations on the DNA injected. Disadvantages are many. This technique requires an investment in specialized equipment and personnel training and automation of the process is costly. Microinjection is currently not practical for the majority of gene transfer applications that require the production of large numbers of transfected cells.

(iv) Naked DNA
Some tissues, particularly muscle, can be transfected with DNA alone without any other transfection reagents. This accidental discovery was reported in 1990 [53], when it was observed that DNA without transfection reagent actually transfected mouse muscle better than liposome/DNA complexes. This technique can be used to very effectively transfect muscle cells in vitro. However, it does not work well for other cell types nor does it work as well in vivo; possibly due to degradation of the DNA prior to cellular uptake.


c. Viral vectors
Viruses have evolved over millennia to efficiently introduce genes into living cells. With the technological breakthroughs in molecular biology since the 1970s, it has become possible for molecular virologists to engineer different types of infectious viruses into gene delivery systems called viral vectors. To create viral vectors, key genes in a wild type viral genome are deleted, creating a defective viral genome that is incapable of producing infectious viruses in cells (replication incompetent). Removal of the key viral genes not only renders the viral genome replication defective, but also creates the space needed for inclusion of a therapeutic or marker gene. Hence, a "viral vector" genome is created that contains viral regulatory elements, packaging signals, other viral coding sequences, as well as therapeutic genes. However, the viral vector cannot reproduce itself.
Viral vector genomes must be propagated in special cell lines called packaging cells or vector producer cell lines. In these special cell lines, the key viral genes that were removed from the viral genome are expressed separately (in trans) from the viral vector genome such that all of the viral proteins needed for assembly of viral particles are expressed. Thus, the viral vector producer cell line produces "viral vector particles" that contain the viral vector genome. The viral vector particles are used to deliver the therapeutic genes to target cells in a process called transduction. Once inside target cells, the vector genome expresses the therapeutic genes and any other viral genes included in the vector genome. Because some key viral genes are missing from the vector genome, the target cells cannot produce wild type viruses or more viral vector particles. Thus, viral vectors are replication incompetent.
Because so many viruses are being studied by a multitude of virologists, it can be expected that more viral-based gene delivery systems will be developed in the coming years. Although there are many viral vector delivery systems, none are ideal for all gene transfer applications. Each viral system has unique strengths and weaknesses.
(i) Adeno-associated virus (AAV)
AAV is a parvovirus and its genome consists of a single-stranded DNA approximately 4.7 kb in length. There are several serotypes of AAV, with AAV2 being most commonly used in gene transfer experiments.
Advantages of AAV are that they can transduce many different cell types both in vitro and in vivo, they transduce non-dividing cells as well as dividing cells, they remain episomal and, in some cell types, can express transgenes for months without integration. They have been used safely in several gene therapy clinical trials. Wild type AAV can integrate preferentially into human chromosome 19. However, viral vectors based on AAV do not integrate into the genome frequently nor do they preferentially target chromosome 19. The vast majority of people are seropositive for AAV, which is a non-pathogenic virus often associated with adenoviral infections. Different serotypes of AAV have differing cell type preferences and elicit different immune responses [54]. Disadvantages of AAV include its small packaging capacity and difficulty in producing helper-free stocks of AAV at high titer. AAV will continue to grow in popularity due to the fact that it does not integrate into the genome; a key problem with other viral systems. However large scale production remains problematic.

(ii) Adenovirus (Ad)
Adenoviruses (Ad) are group I double-stranded DNA viruses with linear genomes approximately 36 kbp in length. They are commonly used in gene therapy experiments.
Ad vectors have a number of advantages including the fact that they can be easily produced at high titer, they transduce a wide range of cells, they can transduce both dividing and non-dividing cells (although like other viruses, they are more effective at transducing dividing cells), they remain episomal in the nucleus and do not integrate, and they can transiently express transgenes at a high level extending from approximately 2–10 days post-transduction, after which time expression can continue at very low levels. Hence, Ad vectors are mainly useful for transient expression (7–8 days). Disadvantages of Ad vectors include the transient nature of expression if longer expression is required, and immunogenicity can be severe. It is often not possible to give repeat administrations of Ad vectors because of neutralizing antibodies elicited from earlier Ad administration. Packaging capacity is also not as large as with other systems. However, in light of the increased regulatory scrutiny given to integrating vector systems, use of Ad vector technology will likely increase. In addition, newer Ad vector systems designed to reduce immunogenicity, such as the gutless system, are continually being developed [55].

