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Abstract

A characteristic of neurological disorders is the loss of critical populations of cells that the body is unable to replace, thus there has been much interest in identifying methods of generating clinically relevant numbers of cells to replace those that have been damaged or lost. The process of neural direct conversion, in which cells of one lineage are converted into cells of a neural lineage without first inducing pluripotency, shows great potential, with evidence of the generation of a range of functional neural cell types both in vitro and in vivo, through viral and non-viral delivery of exogenous factors, as well as chemical induction methods. Induced neural cells have been proposed as an attractive alternative to neural cells derived from embryonic or induced pluripotent stem cells, with prospective roles in the investigation of neurological disorders, including neurodegenerative disease modelling, drug screening, and cellular replacement for regenerative medicine applications, however further investigations into improving the efficacy and safety of these methods need to be performed before neural direct conversion becomes a clinically viable option. In this review, we describe the generation of diverse neural cell types via direct conversion of somatic cells, with comparison against stem cell-based approaches, as well as discussion of their potential research and clinical applications.
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Core tip: The process of neural direct conversion, in which cells of one lineage are converted into cells of a neural lineage without first inducing pluripotency, shows great potential for the generation of a range of neural cell types, providing an attractive alternative to neural cells derived from embryonic or induced pluripotent stem cells. In this review, we describe the generation of diverse neural cell types via direct conversion of somatic cells, with comparison against stem cell-based approaches, as well as discussion of their potential research and clinical applications.
INTRODUCTION

While the ability of the mammalian peripheral nervous system to undergo axonal regeneration following injury has been well documented[1-3], the mammalian central nervous system is largely incapable of regeneration and repair[4-6]. A variety of factors are believed to contribute to this lack of recovery, including limited and location restricted neurogenesis, cell death, astrocytic glial scarring, oligodendrocytic myelin inhibition, insuffi​cient growth factor support, and lack of substrates suitable for axonal growth[7-11]. Combined with a lack of effective treatments, these factors lead to the severity of neurological disorders, including spinal cord injury, brain damage, and neurodegenerative diseases such as Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, multiple sclerosis, and Alzheimer’s disease, which often result in major disability[12].

Neurological disorders often result from the loss of critical populations of cells that the body is unable to replace[13], thus there has been much interest in identifying methods of generating clinically relevant numbers of functional cells to replace those that have been damaged or lost[14]. Stem cells possess great potential for treatment of neurological disorders, pro​viding a theoretically inexhaustible supply of cells for transplantation[15]. Similarly, the process of neural direct conversion, in which cells of one lineage are converted into cells of a neural lineage without first inducing pluri​potency[16], also shows great promise. In this review, we describe the generation of diverse neural cell types via direct conversion of somatic cells, with comparison against stem cell-based approaches, as well as discussion of their potential research and clinical applications.

GENERATION OF NEURAL CELL TYPES THROUGH STEM CELL-BASED APPROACHES

Stem cell-based approaches provide a number of thera​peutic advantages, through their ability to offer cellular replacement by transplantation of exogenous stem cells and stem cell-derived neural cell types, or mobilisation and induction of endogenous stem cells to generate new neural cell types, as well as their ability to release neuroprotective and inflammation modulating molecules, creating an enriched environment for minimisation of neurodegeneration[17,18]. Current stem cell-based methods of generating neural cell types utilise embryonic, induced pluripotent, or adult stem cells, with each exhibiting a range of advantages and disadvantages.

Embryonic stem cells

Embryonic stem cells (ESC) are pluripotent, and as such have the capacity to form all tissues in the body[15] (Figure 1), thus they show great promise for the in vitro generation and subsequent study of specific cell lineages[19], with evidence of ectodermal neural progenitor[20,21], neuronal[22,23], astrocytic, and oligoden​drocytic[24] cells derived from both mouse and human ESC lines. ESC also have great therapeutic potential, in particular for treatment of neurological disorders[25]. ESC have been shown to differentiate into a range of neural cell types, with noted improvements in function following implantation, with examples in models of Parkinson’s disease[26,27], motor neuron disease[28,29], stroke[30,31], and spinal cord injury[32,33].

Despite the research and clinical potential of ESC, their use is surrounded by much debate, due to technical obstacles, as well as legal and ethical issues regarding their isolation[34]. Prior to implantation of ESC-derived differentiated cells, it is necessary to ensure that the implant consists of a pure cell population, due to the risk of teratoma formation or disruption to normal tissue function if undifferentiated ESC or inappropriate cell types are implanted[15]. Another risk includes host rejection of allogeneic ESC-derived differentiated cells, as while immunogenicity can be contained through the use of immunosuppressive drugs, they are associated with numerous side effects that can result in patient susceptibility to infection[15]. Furthermore, the use of ESC is highly controversial due to the fact that they are derived from pre-implantation embryos, with conside​rable differences in opinion in regards to their ontological and moral status[35].

