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Abstract

:

Until very recently, the major use, for gene therapy, specifically of linear or circular DNA, such as plasmids, was as ancillary products for viral vectors’ production or as a genetic template for mRNA production. Thanks to targeted and more efficient physical or chemical delivery techniques and to the refinement of their structure, non-viral plasmid DNA are now under intensive consideration as pharmaceutical drugs. Plasmids traditionally carry an antibiotic resistance gene for providing the selection pressure necessary for maintenance in a bacterial host. Nearly a dozen different antibiotic-free gene vectors have now been developed and are currently assessed in preclinical assays and phase I/II clinical trials. Their reduced size leads to increased transfection efficiency and prolonged transgene expression. In addition, associating non-viral gene vectors and DNA transposons, which mediate transgene integration into the host genome, circumvents plasmid dilution in dividing eukaryotic cells which generate a loss of the therapeutic gene. Combining these novel molecular tools allowed a significantly higher yield of genetically engineered T and Natural Killer cells for adoptive immunotherapies due to a reduced cytotoxicity and increased transposition rate. This review describes the main progresses accomplished for safer, more efficient and cost-effective gene and cell therapies using non-viral approaches and antibiotic-free gene vectors.
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1. Introduction


Undoubtedly, the entire gene and cell therapy area has greatly benefited from the major breakthroughs that emerged over the last two decades. The completion of the first human and mammalian genome sequences [1,2], coupled with both omics data and the first draft of the human pangenome reference, created to capture the spectrum of genomic variation across the human population [3,4], has provided highly fundamental and valuable information for the characterization of genetic diseases. In addition, the emergence and refinement of novel technologies used for genome editing or gene transfer has opened new avenues to propose alternative treatments to genetic diseases or partly curable diseases such as cancer. In parallel, the massive effort allocated to improve the therapeutic gene and expression vectors delivering foreign DNA into mammalian cells has resulted in the sprouting of the number of preclinical assays and clinical trials. In 2023, 3674 clinical trials were recorded worldwide in the Gene Therapy Clinical trials database (https://a873679.fmphost.com/fmi/webd/GTCT, accessed on 5 April 2023). This concerns all phases of clinical development, with the following proportion: Phase I accounts for the majority with 56.4% of the studies, followed with phase I/II (23.1%), phase II (14.9%), phase II/III (0.9%), phase III (4.2%) and Phase IV (0.1%).



Nucleic acid entry into eukaryotic cells requires a delivery vector that can be broadly designated as either non-viral or viral. Viral approaches exploit the transducing capacity of viruses depleted from their pathogenic and irrelevant traits. Crucial genetic viral information required for envelope synthesis, when applicable, nucleic acid replication and packaging are split over several genetic determinants, such as plasmids, to co-transfect a “producing cell line” which generates viral particles carrying the therapeutic genetic cassette, but which are devoid of infective and replication capacity. The most common viral vectors used for gene therapies are derived from adeno-, retro-, lenti-, and adeno-associated viruses (AAV). Each of these viral vector families displays specific properties, which are mostly related to their packaging DNA capability, the transgene episomal status or integrative nature into the host genome necessary to maintain transgene expression in dividing cells. Thanks to the extensive basic research dedicated to their optimization, viral vectors for the delivery of therapeutic genes held their promises which resulted in several commercialized gene therapy products [5]. However, the use of viral vectors for gene and cell therapy application may become limited due to their lengthy and costly production. This is especially the case for treating diseases affecting a large number of patients, or when a large mass of body tissue needs to be transduced, such as for spinal muscular atrophy or Duchenne myopathy, where usually more than 1014 viral genomes per kilogram of body weight are administered to patients [6].



Compared to viral gene vectors, non-viral gene vectors display attractive features such as an easier, faster and cheaper production, no transgene size limit, and an almost complete absence of immunogenicity. Nevertheless, despite these positive assets, non-viral gene vectors have, until recently, been hampered by various limitations such as (i) a low transfection efficiency of some specific cell types and primary cells, (ii) a lack of tissue or organ specificity, (iii) a decrease in transgene expression due to epigenetic silencing, mainly in hepatocytes, and (iv) a lack of vector maintenance in transfected dividing cells.