(iii) Herpes simplex virus (HSV)
HSV is another group I double-stranded DNA virus with a linear genome of 150 kbp in length. Advantages of HSV include its large packaging capacity (~ 30 kbp), ability to transduce a wide variety of cell types (especially those in the nervous system), and the fact that both dividing and non-dividing cells can be transduced. It can be produced at high titer and does not integrate into the genome [56]. Disadvantages include the potential for significant toxicity due to expression of viral proteins.

(iv) Lentivirus (lenti)
Lentivirus vectors (lentivector) belong to the group VI class of RNA viruses that reverse transcribe their RNA. These belong to the same class of retrovirus as HIV-1, the causative agent of AIDS. The most popular lentivirus vector systems are based on HIV-1 [57]. However, lentivector systems based on viruses that do not normally infect humans have also been developed.
The major advantage that lentivectors have over oncoretroviral systems is the ability to transduce non-dividing cell types as well as dividing cells. Lentivectors can also express genes long term due to the fact that they integrate into the genome. They are not very immunogenic. Because they integrate into the genome, insertional mutagenesis is now a significant concern of regulatory agencies. However, this should not be problematic for basic science research. Production systems for lenti are not as efficient as compared to other viral systems. Production of modest amounts of lentivector is labor intensive. The packaging capacity of ~8 kbp often necessitates that cDNAs be used. Transgene expression levels are relatively low.

(v) Oncoretrovirus (retro)
Oncoretroviruses are also group VI class RNA viruses. Retroviral vectors based on Moloney murine leukemia virus [58] are the most commonly used viral vectors in human gene therapy trials. Advantages and disadvantages of the retro system are similar to those of the lentiviral system except that retros cannot transduce non-dividing cells. Lentiviral vectors have nuclear localization signals on some of their viral proteins which act to facilitate transport of the preintegration complex through the nuclear membrane. Oncoretroviral proteins lack these signals. Therefore the oncoretroviral preintegration complex cannot access the nucleus until nuclear membrane breakdown occurs during cell division. This can be problematic for in vivo use because most cells are not actively dividing in the body. However, this is generally not problematic when working with cells in culture (in vitro applications). A major advantage of retros over lentivectors is that they are much easier to produce at high titer because stable producer lines are relatively simple to generate and they produce retroviral vector particles without need of repeated transfections. It is anticipated that regulatory approval of retros-based clinical techniques will become more problematic now that documented cases of insertional mutagenesis causing cancer have appeared [59].

(vi) Other viral vector systems
Polio [60], sindbis [61], and SV40 [62] are among a large group of viruses being developed for gene transfer applications. Each will have specific niche applications as viral gene delivery systems.




iii. Practical considerations and conclusions
A. Overview of current approaches
The principal drawback with any cell-based regenerative tissue therapy is the individualized nature of this type of approach. As currently performed, these techniques require harvesting of a portion of the patients tissue (e.g. hematopoietic bone marrow), isolation of stem cells, ex vivo expansion, followed by transplantation back into the patient. This is both time consuming and labor intensive.
The development of universal donor stem cell lines could potentially obviate this requirement. Prior to widespread use of such an approach, the potential for tissue rejection would have to be addressed. While this might necessitate pharmacologically-mediated immune suppression, recent evidence suggests that allogeneic adult stem cells have a number of mechanisms that allow them to circumvent host immune responses [63–65]. Moreover, cell encapsulation appears to decrease the risk of an immune response [66], possibly via antigenic masking.
Alternatively, a simplified approach could be developed that eliminates the need for extensive purification of harvested tissue. This can be accomplished by using minimally-processed harvested tissue that has been genetically-enhanced with specific growth factors (i.e. gene-enhanced tissue engineering).