Induced pluripotent stem cells

Since the seminal discovery that ectopic expression of a set of four pluripotency reprogramming factors (Oct4, Sox2, Klf4, and c-Myc) could induce the generation of pluripotent cells from murine fibroblasts under ESC-like conditions[36] (Figure 1), induced pluripotent stem cells (iPSC) have been proposed as a replacement for ESC, as they not only avoid the use of embryonic material, but can also be patient-derived[37], minimising the potential for immune rejection, and allowing for the production of a variety of somatic cells with the same genetic informa​tion as the patient from which the iPSC were derived[38]. iPSC have been utilised in the investigation of a variety of diseases of the central and peripheral nervous systems, including Parkinson’s disease[39], amyotrophic lateral sclerosis[40], schizophrenia[41], and Huntington’s disease[42]. iPSC have also been utilised in toxicology and drug screening studies, with examples of iPSC-derived models of familial dysautonomia[43], Rett syndrome[44], and Alzheimer’s disease[45]. Additionally, a number of studies have investigated the therapeutic potential of iPSC in animal models of neurological disorders, with evidence of locomotor function recovery in an injured mouse spinal cord[46], functional peripheral nerve regene​ration in transected rat sciatic nerves[47], and improved motor behaviour in rat models of Parkinson’s disease[48,49]. Significantly, the first therapeutic use of iPSC has been approved for human trials in Japan, with cells from the skin of a patient suffering from age-related macular degeneration reprogrammed into iPSC and subsequently differentiated into retinal pigment epithelium cells, prior to implantation into the eye[50].

Despite the successful therapeutic applications and reduced ethical concerns regarding their use, iPSC are similarly associated with a number of issues, from technical obstacles to safety concerns such as potential tumourigenicity[51]. Technically, the process of reprogramming somatic cells into iPSC can be quite lengthy, taking between 10 d[52] to 8 wk[53], without accounting for extra time required for subsequent diffe​rentiation of iPSC into the desired somatic cell type. Reprogramming also occurs at extremely low efficiencies, which can make it difficult to generate sufficient iPSC when working with small cell numbers from the source[54]. There have also been reported differences between iPSC based on their cell source, with gene expression profile studies showing persistent gene expression of donor cell specific markers following reprogramming into iPSC[55,56], and further studies demonstrating not only distinct transcriptional and epigenetic differences, but also that cell source influences their in vitro differentiation potential, suggesting a retained epigenetic memory of their somatic cell of origin, however these differences did appear to be attenuated following continuous pass​aging[57,58]. Additionally, the reprogramming factors Klf4 and c‑Myc are known oncogenes, thus their residual expression has the potential to induce cancer[51], with evidence of tumour formation due to c-Myc reactivation following transplantation of mouse fibroblast-derived iPSC into nude mice[59].

Adult stem cells

The numerous limitations associated with the use of ESC and iPSC has led to investigations into alternative sources of stem cells, such as progenitor cells residing within the adult organism[34], with reports of mesen​chymal stem cells differentiating into neural-like cells under specific experimental conditions (Figure 1), such as supplementation with a range of chemicals including -mercaptoethanol, butylated hydroxyanisole, dimethylsulphoxide, isobutylmethylxanthine, dibutyryl cyclic AMP, epidermal growth factor, and brain-derived neurotrophic factor[60-66]. However, assessment of neu​ronal functionality is varied between studies, with some reporting a lack of action potential generating voltage-gated ion channels in induced neuronal cells[65], and others demonstrating formation of synaptic vesicles, with electrophysiological evidence of functional synaptic transmission[66], thus further investigations are required before the use of adult stem cells can become a viable alternative.

GENERATION OF NEURAL CELL TYPES VIA DIRECT CONVERSION

Lineage restriction was once one of the core principles of developmental biology, with the concept that cells cannot cross germ layer boundaries and are thus restricted in their ability to differentiate into cells of only the germ layer from which they originate[12]. However, these prin​ciples have since been challenged, with evidence that forced expression of specific transcription factors could directly convert cells of one lineage into another without first inducing pluripotency, in a process known as direct conversion[67]. Early studies demonstrated the neural direct conversion of astrocytes into neuron-like cells via forced expression of the neurogenic transcription factors Pax6, Ascl1, Ngn2, and Dlx2[68-70], however investigations into neural direct conversion really gained momentum following reports by Vierbuchen et al[16] of the conversion of fibroblasts into neuron-like cells (Figure 1).

The beginnings of neural direct conversion

Based on what had previously been reported in direct conversion studies generating other cell types, Vierbuchen et al[16] hypothesised that multiple transcription factors would be required to induce direct conversion of fibro​blasts into neural cells, and as such, they first identified candidate genes that were known to express in neural tissues and play key roles in neural development. Starting from a pool of 19 factors, they elucidated that forced expression of the neuronal transcription factors Brn2, Ascl1, and Myt1l (BAM) could rapidly and efficiently convert mouse embryonic and postnatal fibroblasts into neuron-like cells (termed induced neuronal cells), with a conversion efficiency of 19.5%. Induced neuronal cells demonstrated expression of the pan-neuronal markers beta Ⅲ tubulin, NeuN, MAP2, and synapsin, as well as the neurotransmitter phenotype markers vGLUT1 and GABA, with the majo​rity of induced neuronal cells described as excitatory, expressing markers of cortical identity. Furthermore, induced neuronal cells exhibited spontaneous action potential generation, ligand-gated ion channels, and the ability to synaptically integrate into pre-existing neural networks, thus indicating that induced cells were of a mature and functional phenotype[16] (Figure 2).