This review focuses on the major non-viral achievements accomplished to tackle some of the aforementioned limiting factors, including (i) the optimization of chemical and physical delivery methods for an increased transfection efficiency and specificity, (ii) the rationale for the development of a smaller and antibiotic-free gene vector, and (iii) the development of alternative antibiotic-free gene vectors, including Minicircles, MIDGE, DoggyBoneTM, GencirclesTM, pORT, Nanoplasmids, pCOR and pFAR miniplasmids. In addition, we provide a table listing the ongoing and completed clinical trials conducted using the antibiotic-free gene vectors to either correct genetic defects in diseased cells or to introduce new genetic traits to elicit or boost protective immunity. The main characteristics of DNA transposons, such as Sleeping Beauty (SB), PiggyBac (PB) and TcBuster, which mediate transgene integration into the host genome, are presented to highlight the mutual benefit of merging them with antibiotic-free gene vectors for the production of stable and genetically modified cells such as T or Natural Killer (NK) cells expressing a chimeric antigen receptor (CAR) to target cancer cells for adoptive immunotherapy.




2. Chemical and Physical Delivery Techniques


For gene expression, plasmid DNA has to cross three major obstacles: (i) the negatively charged plasma membrane, (ii) the cytoplasmic microskeleton environment, and, (iii) ultimately, the nuclear envelope, in order to reach the transcription machinery. The fact that plasmid DNA is a large hydrophilic polyanion represents a strong obstacle to the crossing of the hydrophobic plasma membrane. In the attempt to increase the transfection efficiency for enhancing the gene expression, nucleic acids have been complexed with chemical vectors such as cationic polymers, nanoparticles or liposomes. They favor cell transfection by mediating plasmid entry by endocytosis and protect DNA from nuclease degradation, although they do not allow for a total DNA release [7].



During the COVID-19 pandemic, lipid nanoparticles (LNPs) have been loaded with mRNA sequence encoding the Coronavirus spike protein. LNPs are traditionally composed of four components: an ionizable cationic lipid, an amphipathic phospholipid, cholesterol, and a polyethylene glycol-linked lipid (PEG-lipid). Combining LNPs with nucleic acids allows their protection against nucleases, does not preclude repeated administrations and has been shown to mainly target the liver after intravenous administration. Interestingly, without modifying the four-component ratios which have been optimized for an efficient nucleic acid encapsulation and endosomal escape, a concept referred as selective organ specificity (SORT) was developed to govern the biological fate [8]. By adding a fifth component, such as a quaternary aminolipid in an increasing amount, the nucleic acid delivery was relocated from the liver to the spleen in the majority, and finally to the lungs [8,9]. Notably, Li et al. [10] recently synthesized and evaluated an ionizable lipid, RCB-4-8, as a nanoparticle component for pulmonary mRNA delivery and gene editing in the lung. Other surface modification strategies involve galactosylation or mannosylation to target the nucleic acid delivery to hepatocytes and macrophages, respectively [11]. These few examples illustrate the fact that no unique formulation can be applied to all applications, which confers a certain level of complexity but offers an increased tissue or cell specificity.



Alternative non-viral techniques for gene delivery involve physical methods such as electrotranfer (also referred to as electrogene transfer, electroporation or nucleofection), sonoporation, and hydrodynamic gene transfer. Electrotransfer utilizes an external pulsed electric field for creating transient pores of a critical size within the lipid bilayers, thus modifying the cell membrane permeability and allowing DNA to migrate into the cell. In addition, because of the polyanionic nature of DNA, the electric field is inducing the DNA electrophoretic mobility, which plays a critical role for the efficiency of the plasmid DNA intracellular uptake [12]. This physical procedure is widely used for the in vitro transfection of a very large variety of cells, and also increasingly for in vivo organ transfection, most widely in skeletal muscle for prolonged transgene expression. The in vivo plasmid electrotransfer has also proved its efficacy in skin tissue, mainly targeting keratinocytes and antigen-presenting cells. Both muscle and skin electrotransfer are at a preclinical and clinical stage and were used to mediate the genetic immunization [13,14,15]. For hard-to transfect primary cells, such as hematopoietic stem cells (HSC) and T cells, nucleofection that combined different electrical voltages and conductive buffers enables plasmid DNA to cross the nuclear envelope and enter the nucleus [16].