B Factors to be considered when developing new regenerative techniques
A number of issues should be considered prior to developing any tissue engineering approach for pulpal and/or periodontal regeneration.
(a) Regulatory issues
Early contact with government regulatory agencies such as the Food and Drug Administration in the United States (FDA) is essential to eliminate or reduce areas of potential regulatory concern. As previously discussed, principal components in any tissue regeneration product will include one or more of: 1) a cellular component, 2) a protein or gene transfer agent, and 3) a synthetic matrix to contain the first two components. The key to success is selecting individual components that will have the best likelihood of obtaining regulatory approval.
(i) Cells
Although each situation is different, regulatory issues for cellular components become increasingly more complex when moving from autologous to allogeneic cells. In addition to the source of cells, the cell type and the need for characterization of cells is a key issue to regulatory agencies. It is important to point out that it is not essential that cellular components be "purified". This is often incorrectly stated as an FDA requirement by companies that have patented cell-type specific purification procedures. The FDA is primarily concerned with "characterization" of the cells; one of the principal goals being to address concerns that the product is safe and consistent in formulation. Purification per se is not required and, in fact, attempts to develop a system requiring the isolation of specific cell types may prove detrimental to the ultimate goal of marketing a clinically viable product.

(ii) Growth factor delivery systems
A growth factor/protein is often included as one component of a tissue regenerative product. This can be delivered in a number of ways: as exogenously produced protein, as a gene product delivered directly via plasmid DNA or viral vector, or as part of a cellular therapy where the cells are genetically-enhanced to overexpress specific genes. Direct protein delivery is the easiest approach from a regulatory standpoint. Gene-enhanced cell delivery systems involve significantly more regulatory hurdles. The choice of gene delivery system also has important regulatory considerations. Transient expression systems are preferred over systems involving prolonged expression. Integrative vector systems, in which the transgene and/or viral vector integrates into the target cell genome, are used in situations where therapeutic gene expression is desired for prolonged periods. However, it has now been documented that integration of genes/viral vectors can result in tumor formation [59]. As a result, regulatory agencies may require that all patients receiving integrative vector systems be monitored for life as part of the clinical trial. This makes the use of integrating vector systems impractical for wide-spread use. For this reason, the use of a non-integrating vector system is preferred for transgene delivery.

(iii) Matrix
The matrix is used to contain the cells and/or other components of the tissue regenerative product. Tissue regenerative agents that contain a cellular component in addition to other matrix materials are classified as "combination products" by the FDA, meaning that the product is part device and part biologic. From a regulatory standpoint, it is preferable to use materials that have been previously approved for clinical use. Otherwise, the required safety studies of each individual component will make the Phase I trial safety design considerably more difficult. Where possible, matrix materials should be from non-mammalian sources (e.g. alginate).

(iv) Animal models
Multiple animal models may have to be developed. Before considerable effort is made in the development of animal models for pre-clinical studies, the appropriate regulatory agencies should be contacted to ascertain if the animal models chosen will be acceptable. Regulatory agencies sometimes require use of specific large animal models for certain studies and this has significant impact on project cost and logistics as many research facilities cannot house large animals. It is important that these issues be discussed with regulatory agencies prior to commencement of animal studies.


(b) Practical considerations
Any new technology intended for widespread clinical usage should be based, in large part, on currently existing methodologies. This will reduce the time and effort required to bring the product to market. Consideration of how the technology can be applied en masse should also be anticipated.
(i) Cellular component
Allogeneic cells must be expanded in culture, characterized and tested for genetic stability and infectious agents prior to use. Their principal advantage lies in the fact that one cell line could potentially be marketed as a single tissue regenerative product to treat many different patients. Immune rejection and genetic drift/instability of cultured cells are two issues that need to be addressed. It is also apparent that human embryonic stem cell lines can acquire genetic changes in culture and have the potential of transforming into teratomas. Consequently, for tissue regenerative procedures, the use of autologous cells is preferred over allogeneic donor cells, thereby eliminating the potential for immunological rejection and disease transmission.
In order to develop a cost-effective autologous tissue regenerative product, it is crucial to avoid techniques requiring ex vivo cell expansion. This necessitates using a tissue that contains an abundant amount of easily harvestable donor cells that can be obtained with minimal donor site morbidity.