Pang et al[71] subsequently furthered this work, with evidence that human foetal and postnatal fibroblasts could be directly converted into induced neuronal cells via forced expression of BAM in addition to the neuronal transcription factor NeuroD1, following screening of a pool of 20 additional factors. Similarly, induced neuronal cells were predominantly excitatory, demonstrating expression of the pan-neuronal markers beta Ⅲ tubulin, NeuN, MAP2, NCAM, and synapsin, as well as spontaneous action potential generation, and synaptic integration into pre-existing neural networks. Compared to those derived from mouse fibroblasts[16], human fibroblast-derived induced neuronal cells required longer culture periods to develop synaptic activity, with lower reported conversion efficiencies, ranging from 2%-4%[71].

Generation of induced neuronal cells

Following these initial studies, neural direct conversion was investigated with great interest. Along with the numerous studies demonstrating generation of induced neuronal cells from mouse and human fibroblasts, induced neuronal cells have also been generated from common marmoset fibroblasts using the neuronal transcription factors BAM and NeuroD1, however with a conversion efficiency of < 1%[72]. In addition to fibroblasts, induced neuronal cells have been generated from hepatocytes[73], cord blood-derived stem cells[74,75], pericytes[76], glioma cells[77], adipocyte progenitor cells[78], and astrocytes[79], via forced expression of BAM and variations of BAM, as well as a variety of new transcription factor combinations, as summarised in Table 1.

Conversion efficiencies of various studies ranged from < 0.1% up to 85%, with the more efficient methods incorporating additional factors, such as small molecules inhibiting GSK-3 and SMAD signalling[74], retinoic acid receptor and nuclear receptor signalling[80], delaying transgene activation after transduction[81], and blocking cellular senescence through depletion of p16Ink4a/p19Arf or expression of human telomerase reverse transcri​ptase[79,82]. Other studies have also inves​tigated the use of microRNA in conjunction with neuronal specific transcription factors, including expression of microRNA-9/9* and microRNA-124[83,84], as well as repression of a single RNA binding polypyrimidine-tract-binding protein, a key target and negative regulator of microRNA-124[85]. microRNA-9/9* and microRNA-124 are known to act on critical target genes that regulate neuronal differentiation and function[83,84], with microRNA-9* and microRNA-124 found to instruct compositional changes of SWI/SNF-like BAF chromatin remodelling complexes in a process that is important for neuronal differentiation and function[83,85]. However, this particular method of neural direct conversion appears less successful than others, with conversion efficiencies in mouse and human fibroblast studies ranging from 1.5%-14%. Throughout all reported studies, induced neuronal cell functionality has been confirmed by electrophysiological analysis. Interestingly, a recent in-depth examination of the elec​trophysiological profiles of human induced neuronal cells generated by lentiviral vector expression of BAM, Olig2, and Zic1 has revealed that the conversion of fibroblasts to neuron-like cells is incomplete, with passive membrane properties comparable to that of highly immature neurons[86]. However, the induced neuronal cells used in this study were sourced from research that has since been retracted, thus questioning the validity of these results.

Generation of induced neuronal subtypes

Investigations have also expanded into generation of induced neuronal subtypes. Numerous studies have reported the generation of induced dopaminergic neurons, directly converted from both fibroblasts[81,87-91] and astrocytes[92] using transcription factors involved in the specification of dopaminergic neurons, such as Lmx1a, Lmx1b, Nurr1, and FoxA2. Induced dopa​minergic neurons were shown to display uptake and production of dopamine and spontaneous pacemaking activity consistent with dopaminergic neurons of the brain, as well as provide symptomatic relief in rat and mouse models of Parkinson’s disease. There have also been reports of the generation of induced motor neurons, directly converted from fibroblasts using BAM in addition to transcription factors that participate in different stages of motor neuron specification[93], as well as the transcription factor Ngn2 supplemented with the small molecules forskolin and dorsomorphin[94]. Induced motor neurons exhibited motor neuron-like features, such as morphology, gene expression, and mature electrophysiological properties, as well as the formation of functional neuromuscular junctions. Similarly, recent studies have also demonstrated the generation of in​duced medium spiny neurons[95], sensory neurons[96], and astrocytes[97], using transcription factors required for appropriate differentiation of these specific cell types, as summarised in Table 2.

Generation of induced neural stem and progenitor cells

The generation of induced neuronal cells and subtypes is often associated with low conversion efficiencies and yields, resulting in difficulties obtaining sufficient cells for therapeutic applications. This may be in part due to the post-mitotic state of the target cell type (neuron-like cells), with the conversion procedure including a halt in proliferation, thus limiting the ability of these cells to expand once reprogrammed[98-100]. In addition to determining methods of increasing conversion efficiency, studies have expanded into investigating whether similar methods could be utilised for generation of proliferative neural stem and progenitor cells, which are both expan​dable in vitro and capable of generating multiple neural cell types[101], with initial studies demonstrating the generation of induced neural progenitor[101] and crest[102] cells.

Kim et al[101] first demonstrated the direct conversion of mouse embryonic fibroblasts into induced neural progenitor cells, through transient expression of the iPSC reprogramming factors Oct4, Sox2, Klf4, and c-Myc, followed by incubation in a defined neural repro​gramming media. Treatment resulted in the rapid and highly efficient formation of colonies containing cells expressing the rosette neural stem cell marker PLZF and the early neural transcription factor Pax6, without transiting through a pluripotent intermediate stage. Induced cells were both proliferative and functional, capable of differentiating into functional neurons and glial cells[101]. Similarly, Zabierowski et al[102] demonstrated the direct conversion of human melanocytes into induced neural crest cells, driving a cascade of dedifferentiation through forced expression of the intracellular domain of the transmembrane protein Notch1. Induced cells displayed biological attributes consistent with native neural crest cells, including spherical proliferation under stem cell culture conditions, expression of neural crest stem cell-related genes, and differentiation into multiple mesenchymal and neuronal lineages, as well as in vitro and in vivo migration potential[102].