The hydrodynamic gene transfer consists of injecting a large volume of DNA solution (8–10% of the rodent body weight) in less than 10 s via the tail vein, which creates a hydrodynamic pressure that expands the liver and increases the permeability of the capillary endothelium, thus allowing for gene delivery to adjacent parenchymal cells. The short and elevated hepatic pressure ensures a transfection of up to 40% of hepatocytes throughout the organ in small rodents and causes only transient damage [17,18]. This technique is largely applied in small rodents to compare liver-specific promoters in hepatocytes, but still awaits further developments for its translation in larger animals and humans. In dogs or non-human primates, the current procedure involves a liver lobe-specific, computer-controlled and image-guided plasmid hydrodynamic gene delivery [19,20].



Pore formation and cell membrane permeability can also be generated by the laser-assisted transfection [21] or ultrasound (also called sonoporation) that induced the growth and collapse of microbubbles [22,23].



Once in the cytoplasm, naked DNA complexed with cellular proteins is transported toward the nucleus along the cytoskeleton. The last but significant obstacle to gene expression is the nuclear envelope that only allows for a passive diffusion of molecules smaller than 40 kDa (diameter around 39 nm) through the nuclear pore complexes [24,25].



The size of a eukaryotic expression cassette, composed of one or several coding sequence(s) (as observed for the CAR T cells production; see Section 8), a promoter and polyadenylation sequences, is highly variable but generally within the range of 2.5–5.0-kb (i.e., 1.65–3.3 MDa). The mechanisms by which plasmid DNA enters the nucleus still contain grey areas, mainly in quiescent cells. In dividing cells, the disassembly of the nuclear envelope occurring during mitosis is considered to be a major factor for the nuclear plasmid localization and subsequent superior transgene expression.



In summary, the selection of the optimal transfection procedure is governed by a variety of parameters that include the characteristics of the cell type to be transfected, the cost of transfection reagents, and various outputs such as reproducibility, efficiency and minimal toxicity.




3. Rationale for Plasmid Optimization


For non-viral approaches, eukaryotic transgene expression vectors are mostly plasmids or constructs derived from plasmids. They present the advantages of being easily manufactured and produced using Good Manufacturing Practices (GMP) in a cost-effective manner. After the purification process, plasmids are either used ex vivo or in vivo in gene therapy protocols (complexed to the chemical vector or as naked DNA), or used as ancillary material for the production of viral particles or as templates for mRNA synthesis during the in vitro transcription process.



First-generation plasmids used for gene therapy and DNA vaccines contain two main domains harboring sequences of prokaryotic and eukaryotic origins. The eukaryotic expression cassette (EEC) is composed of a DNA sequence encoding one or several proteins placed under the control of a regulatory element, which is either a ubiquitous or a tissue-specific promoter, and a polyadenylation signal which is required for mRNA export and stability. The bacterial backbone contains an origin of the replication required for the plasmid amplification in an Escherichia coli strain and an antibiotic resistance marker allowing the selection of plasmid-containing bacteria.



Over the last twenty years, major avenues have been simultaneously explored to increase the yield of plasmid production, prolong transgene expression, and reduce cytotoxicity and/or inflammatory properties presumably associated to CpG sequences from prokaryotic origins [26]. Indeed, smaller non-viral transgene expression vectors display favorable properties, which include a higher transfection efficiency in vitro, ex vivo and in vivo as compared to first-generation plasmids consequently resulting in a higher transgene expression level [27,28,29]. The proposed mechanism is a facilitated journey for smaller gene carriers through cytoplasmic obstacles to the nucleus, and a higher resistance to shear stress generated by physical delivery techniques. Notably, using several DNA vectors with a size ranging from 281 to 5302-bp, Catanese et al. [30] established that shearing is strongly correlated with the DNA length when nebulization is used to create aerosol to deliver DNA drugs through the nose and mouth for the treatment of lung diseases. Furthermore, their study also established that at a fixed DNA length, the supercoiled DNA is considerably more resistant to shearing forces than linear DNA vectors.