(ii) In vivo versus ex vivo approaches

Ex vivo culture techniques are labor intensive, time consuming, and require that cells be extensively characterized to rule out the acquisition of genetic mutations. Direct in vivo application of gene transfer vectors (e.g. direct injection of the gene transfer vector into the patient) likewise remains a challenge. Practical considerations include targeting the vector to the desired target cells, avoidance of significant first pass loss in the liver or lungs, resistance to destruction by human serum complement, and demonstrated non-targeting of germ cells.
Development of novel combination approach involving in vitro binding of vector to host cells for a short period of time followed by reintroduction of the vector-bound cells in an implantable matrix holds significant potential. The actual cellular transduction would occur in vivo, but because the cells are held in vitro for only a short period of time to allow for vector binding, no ex vivo cell expansion is required.

(iii) Gene transfer systems
The choice of gene transfer system must be tailored to the specific needs of each application. For genetic enhancement of an autologous cell product, the efficiency of gene transfer is a paramount consideration. Since non-viral gene transfer systems tend to be inefficient, it is preferable to use a viral vector delivery system; ideally one with an established record of clinical use. Due to the regulatory issues described earlier, it is not prudent at this time to use integrating viral vectors. Since transgene expression on the order of one week may be long enough to allow for the transdifferentiation of cells, adenovirus vector system are a good option for many applications. The major drawback with adenoviral systems is the potential for significant immunogenicity to the adenoviral vector proteins. This problem can be greatly reduced through the use of matrix materials that mask these epitopes.

(iv) Ease of translation into a clinical protocol
Ideally, the entire process of donor tissue harvest, processing of the tissue, transduction, matrix assembly, and re-implantation of vector-bound cells should take place as a single outpatient procedure in the clinical setting, without the need for specialized equipment or extensive training.


C. Funding sources
Obtaining funding to transition from the research phase to commercial production of cell-based therapies can be challenging. Venture capitalists have been reluctant to invest in these firms because of historically low rates of return on investment as well as concerns over patent rights [67]. While the United States Patent and Trademark Office has issued a number of patents on human-derived cells, foreign countries have been reluctant to issue similar patent protection. These factors should be considered early on, since the ultimate objective is the development of a tissue regenerative product that will succeed both in the clinical setting and in the marketplace.



References
1.
Chiorini JA: Future of gene transfer in oral biology. Oral Biosci Med. 2005, 2: 141-145.

2.
Muramatsu T, Hamano H, Ogami K, Ohta K, Inoue T, Shimono M: Reduction of osteocalcin expression in aged dental pulp. Int Endod J. 2005, 38: 817-821. 10.1111/j.1365-2591.2005.01022.x.CrossRefPubMed

3.
Grande DA, Breitbart AS, Mason JM, Paulino C, Laser J, Schwartz RE: Cartilage tissue engineering: current limitations and solutions. Clin Orthop Rel Res. 1999, 367: S176-185. 10.1097/00003086-199910001-00019.CrossRef

4.
Breitbart AS, Grande DA, Mason JM, James T, Grant RT: Gene modified tissue engineering: gene enhanced tissue engineering: applications for bone healing using cultured periosteal cells retrovirally transduced with BMP-7 gene. Ann Plast Surg. 1999, 42: 488-495.CrossRefPubMed

5.
Mason JM, Grande DA, Barcia M, Pergolizzi RG, Grant R, Breitbart AS: Expression of human bone morphogenic protein 7 in primary rabbit periosteal cells: potential utility in gene therapy for osteochondral repair. Gene Ther. 1998, 5: 1098-1104. 10.1038/sj.gt.3300703.CrossRefPubMed

6.
Breitbart AS, Mason JM, Urmacher C, Barcia M, Grant RT, Pergolizzi RG, Grande DA: Gene Enhanced Tissue Engineering: Applications for wound healing using cultured dermal fibroblasts transduced retrovirally with the PDGF-B gene. Ann Plast Surg. 1999, 43: 632-639.CrossRefPubMed

7.
Friel R, van der Sar S, Mee PJ: Embryonic stem cells: understanding their history, cell biology and signalling. Advan Drug Del. 2005, 57: 1894-1903. 10.1016/j.addr.2005.08.002.CrossRef

8.
Vats A, Tolley NS, Bishop AE, Polak JM: Embryonic stem cells and tissue engineering: delivering stem cells to the clinic. J R Soc Med. 2005, 98: 346-350. 10.1258/jrsm.98.8.346.CrossRefPubMedPubMedCentral