These initial studies led to further investigation of direct conversion into neural stem and progenitor cells, with additional reports of the generation of induced neural crest[103] and progenitor[104] cells, as well as generation of induced neural stem cells[105]. Furthermore, a number of studies also demonstrated the generation of induced neuroblasts[106], and induced oligodendrocyte[107,108] and dopaminergic neuron[109] progenitor cells. While the majority of studies utilised fibroblasts as the starting cell type, there have also been reports of the direct conversion of astrocytes[106,110], Sertoli cells[111], epithelial-like cells in urine[112], cord blood-derived stem cells[113], bone marrow-derived stem cells[114], liver cells, and B lymphocytes[99] into induced neural stem and progenitor cells, as summarised in Table 3.

Generation of induced neural stem and progenitor cells has been achieved using a variety of approaches. One such approach, the cell activation and signalling-directed (CASD) method, combines transient overex​pression of pluripotency reprogramming factors and/or small molecules (cell activation) with soluble lineage-specific signals (signalling-directed) to reprogram somatic cells into lineage-specific cell types while bypassing the pluripotent state[115]. CASD induced neural stem and progenitor cells have been generated using a range of pluripotency reprogramming factors and microRNAs, such as Oct4, Sox2, Klf4, c-Myc, SV40LT, and microRNA-302-367, in conjunction with neural stem/progenitor cell permis​sive culture conditions[101,109,112,116-120]. Other approaches involve overexpression of lineage-specific transcription factors, with examples of induced cells generated using individual factors, such as Oct4[121], Sox2[122], Sox10[103], and Nanog[110], as well as different sets of factors[111,123]. Additionally, a number of studies have also incorporated the use of small molecules such as TGF-[118], GSK‑3[119], MEK[112], ROCK[112], BMP[112], JAK[109], and histone deacetylase[103,120] inhibitors to enhance direct conversion. Making comparisons between different methods of generating neural stem and precursor cells is difficult, particularly as many studies do not report conversion efficiency values, however research has shown that neural direct conversion using lineage-specific factors results in greater chromosomal stability than neural direct conversion using pluripotency reprogramming factors[124], thus suggesting a preference towards this particular method for future clinical applications.

Significantly, Meyer et al[125] also reported the direct conversion of fibroblasts from patients with both familial and sporadic forms of amyotrophic lateral sclerosis (ALS) into induced neural progenitor cells. Induced cells were subsequently differentiated into astrocytes, a key cell type involved in the degeneration of motor neurons in ALS, which demonstrated toxicity toward motor neurons as similarly demonstrated by autopsy spinal cord-derived astrocytes. These findings not only enable personalised modelling of ALS and potentially other neurodegenerative diseases, but could also lead to high-throughput testing of therapeutics for individual patients[125].

Generation of induced neural cells in vivo

Generation of neural cell types through direct conversion has been studied extensively in vitro, with confirmed long-term survival and functional integration following transplantation[126]. As such, investigations have ex​panded into generation of neural cells through direct conversion in vivo, in which cells are directly converted within their native physiological environment[127]. Prelimi​nary research described the transplantation of fibroblasts and astrocytes transduced with inducible forms of neural reprogramming genes into the adult rat brain, with conversion into induced neuronal and dopaminergic neu​ronal cells following gene activation in vivo[128]. Further studies demonstrated the direct conversion of endogenous glial cells into induced neural cells, with BAM expression converting resident astrocytes into induced neurons in the mouse striatum[128], Fezf2 expression converting resident embryonic and early postnatal callosal projection neurons into induced corticofugal projection neurons in the mouse neocortex[129], and Sox2 expression converting resident astrocytes into induced neuroblasts in the mouse striatum, with subsequent differentiation into mature and functional neurons[130].

Neural direct conversion in vivo has also been demonstrated in a number of injury models. Ngn2 expression in addition to growth factor exposure has been shown to convert non-neuronal cells into induced neurons in the rat neocortex and striatum following stab wound injury[131]. Similarly, induced neurons have been generated from endogenous NG2 glia by Sox2 expression in the mouse cerebral cortex following stab wound injury[132], as well as from endogenous reactive glial cells by NeuroD1 expression in the mouse cortex following stab wound injury and in an Alzheimer’s disease model[133]. Sox2 expression has also been reported to convert resident astrocytes into induced neuroblasts in an injured mouse spinal cord, with subsequent diffe​rentiation into mature and functional neurons[134]. While induced cells were determined to be functional throug​hout these studies, there was no evidence that they had any significant impact on behavioural recovery following injury, thus further investigation is required to fully elucidate the potential of endogenous cells for neurological repair.

Methods of neural direct conversion

As evident in the summaries of neural direct conversion studies (Tables 1-3), transgene delivery methods vary greatly throughout. Primarily, transgenes are delivered using viral vectors, due to their intrinsic ability to effi​ciently express their genome in the nucleus of target cells[135], however safety concerns regarding clinical translation have resulted in investigations into non-viral methods of transgene delivery, as well as methods of chemically-induced neural direct conversion.