New generation gene vectors have been developed to increase plasmid production yield and to meet the requirements of regulatory agencies that recommend avoiding the use of antibiotics during the manufacturing process, whenever possible, and thereby the removal of antibiotic resistance selection markers from the plasmid backbone [31,32]. The deletion of unwanted and redundant sequences presents several advantages, such as (i) not only a reduction in plasmid sizes favoring a decrease in metabolic burden for the bacterial host during the replication process of the high copy number of plasmids, but also (ii) the elimination of both the transcription and translation of the antibiotic resistance gene, as well as (iii) the decrease in the content of immunoinflammatory CpG sequences [26,33].



Safety consideration concerning the use of classical plasmids as ancillary products for AAV production. As stated above, AAV use for preclinical and clinical gene therapy has significantly developed over the last few years. The production of recombinant AAV (rAAV) is accomplished by co-transfecting a producer cell line, such as human embryonic kidney (HEK293T) cells, a procedure which generally needs three plasmids. The first one contains the EEC flanked by 145-bp-inverted terminal repeats (ITRs). The viral replication (Rep), structural (Cap) packaging and assembly activating proteins are encoded by a second plasmid, thus replacing the naturally AAV DNA sequence. Additionally, the generation of rAAV requires helper functions that are provided by a third plasmid containing adenovirus genes or relies on the infection of packaging cell lines with unrelated viruses such as the adenovirus. Of concern, Chadeuf et al. [34] first reported that encapsidated DNA into rAAV also contains prokaryotic sequences that represent 1–8% of the total vector genomes for single-stranded AAV vectors (ssAAV). For self-complementary AAV vectors (scAAV) containing both sense and antisense transgene sequences, encapsidated prokaryotic sequences represent up to 26.1% [35]. Most unwanted prokaryotic sequences originate from the plasmid carrying the EEC flanked by ITRs. Posing more of a concern, the functional ampicillin resistance gene was transferred and persisted in vivo in different tissues, conferring the risk of an integration into the host genome and expression under the control of a eukaryotic promoter [34]. Notably, rAAV vectors with higher purities and increased transduction efficiencies were reached, even for scAAV, when standard packaging plasmids were replaced by minicircle gene vectors (see Section 4 for a description of minicircles) [35].



Chadeuf et al. [34] hypothesized that the packaging of prokaryotic backbone sequences could partly result from an unspecific binding of the AAV Rep68 protein, a key viral protein required for the terminal resolution process by which the virus maintains its genomic ends, to heterologous Rep-binding site (RBS) sequences that are still present in current plasmids [34,36]. It can be suggested that the removal of such RBS sequences from first-generation plasmids or the use of RBS-free and antibiotic-free gene vectors could definitely increase the purity of rAAV vectors.



To produce antibiotic-free plasmids, several alternative selection procedures have been elaborated upon and promoted the development of novel gene vectors that can be divided into two main classes. Gene vectors of the first group, which include MIDGE, Ministrings, DoggyBone or minicircles, are totally devoid of sequences of prokaryotic origin. The second group that comprises Gencircles, pORT, Nanoplasmids, pCOR and pFAR miniplasmids harbors an origin of replication and, in some cases, a short prokaryotic sequence to select plasmid-containing bacteria (see Figure 1). The following sections describe their main characteristics, provide a few examples of pre-clinical tests obtained in the field of gene and cell therapies to mostly focus on the description of completed and ongoing clinical trials when available (see Table 1). An emphasis has been made on the pFAR4 gene vector to describe our recent data (see Section 6).




4. Non-Viral Expression Vectors Totally Devoid of Sequences of Prokaryotic Origin


Minicircles have been the first DNA molecule devoid of the antibiotic resistance gene introduced for gene therapy [38]. They are small, circular DNA molecules generated in E. coli from a parental plasmid that contains an EEC flanked by DNA sequences recognized by a recombinase enzyme (Figure 1c). After plasmid propagation, the induction of the in cellulo intramolecular recombination process generates two novel DNA circular molecules: the minimalistic EEC-carrying minicircle and a miniplasmid with the remaining part of the parental plasmid.