9.
Gysin R, Wergedal JE, Sheng MH, Kasukawa Y, Miyakoshi N, Chen ST, Peng H, Lau KH, Mohan S, Baylink DJ: Ex vivo gene therapy with stromal cells transduced with a retroviral vector containing the BMP4 gene completely heals critical size calvarial defect in rats. Gene Ther. 2002, 9: 991-999. 10.1038/sj.gt.3301772.CrossRefPubMed

10.
Wright VJ, Peng H, Usas A, Young B, Gearhart B, Cummins J: BMP-4 expressing muscle-derived stem cells differentiate into osteogenic lineage and improve wound healing in immunocompetent mice. Molecular Ther. 2002, 6: 169-178. 10.1006/mthe.2002.0654.CrossRef

11.
Thomson JA, Itskovitz-Eldor J, Shapiro JJ, Waknitz MA, Swiergiel JJ, Marshall VS, Jones JM: Embryonic stem cell lines derived from human blastocysts. Science. 1998, 282: 1145-1147. 10.1126/science.282.5391.1145.CrossRefPubMed

12.
Asano T, Ageyama N, Takeuchi K, Momoeda M, Kitano Y, Sasaki K, Ueda Y, Suzuki Y, Kondo Y, Torii R, Hasegawa M, Ookawara S, Harii K, Terao K, Ozawa K, Hanazono Y: Engraftment and tumor formation after allogeneic in utero transplantation of primate embryonic stem cells. Transplantation. 2003, 76: 1061-1067. 10.1097/01.TP.0000090342.85649.81.CrossRefPubMed

13.
Yen BL, Huang HI, Chien CC, Jui HY, Ko BS, Yao M, Shun CT, Yen ML, Lee MC, Chen YC: Isolation of multipotent cells from human term placenta. Stem Cells. 2005, 23: 3-9. 10.1634/stemcells.2004-0098.CrossRefPubMed

14.
Wang JF, Wang LJ, Wu YF, Xiang Y, Xie CG, Jia BB, Harrington J, McNiece IK: Mesenchymal stem/progenitor cells in human umbilical cord blood as support for ex vivo expansion of CD34(+) hematopoietic stem cells and for chondrogenic differentiation. Haematologica. 2004, 89: 837-844.PubMed

15.
Krause DS: Plasticity of marrow-derived stem cells. Gene Therapy. 2002, 9: 754-758. 10.1038/sj.gt.3301760.CrossRefPubMed

16.
Krebsbach PH, Kuznetsov SA, Bianco P, Robey PG: Bone marrow stromal cells: characterization and clinical application. Crit Rev Oral Biol Med. 1999, 10: 165-181.CrossRefPubMed

17.
Lee JY, Qu-Petersen Z, Cao B, Kimura S, Jankowski R, Cummins J, Usas A, Gates C, Robbins P, Wernig A, Huard J: Clonal isolation of muscle-derived cells capable of enhancing muscle regeneration and bone healing. J Cell Biol. 2000, 150: 1085-1100. 10.1083/jcb.150.5.1085.CrossRefPubMedPubMedCentral

18.
Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P, Lorenz HP, Hedrick MH: Multilineage cells from human adipose tissue: implications for cell-based therapies. Tissue Eng. 2001, 7: 211-228. 10.1089/107632701300062859.CrossRefPubMed

19.
Rubio D, Garcia-Castro J, Martin MC, de la Fuente R, Cigudosa JC, Llloyd AC, Bernad A: Spontaneous human adult stem cell transformation. Cancer Res. 2005, 65: 3035-3039.PubMed

20.
Zhu W, Xu W, Jiang R, Qian H, Chen M, Hu J, Cao W, Han C, Chen Y: Mesenchymal stem cells derived from bone marrow favor tumor cell growth in vivo. Exper Mol Pathol. 2005, Online in advance of publication

21.
Odelberg SJ: Inducing cellular dedifferentiation: a potential method for enhancing endogenous regeneration in mammals. Semin Cell Dev Biol. 2002, 13: 335-343. 10.1016/S1084952102000897.CrossRefPubMed