Integrating viral vector transgene delivery: The majority of neural direct conversion studies to date have utilised retroviral vectors (RV) and lentiviral vectors (LV) for transgene delivery, due to their comparatively higher efficiency and ability to integrate into the target cell genome, thus ensuring sustained transgene expression[136]. However as a result of genomic integration by these vectors, there is an associated risk of spontaneous transgene reactivation, as well as tumour formation due to insertional mutagenesis[59], as previously observed with proto-oncogene activation in four out of ten patients following retrovirus-mediated gene therapy for X-linked severe combined immunodeficiency disorder[137]. LV are often preferable to RV, as while RV require passage through mitosis for transduction, LV do not, and as such are capable of transducing both dividing and non-dividing cells[138]. Additionally, LV are generally considered a safer alternative to RV, as they are designed without the majority of the viral genes, retaining only the cis-acting sequence elements necessary for nuclear export of the RNA, RNA dimerisation, packaging, and reverse transcription[139]. Furthermore, innovations in LV design have led to the creation of self-inactivating LV, knocking out viral long terminal repeat (LTR) enhancer-promoter activity[140], as well as non-integrating lentiviral vectors, with mutations in their integrase or LTRs to inhibit inte​grase binding[141], thus reducing the risk of integration and vector-related pathologies[139]. LV have also been used in conjunction with drug-based induction systems, in which transgene expression is dependent upon the delivery of a specific drug (e.g., tetracycline, ecdysone, mifepristone), thus allowing for tightly regulated condi​tional transgene expression, an appealing prospect for a number of potential gene therapy applications[142].

Non-integrating viral vector transgene delivery: The use of genome integrating RV and LV poses a number of limitations due to the increased risk of gene mutations and insertional mutagenesis, thus studies have investigated transgene delivery via non-integrating adenoviral vectors (AV) and Sendai virus vectors (SV) for safer generation of induced neural cells. Similarly to LV, AV are able to transduce both dividing and non-dividing cells, with transient expression in dividing cells, and long-term expression in non-dividing cells[136]. Importantly, AV demonstrate little to no integration into the target cell genome, instead being maintained episomally as linear or circular DNA molecules[139]. However, AV have been shown to induce several classes of innate immune responses, thus despite minimal genomic integration, AV still have the risk of host immune response to over​come[143]. Furthermore, AV have been associated with a comparatively lower neuronal conversion efficiency than using LV systems[144], and as such it is critical to identify other factors or chemical compounds to obtain neurons with a higher efficiency, as evident in the addition of Rarg and Nr5a2 to the neuronal transcription factor combination of Brn2, Ascl1, and Ngn2, with a demonstrated increase in conversion efficiency from 2.9%[144] to 46.2%[80]. SV are non-integrating viral vectors, capable of transient but strong gene expression in a wide range of dividing and non-dividing cells[145]. Significantly, SV pose no potential pathogenicity towards humans, with temperature-sensitive variants of SV allowing temperature-specific activation/inactivation of gene expression, further alleviating some of the safety concerns associated with their use clinically[146]. SV have been utilised in the generation of highly proliferative induced neural progenitor cells from primate species, with conversion efficiencies ranging from 0.03%-0.19%, and subsequent temperature-mediated removal of viral genomes[118]. Despite the relatively low conversion efficiency, the many favourable safety attributes of SV promotes further investigation into their use in the generation of induced neural cell types.

Non-viral methods of transgene delivery: Neural direct conversion using non-viral transgene delivery methods is becoming an increasingly attractive alter​native to viral vector-based methods[136], with a number of studies reporting generation of induced neuronal and neural stem and progenitor cells via non-viral methods. The first example of non-viral neural direct conversion described the generation of induced neuronal cells from mouse embryonic fibroblasts through repeated delivery of plasmids encoding BAM with a bioreducible linear poly(amido amine) polymer, resulting in mature, electrophysiologically functional neuron-like cells with a conversion efficiency of 7.6%[147]. Following the confirmed feasibility of non-viral neural direct conversion, studies expanded into investigating non-viral methods of generating induced neural stem and progenitor cells, capable of differentiating into multiple mature and functional neuronal subtypes. Non-viral delivery of Sox2 and Pax6 by plasmid transfection or protein transduction was initially shown to convert adult human fibroblasts into induced neural progenitor cells, with a conversion efficiency of 0.05%[98]. Following this, non-integrative episomal vectors were utilised for non-viral direct conversion, with induced neural progenitor cells generated from epithelial-like cells in human urine following episomal vector delivery of Oct4, Sox2, Klf4, SV40LT, and microRNA-302-367 in combination with a cocktail of small molecules, with a conversion efficiency of 0.2%[112]. Similarly, episomal vector delivery of Oct4, Sox2, Klf4, Lin28, and L-Myc in combination with histone deacetylase inhibitor treatment has converted pig fibroblasts into induced neural progenitor cells[120], and Oct4, Sox2, Klf4, and small hairpin RNA-p53 with a cocktail of small molecules has converted human fibroblasts into induced neural stem cells[119], however no conversion efficiencies were reported for either study. Interestingly, a secondary system enabling non-viral neural direct conversion has been reported, in which fibroblasts, liver cells, and B lymphocytes were isolated from chimeric mice carrying inducible vectors expressing Brn2, Hes1, Hes3, Klf4, c-Myc, Plagl1, Notch1 (NICD), and Rfx4, with subsequent conversion into induced neural stem cells following transgene induction, however again with no reported conversion efficiencies[99]. Overall, while some non-viral methods achieve conversion efficien​cies similar to studies utilising viral vectors[147], others achieve considerably lower conversion efficiencies[98,112] or have not reported them[99,119,120], thus necessitating optimisation of non-viral methods in order for them to become a viable alternative.