To generate the intramolecular recombination process, different tyrosine or serine recombinases have been evaluated. Tyrosine recombinases included the integrase of bacteriophage lambda [28,38], the Cre recombinase from bacteriophage P1 (at lox sites) [39], and the FLP recombinase of the yeast plasmid 2-μm circle (at FRT sites) [40]. These recombinases mediate a bidirectional and reversible recombination that results in several multimer structures due to intramolecular and intermolecular recombination. In contrario, the integrase of bacteriophage Phic31, a serine recombinase, catalyzes a unidirectional recombination between non-identical attB and attP sites to generate two novel hybride attL and attR [41,42] without generating concatemers. The second example of a unidirectional recombination system comprises the ParA resolvase from the multimer resolution system (mrs) of the broad host range, plasmid RK2 or RP4 [43,44]. The ParA resolvase only mediates intra-molecular recombination events at a higher yield without generating multimers or other concatemer events [45].



To minimize the propagation of the miniplasmid that inherits the prokaryotic origin of replication, the recombination process will not occur at early stages of bacterial growth but will require the induction of the expression of the DNA recombinase by either a temperature shift [28,38,40] or by placing the enzyme production under the control of the arabinose expression system [39,41,42,43,44]. However, in spite of this procedure, minicircle preparations still contain parental and miniplasmid contaminants and need to be further purified. To this aim, several purification methods have been developed, such as an affinity chromatography based on either the triple-helix formation [46], a DNA/protein interaction or the enhanced triplex DNA (TriD) technology [47]. The affinity chromatography based on the DNA/protein interaction relies on the interaction between the repressor of the lactose operon, the LacI protein, bound to a solid support, and a direct repeat of modified lactose operator sites inserted into the minicircle sequence [44]. The Triple-helix affinity chromatography and TriD-mediated MC purification is based on the reversible formation of the triple-helical structure between a biotinylated single-stranded poly-pyrimidine oligonucleotide and a double-stranded poly-purine DNA region introduced within the minicircle sequence, which can subsequently be either released by a pH jump [46] or efficiently captured by streptavidin-coated beads and isolated by a magnet [47]. To facilitate the minicircle purification procedure, another approach involves the digestion of the parental and mini-plasmids using a restriction enzyme that cleaves, ex cellulo, one of two DNA strands, thus generating open circle molecules (as opposed to supercoiled minicircle molecules) [48,49]. Alternatively, the DNA cleavage of both strands induced in the host bacterial strain after the recombination event linearizes both the parental and miniplasmid contaminants, which are then rapidly degraded by endogenous exonucleases while leaving intact the minicircle vector to be further purified [42].



Since the first article published by Darquet et al. [38], dozens of studies have been published describing the use of minicircles as gene vectors. Only a few examples are cited with the sole intention to illustrate the diversity of applications. The transfection of embryonic stem-cell-derived neural stem cells (NSC) with a minicircle did not affect cell division kinetics, morphology or differentiation potential to astrocyte and neurons [50]. For a non-viral topical treatment of patients with Recessive Dystrophic Epidermolysis Bullosa (RDEB), a severe genetic skin disorder caused by mutations in the COL7A1 gene, RDEB skin cells were transfected with a minicircle expressing the large cDNA size of the COL7A1 gene (8.9-kb) to restore the expression and secretion of the structural protein-type-VII collagen (C7) at the dermal and epidermal junction [51]. The transfection of mesenchymal stem cells (MSCs) using a minicircle expressing the human angiopoietin 1 (ANGPT1) enhanced the MSC therapy by mediating a reduced pulmonary inflammation and lung permeability in lipopolysaccharide-induced acute lung injury (ALI) in mice [52]. The ex vivo transfection of bone marrow-derived MSC with a minicircle expressing the vascular endothelium growth factor (VEGF) has been performed to promote endothelial cell growth and survival for tissue repair in patients with peripheral artery disease (PAD) which is characterized by a blockage of the arteries and a decrease blood flow to the lower extremities [53]. Additionally, a minicircle expressing the transcription factors OCT4, SOX2, NANOG and LIN28 was introduced into human adipose stromal cells to generate the human-induced pluripotent stem cells (hiPSC) towards a subsequent differentiation to other cell types for disease pathology investigation and regenerative medicine therapies [54]. In addition, like the pFAR4 miniplasmids, minicircles promote a prolonged transgene expression in the liver (see Section 6).