22.
Dragoo JL, Choi JY, Lieberman JR, Huang J, Zuk PA, Zhang J, Hedrick MH, Benhaim P: Bone induction by BMP-2 transduced stem cells derived from human fat. J Orthop Res. 2003, 21: 622-629. 10.1016/S0736-0266(02)00238-3.CrossRefPubMed

23.
Edwards PC, Ruggiero S, Fantasia JE, Burakoff R, Moorji SE, Razzano P, Mason JM: Sonic hedgehog gene-enhanced tissue engineering for bone regeneration. Gene Therapy. 2005, 12: 75-86. 10.1038/sj.gt.3302386.CrossRefPubMed

24.
Gugala Z, Olmsted-Davis EA, Gannon FH, Lindsey RW, Davis AR: Osteoinduction by ex vivo adenovirus-mediated BMP2 delivery is independent of cell type. Gene Ther. 2003, 10: 1289-1296. 10.1038/sj.gt.3302006.CrossRefPubMed

25.
Hirata K, Tsukazaki T, Kadowaki A, Furukawa K, Shibata Y, Moriishi T, Okubo Y, Bessho K, Komori T, Mizuno A, Yagamuchi A: Transplantation of skin fibroblasts expressing BMP-2 promotes bone repair more effectively than those expressing Runx2. Bone. 2003, 32: 502-512. 10.1016/S8756-3282(03)00054-1.CrossRefPubMed

26.
Hosoya M, Maruoka Y, Oda M, Asahina I, Ichinose S, Omura K: Bone with a vascular flap induced from fat tissue with the use of rhBMP-2 in rats. J Dent Res. 2003, 82: 581-584.CrossRefPubMed

27.
Rutherford RB, Moalli M, Franceschi RT, Wang D, Gu K, Krebsbach PH: Bone morphogenetic protein-transduced human fibroblasts convert to osteoblasts and form bone in vivo. Tissue Eng. 2002, 8: 441-452. 10.1089/107632702760184709.CrossRefPubMed

28.
Cornell CN: Osteoconductive materials and their role as substitutes for autogenous bone grafts. Orthop Clin North Am. 1999, 30: 591-598. 10.1016/S0030-5898(05)70112-7.CrossRefPubMed

29.
Hutmacher DW, Goh JC, Teoh SH: An introduction to biodegradable materials for tissue engineering applications. Ann Acad Med (Singapore). 2001, 30: 183-191.

30.
Stabler C, Wilks K, Sambanis A, Constantinidis I: The effects of alginate composition on encapsulated BTC3 cells. Biomaterials. 2001, 22: 1301-1310. 10.1016/S0142-9612(00)00282-9.CrossRefPubMed

31.
Alsberg E, Kong HJ, Hirano Y, Smith MK, Albeiruti A, Mooney DJ: Regulating bone formation via controlled scaffold degradation. J Dent Res. 2003, 82: 903-908.CrossRefPubMed

32.
Qin C, Baba O, Butler WT: Post-translational modifications of SIBLING proteins and their roles in osteogenesis and dentinogenesis. Crit Rev Oral Biol Med. 2004, 15: 126-136.CrossRefPubMed

33.
Garcia AJ, Reyes CD: Bio-adhesive surfaces to promote osteoblast differentiation and bone formation. J Dent Res. 2005, 84: 407-413.CrossRefPubMed

34.
Cobourne MT, Sharpe PT: Tooth and jaw: molecular mechanisms of patterning in the first branchial arch. Arch Oral Biol. 2003, 48: 1-14. 10.1016/S0003-9969(02)00208-X.CrossRefPubMed

35.
Ebara S, Nakayama K: Mechanisms for the action of bone morphogenetic proteins and regulation of their activity. Spine. 27: S10-S15. 10.1097/00007632-200208151-00004.