Neural direct conversion by chemical induction: An attractive alternative to neural direct conversion via introduction of exogenous genes is chemical induction, with the discovery that iPSC could be generated by small molecules alone[148] prompting investigations into generation of induced neural cell types using similar methods. Initial studies demonstrated the generation of induced neural progenitor cells using a defined chemical cocktail and hypoxic conditions[149]. Induced neural progenitor cells were converted from mouse embryonic fibroblasts, mouse tail tip fibroblasts, and epithelial-like cells in human urine using a two-step induction strategy, with an initial intermediary transition of a chemical cocktail of small molecules inhibiting TGF-, GSK-3, and histone deacetylation pathways under 5% oxygen, followed by lineage-specific induction in neural expansion media. Chemically induced neural progenitor cells resem​bled endogenous neural progenitor cells in terms of their proliferation, self-renewability, ability to differentiate into multiple mature and functional neuronal subtypes in vitro and in vivo, and gene expression profile, however induced cells generated from mouse fibroblasts were shown to have retained some fibroblastic epigenetic memory[149]. Similarly, postnatal human fibroblasts have been converted into induced neuronal cells, using a spe​cific cocktail of small molecules consisting of forskolin, and inhibitors of TGF-, BMP, GSK-3, MEK-ERK, and p53 pathways[150]. Chemically induced neuronal cells displayed a mature neuronal morphology, with positive immunostaining of functional neuronal markers synapsin, vGLUT1, GABA, and tyrosine hydroxylase, however no electrophysiological studies were performed to confirm functionality. Induced cells were generated with a conversion efficiency of > 80%, with efficiency reportedly unaffected by donor age and cellular senescence, thus providing a novel and efficient method of generating transgene-free induced neuronal cells with great clinical potential[150].

Clinical applications of induced neural cell types

Induced neural cell types generated by direct conversion have long been suggested as a source of cells for clinical applications, however their true therapeutic potential has not yet been fully investigated. Studies have recently addressed this gap within the literature, reporting the restorative effects of induced neural stem cells in models of spinal cord injury and Parkinson’s disease. In one study, mouse embryonic fibroblast-derived induced neural stem cells were transplanted into the contused thoracic spinal cord of rats[151]. Following transplantation, induced neural stem cells lost their stem cell identity and differen​tiated into neurons, astrocytes, and oligodendrocytes, with synaptic formation observed between host and transplanted neurons. Both lesion and cavity size decreased following transplantation of induced cells, with increased myelin production and angiogenesis in the injured area, as well as promotion of axonal regeneration, motor function, and electrophysiological activity. In addition to cellular replacement, transplanted induced cells were shown to exert their therapeutic effect through neuroprotective and immunomodulatory mechanisms, as well as promotion of endogenous regeneration, as evident by decreased expression of apoptotic and inflam​matory markers[151]. Similarly, mouse Sertoli cell-derived induced neural stem cells exogenously expressing the dopaminergic neuron-specific factor Lmx1a were transplanted into the striatum of Parkinson’s disease model mice[152]. While transplantation of induced neural stem cells was shown to improve the motor performance of mouse models, with greater tyrosine hydroxylase signal abundance in the lesioned area, only few trans​planted cells survived over time, thus suggesting that the therapeutic effects may have occurred in a non-autonomous manner through enhancement of the func​tions of remaining endogenous cells[152]. Interestingly, induced neural cell types generated via direct conversion with lineage-specific factors have been shown to possess greater chromosomal stability than neural cells derived from pluripotent or adult stem cells[124], further promoting the clinical potential of neural cell types generated via direct conversion.

CONCLUSION

Neurological disorders often result from the loss of critical populations of cells that the body is unable to replace, thus methods of generating clinically relevant numbers of cells to replace those that have been damaged or lost are sought[13,14]. The process of neural direct conversion has been demonstrated to generate a range of functional neural cell types both in vitro and in vivo, through viral and non-viral delivery of exogenous factors, as well as chemical induction methods. Induced neural cells have been proposed as an attractive alternative to neural cells derived from embryonic or induced pluripotent stem cells, with prospective roles in the investigation of neurological disorders, including neurodegenerative disease modelling, drug screening, and cellular replacement for regenerative medicine applications, however further investigations into improving the efficacy and safety of these methods need to be performed before neural direct conversion becomes a clinically viable option.
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Figure 1  Overview of cellular differentiation, direct conversion, and reprogramming. Embryonic stem cells are pluripotent, and thus capable of differentiating into cells of any lineage. Reprogramming reverses this process, with forced expression of Oct4, Sox2, Klf4, and c-Myc shown to induce pluripotency in fibroblasts, generating induced pluripotent stem cells. Cells are also capable of switching lineages during direct conversion, with forced expression of Brn2, Ascl1, and Myt1l shown to convert fibroblasts into induced neuronal cells.
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Figure 2  The process of neural direct conversion, as first described by Vierbuchen et al[16]. Somatic cells (A) are transduced with inducible lentiviral vectors expressing the neuronal transcription factors Brn2, Ascl1, and Myt1l (B), and cultured in a defined neuronal induction media (C). Following culture, induced neuronal cells can be identified by positive beta III tubulin staining (D), prior to further characterisation.
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Table 1  Summary of studies demonstrating generation of functional induced neuronal cells by direct conversion
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�
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�
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�
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�
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�
Fibroblast