36.
Groeneveld EH, Burger EH: Bone morphogenetic proteins in human bone regeneration. European J Endocrinol. 2000, 142: 9-21. 10.1530/eje.0.1420009.CrossRef

37.
Valentin-Opran A, Wozney J, Csimma C, Lilly L, Riedel GE: Clinical evaluation of recombinant bone morphogenetic protein-2. Clin Orthopaed Rel Res. 2002, 395: 110-120. 10.1097/00003086-200202000-00011.CrossRef

38.
Wozney JM: Overview of bone morphogenetic protein. Spine. 2002, 27: S2-S8. 10.1097/00007632-200208151-00002.CrossRefPubMed

39.
Graham FL, van der Eb AJ: A new technique for the assay of infectivity of human adenovirus 5 DNA. Virology. 1973, 52: 456-467. 10.1016/0042-6822(73)90341-3.CrossRefPubMed

40.
Welzel T, Radtke I, Meyer-Zaika W, Heumann R, Epple M: Transfection of cells with custom-made calcium phosphate nanoparticles coated with DNA. J Mater Chem. 2004, 14: 2213-2217. 10.1039/b401644k.CrossRef

41.
Pagano JS, Vaheri A: Enhancement of infectivity of poliovirus RNA with diethylaminoethyl-dextran (DEAE-D). Arch GesamteVirusforsch. 1965, 17: 456-464. 10.1007/BF01241201.CrossRef

42.
Felgner PL, Gadek TR, Holm M, Roman R, Chan HW, Wenz M, Northrop JP, Ringold GM, Danielsen M: Lipofection: a highly efficient, lipid-mediated DNA-transfection procedure. PNAS. 1987, 84: 7413-7417.CrossRefPubMedPubMedCentral

43.
Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP: A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: polyethylenimine. Proc Natl Acad Sci USA. 1995, 92: 7297-7301.CrossRefPubMedPubMedCentral

44.
Goula D, Benoist C, Mantero S, Merlo G, Levi G, Demeneix BA: Polyethylenimine-based intravenous delivery of transgenes to mouse lung. Gene Ther. 1998, 5: 1291-1295. 10.1038/sj.gt.3300717.CrossRefPubMed

45.
Hart SL, Arancibia-Cárcamo CV, Wolfert MA, Mailhos C, O'Reilly NJ, Ali RR, Coutelle C, George AJ, Harbottle RP, Knight AM, Larkin DF, Levinsky RJ, Seymour LW, Thrasher AJ, Kinnon C: Lipid-mediated enhancement of transfection by a non-viral integrin-targeting vector. Hum Gene Ther. 1998, 9: 575-585.CrossRefPubMed

46.
Duzgunes N, De Ilarduya CT, Simoes S, Zhdanov RI, Konopka K, de Lima MC: Cationic liposomes for gene delivery: novel cationic lipids and enhancement by proteins and peptides. Curr Med Chem. 2003, 10: 1213-1220. 10.2174/0929867033457403.CrossRefPubMed

47.
Sorgi FL, Bhattacharya S, Huang L: Protamine sulfate enhances lipid-mediated gene transfer. Gene Ther. 1997, 4: 961-968. 10.1038/sj.gt.3300484.CrossRefPubMed

48.
Munkonge FM, Dean DA, Hillery E, Griesenbach U, Alton EW: Emerging significance of plasmid DNA nuclear import in gene therapy. Adv Drug Deliv Rev. 2003, 55: 749-760. 10.1016/S0169-409X(03)00050-4.CrossRefPubMed

49.
Klein TM, Wolf ED, Wu R, Sanford JC: High velocity microprojectiles for delivering nucleic acids into living cells. Nature. 1987, 327: 70-73. 10.1038/327070a0.CrossRef

50.
Mir LM, Bureau MF, Gehl J, Rangara R, Rouy D, Caillaud J-M, Delaere P, Branellec D, Schwartz B, Scherman D: High-efficiency gene transfer into skeletal muscle mediated by electronic pulses. PNAS. 1999, 96: 4262-4267. 10.1073/pnas.96.8.4262.CrossRefPubMedPubMedCentral

51.
Fernandez-Sanchez ME, Criado-Garcia O, Heath KE, Garcia-Fojeda B, Medrano-Fernandez I, Gomez-Garre P, Sanz P, Serratosa JM, Rodriguez de Cordoba S: Laforin, the dual-phosphatase responsible for Lafora disease, interacts with R5 (PTG), a regulatory subunit of protein phosphatase-1 that enhances glycogen accumulation. Hum Mol Gen. 2003, 12: 3161-3171. 10.1093/hmg/ddg340.CrossRefPubMed

52.
Capecchi M: High efficiency transformation by direct microinjection of DNA into cultured mammalian cells. Cell. 1980, 22: 479-488. 10.1016/0092-8674(80)90358-X.CrossRefPubMed

53.
Wolff JA, Malone RW, Williams P, Chong W, Acsadi G, Jani A, Felgner PL: Direct gene transfer into mouse muscle in vivo. Science. 1990, 247: 1465-1468.CrossRefPubMed

54.
Liu G, Martins I, Wemmie JA, Chiorini JA, Davidson BL: Functional correction of CNS phenotypes in a lysosomal storage disease model using adeno-associated virus type 4 vectors. J Neurosci. 2005, 25: 9321-9327. 10.1523/JNEUROSCI.2936-05.2005.CrossRefPubMed

55.
Wang Q, Jia X-C, Finer MH: A packaging cell line for propagation of recombinant adenovirus vectors containing two lethal gene-region deletions. Gene Ther. 1995, 2: 775-783.PubMed

56.
Glorioso JC, Fink DJ: Herpes vector-mediated gene transfer in treatment of diseases of the nervous system. Annu Rev Microbiol. 2004, 58: 253-271. 10.1146/annurev.micro.58.030603.123709.CrossRefPubMed

57.
Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, Verma IM, Trono D: In vivo gene delivery and stable transduction of nondividing cells by a lentiviral vector. Science. 1996, 272: 263-267.CrossRefPubMed

58.
Miller AD, Rosman GJ: Improved retroviral vectors for gene transfer and expression. BioTechniques. 1989, 7: 980-990.PubMedPubMedCentral

59.
Dave UP, Jenkins NA, Copeland NG: Gene therapy insertional mutagenesis: insights. Science. 2004, 303: 333-10.1126/science.1091667.CrossRefPubMed

60.
Ansardi DC, Porter DC, Jackson CA, Gillespie GY, Morrow CD: RNA replicons derived from poliovirus are directly oncolytic for human tumor cells of diverse origins. Cancer Research. 2001, 61: 8470-8479.PubMed

61.
Tseng JC, Levin B, Hurtado A, Yee H, Perez de Castro I, Jimenez M, Shamamian P, Jin R, Novick RP, Pellicer A, Meruelo D: Systemic tumor targeting and killing by Sindbis viral vectors. Nat Biotechnol. 2004, 22: 70-77. 10.1038/nbt917.CrossRefPubMed

62.
Strayer DS: SV40-based gene therapy vectors: turning an adversary into a friend. Curr Opin Mol Ther. 2000, 2: 570-578.PubMed

63.
Barry FP, Murphy JM, English K, Mahon BP: Immunogenicity of adult mesenchymal stem cells: lessons from the fetal allograft. Stem Cells Dev. 2005, 14: 252-265. 10.1089/scd.2005.14.252.CrossRefPubMed

64.
Pierdomenico L, Bonsi L, Calvitti M, Rondelli D, Arpinati M, Chirumbolo G, Becchetti E, Marchionni C, Alviano F, Fossati V, Staffolani N, Franchina M, Grossi A, Bagnara GP: Multipotent mesenchymal stem cells with immunosuppressive activity can be easily isolated from dental pulp. Transplant. 2005, 80: 836-842. 10.1097/01.tp.0000173794.72151.88.CrossRef

65.
Ryan JM, Barry FP, Murphy JM, Mahon BP: Mesenchymal stem cells avoid allogeneic rejection. J Inflamm (London). 2005, 2: 8-CrossRef

66.
Arinzeh TL, Peter SJ, Archambault MP, van den Bos C, Gordon S, Krauss K, Smith A, Kadiyala S: Allogeneic mesenchymal stem cells regenerate bone in a critical-sized canine segmental defect. J Bone Joint Surg Am. 2003, 85A: 1927-1935.

67.
Giebel LB: Stem cells: a hard sell to investors. Nat Biotech. 2005, 23: 798-800. 10.1038/nbt0705-798.CrossRef



Competing interests
The author(s) declare that they have no competing interests.

Authors' contributions
Both authors contributed equally.


OEBPS/sidebar.gif





OEBPS/contact.gif