�
shR-p16-19


�
LV


�
iN


�
[82]


�
�
Human


�
Fibroblast


�
hTERT


�
LV


�
iN


�
[82]


�
�
BAM: Brn2, Ascl1, and Myt1l; miR: MicroRNA; shR: Small hairpin RNA; PTB: Polypyrimidine-tract-binding protein; iLV: Inducible lentiviral vector; LV: Lentiviral vector; RV: Retroviral vector; AV: Adenoviral vector; NV: Non-viral; iN: Induced neuron.





Table 2  Summary of studies demonstrating generation of functional induced neuronal subtypes by direct conversion


Species


�
Original cell


�
Transgenes


�
Method


�
End cell


�
Ref.


�
�
Human


�
Fibroblast


�
BAM, Lmx1a, FoxA2


�
iLV


�
iDN


�
[87]


�
�
Mouse


�
Fibroblast


�
Ascl1, Nurr1, Lmx1a


�
iLV


�
iDN


�
[88]


�
�
Human


�
Fibroblast


�
Ascl1, Nurr1, Lmx1a


�
iLV


�
iDN


�
[88]


�
�
Mouse


�
Fibroblast


�
BAM, Lhx3, Hb9, Isl1, Ngn2


�
RV


�
iMN


�
[93]


�
�
Human


�
Fibroblast


�
BAM, Lhx3, Hb9, Isl1, Ngn2, NeuroD1


�
RV


�
iMN


�
[93]


�
�
Mouse


�
Fibroblast


�
Ascl1, Pitx3, Lmx1a, Nurr1, FoxA2, EN1


�
iLV


�
iDN


�
[89]


�
�
Mouse


�
Astrocyte


�
Ascl1, Lmx1b, Nurr1


�
iLV


�
iDN


�
[92]


�
�
Mouse


�
Fibroblast


�
Ascl1, Lmx1b, Nurr1


�
iLV


�
iDN


�
[92]


�
�
Mouse


�
Cord blood-derived stem cell


�
Ascl1, Lmx1b, Nurr1


�
iLV


�
iDN


�
[92]


�
�
Human


�
Fibroblast


�
Ascl1, Ngn2, Sox2, Nurr1, Pitx3


�
LV


�
iDN


�
[90]


�
�
Mouse


�
Fibroblast


�
Brn2, Ascl1, Lmx1b, Nurr1, Otx2


�
RV


�
iDN


�
[91]


�
�
Mouse


�
Fibroblast


�
Brn2, Ascl1, Ngn2, Pax6, Hes1, Id1, c�Myc, Klf4


�
RV


�
iNPC → iDN


�
[91]


�
�
Human


�
Fibroblast


�
Ngn2


�
RV


�
iMN


�
[94]


�
�
Human


�
Fibroblast


�
BAM, Lmx1a, Lmx1b, FoxA2, Otx2


�
iLV


�
iDN


�
[81]


�
�
Human


�
Fibroblast


�
Ascl1, Ngn2, Sox2, Nurr1, Pitx3, p53-DN


�
LV


�
iDN


�
[156]


�
�
Human


�
Fibroblast


�
miR-9/9*-124, Myt1l, Bcl11b, Dlx1, Dlx2


�
iLV


�
iMSN


�
[95]


�
�
Mouse


�
Fibroblast


�
Brn3a, Ngn1/2


�
iLV


�
iSN


�
[96]


�
�
Human


�
Fibroblast


�
Brn3a, Ngn1/2


�
iLV


�
iSN


�
[96]


�
�
Mouse


�
Fibroblast


�
Nfia, Nfib, Sox9


�
iLV


�
iA


�
[97]


�
�
Human


�
Fibroblast


�
Nfia, Nfib, Sox9


�
iLV


�
iA


�
[97]


�
�
BAM: Brn2, Ascl1, and Myt1l; miR: MicroRNA; shR: Small hairpin RNA; iLV: Inducible lentiviral vector; LV: Lentiviral vector; iN: Induced neuron; iNPC: Induced neural progenitor cell; iDN: Induced dopaminergic neuron; iMN: Induced motor neuron; iMSN: Induced medium spiny neuron; iSN: Induced sensory neuron; iA: Induced astrocyte.





Table 3  Summary of studies demonstrating generation of functional induced neural stem and progenitor cells by direct conversion


Species


�
Original cell


�
Transgenes


�
Method


�
End cell


�
Ref.


�
�
Mouse


�
Fibroblast


�
OSKM


�
iLV


�
iNPC


�
[101]


�
�
Human


�
Melanocyte


�
Notch1


�
LV


�
iNCC


�
[102]


�
�
Human


�
Astrocyte


�
4-Oct


�
LV


�
iNSC


�
[110]


�
�
Human


�
Astrocyte


�
Sox2


�
LV


�
iNSC


�
[110]


�
�
Human


�
Astrocyte


�
Nanog


�
LV


�
iNSC


�
[110]


�
�
Mouse


�
Fibroblast


�
Brn4, Sox2, Klf4, c�Myc, E47


�
RV


�
iNSC


�
[105]


�
�
Human


�
Fibroblast


�
Oct4, Sox2, Klf4, Zic3


�
RV


�
iNPC


�
[104]


�
�
Mouse


�
Fibroblast


�
Brn2, Sox2, FoxG1


�
iLV


�
iNPC


�
[123]


�
�
Mouse


�
Fibroblast


�
OSKM


�
RV


�
iNSC


�
[116]


�
�
Human


�
Fibroblast


�
OSKM


�
RV


�
iNSC


�
[116]


�
�
Human


�
Fibroblast


�
Sox2, Pax6


�
NV


�
iNPC


�
[98]


�
�
Mouse


�
Fibroblast


�
Sox2


�
RV


�
iNSC


�
[122]


�
�
Human


�
Fibroblast


�
Sox2


�
RV


�
iNSC


�
[122]


�
�
Mouse


�
Sertoli cell


�
Ascl1, Ngn2, Hes1, Id1, Pax6, Brn2, Sox2, c-Myc, Klf4


�
RV


�
iNSC


�
[111]


�
�
Mouse


�
Fibroblast


�
OSKM


�
RV/iLV


�
iNSC


�
[117]


�
�
Mouse


�
Fibroblast


�
Brn2, Nr2e1, Sox2, c�Myc, Bmi1


�
RV


�
iNPC


�
[157]


�
�
Human


�
Fibroblast


�
OSKM


�
SV


�
iNPC


�
[118]


�
�
Monkey


�
Fibroblast


�
OSKM


�
SV


�
iNPC


�
[118]


�
�
Mouse


�
Fibroblast


�
Sox10, Olig2, Nkx6.2


�
LV


�
iOPC


�
[107]


�
�
Human


�
Urine cells


�
Oct4, Sox2, Klf4, SV40LT, miR-302-367


�
NV


�
iNPC


�
[112]


�
�
Mouse


�
Fibroblast


�
Sox10, Olig2, Zfp536


�
iLV


�
iOPC


�
[108]


�
�
Rat


�
Fibroblast


�
Sox10, Olig2, Zfp536


�
iLV


�
iOPC


�
[108]


�
�
Human


�
Fibroblast


�
Oct3, Sox2, Klf4, c�Myc


�
RV


�
iNPC


�
[125]


�
�
Mouse


�
Fibroblasts


�
Brn2, Hes1, Hes3, Klf4, c�Myc, Plagl1, Notch1 (NICD), Rfx4


�
NV


�
iNSC


�
[99]


�
�
Mouse


�
Liver cells


�
Brn2, Hes1, Hes3, Klf4, c�Myc, Plagl1, Notch1 (NICD), Rfx4


�
NV


�
iNSC


�
[99]


�
�
Mouse


�
Blymphocytes


�
Brn2, Hes1, Hes3, Klf4, c�Myc, Plagl1, Notch1 (NICD), Rfx4


�
NV


�
iNSC


�
[99]


�
�
Mouse


�
Fibroblast


�
OSKM


�
iLV


�
iDNPC


�
[109]


�
�
Rat


�
Bone marrow-derived stem cell


�
Ngn2


�
LV


�
iNPC


�
[114]


�
�
Mouse


�
Fibroblast


�
Sox2, Klf4, c-Myc, Brn4


�
RV


�
iNSC


�
[158]


�
�
Human


�
Fibroblast


�
Sox10


�
iLV


�
iNCC


�
[103]


�
�
Human


�
Fibroblast


�
4-Oct


�
LV


�
iNPC


�
[121]


�
�
Pig


�
Fibroblast


�
Oct4, Sox2, Klf4, Lin28, L�Myc


�
NV


�
iNPC


�
[120]


�
�
Human


�
Fibroblast


�
4-Oct


�
LV


�
iNSC


�
[119]


�
�
Human


�
Fibroblast


�
Oct4, Sox2, Klf4, shR�p53


�
NV


�
iNSC


�
[119]


�
�
Human


�
Fibroblast


�
Sox2, c-Myc, Brn2


�
LV


�
iNPC


�
[159]


�
�
Human


�
Fibroblast


�
Sox2, c-Myc, Brn4


�
LV


�
iNPC


�
[159]


�
�
Human


�
Astrocyte


�
miR�302/367


�
LV


�
iNB


�
[106]


�
�
Human


�
Fibroblast


�
Sox2, HMGA2


�
RV


�
iNSC


�
[113]


�
�
Human


�
Cord blood-derived stem cell


�
Sox2, HMGA2


�
RV


�
iNSC


�
[113]


�
�
OSKM: Oct4, Sox2, Klf4, c�Myc; miR: MicroRNA; shR: Small hairpin RNA; NICD: Notch intracellular domain; HMGA2: High-mobility group A2; iLV: Inducible lentiviral vector; LV: Lentiviral vector; RV: Retroviral vector; SV: Sendai virus vector; NV: Non-viral; iNCC: Induced neural crest cell; iNSC: Induced neural stem cell; iNPC: Induced neural progenitor cell; iOPC: Induced oligodendrocyte progenitor cell; iDNPC: Induced dopaminergic neuronal progenitor cell; iNB: Induced neuroblast.