In 2020, the minicircle gene vector has been included in a phase I/IIa clinical trial to propose an alternative treatment for patients with multiple myeloma (MM), a rare hematological malignancy. The innovative immunotherapy approach aims at genetically modifying autologous white blood cells to express a chimeric antigen receptor (CAR; see Section 8) targeting SLAMF7 (Signaling Lymphocytic Activation Molecule Family 7), a surface protein expressed mainly on MM cells, to destroy the malignant cells (Table 1 #NCT04499339) [55].



Minimalistic, Immunologically Defined Gene Expression (MIDGEs), Ministrings and Doggybone DNAs (dbDNATM, named after their schematic structure) are linear, covalently closed constructs that are only composed of a gene of interest (GOI) and the appropriate regulatory elements. They are generated from a purified parental plasmid that carries an EEC flanked by either two specific restriction sites for the former or two telomeric ends.



To generate MIDGE vectors, plasmid DNA is digested with an appropriate restriction enzyme, and the relevant fragment is ligated to hairpin oligonucleotides to close the linear eukaryotic cassette, which is finally purified by anion-exchanged chromatography (Figure 1e) [56]. MIDGE vectors have been used for DNA-based therapies and vaccines against Feline Immunodeficiency Virus (FIV) using DNA sequence encoding domains of the env gene and the feline IL-12 cytokine [57,58]. In addition, an improved MIDGE vector that contains a nuclear localization sequence bound at one of the two ends, was designed to favor an increased expression of either the LACK antigen for protection against Leishmania [59], the hepatitis B virus surface antigen (HBsAg) [60,61], or a truncated, secreted form of bovine herpesvirus-1 (BHV-1) glycoprotein D (tgD) [62].



A phase I clinical trial aims at investigating the efficacy of the expression of the tumor necrosis factor (TNF-α) in cutaneous metastases of malignant melanoma after the intratumoral jet injection of the MIDGE gene carrier. The primary objective of this study is to establish a local treatment of metastases with a systemic effect (Table 1 #DRKS00005723). The second phase I/II study investigates the safety and efficacy of an intradermally administrated tumor vaccine (MGN1601) that consists of genetically modified allogeneic (Human) tumor cells for the expression of IL-7, GM-CSF, CD80 and CD154 in combination with the TLR-9 agonist dSLIM (double stem loop immunomodulator) in Patients With Advanced Renal Cell Carcinoma (RCC) (ASET Study). MGN1601 was reported to be well tolerated and safe with the potential to treat RCC patients (Table 1 #NCT01265368) [63].



The production of Ministrings exploits the Yersinia enterocolitica bacteriophage PY54-derived Tel/pal protelomerase system to generate a linear covalently closed vector from a plasmid backbone [64,65]. The EEC contains four copies of the SV40 enhancer (SV40E) that binds transcription factors, the nuclear localization sequence of which mediates the importation of the DNA-protein complex to the nucleus and enhanced transgene expression [64,65].



To facilitate the generation of covalently closed linear fragments, a PCR approach has been developed to generate DoggyboneTM (db) vectors (Figure 1h). Using plasmid DNA as a template and the high fidelity Phi29 polymerase, DNA concatemers are first produced in a rolling circle amplification (RCA) reaction [37]. The resulting DNA concatemers are digested by the TelN protelomerase, isolated from the E. coli prophage N15, which cuts the double-stranded DNA at the telomeric ends and subsequently generates covalently close ends with short hairpin loops [37]. The production of db vectors is reported to be five times faster than plasmid DNA as it does not require the production of a master cell bank. This novel approach is still in its infancy and has been assessed as an ancillary material for lentivirus production [66] and DNA vaccines to target the human immunodeficiency virus (HIV), influenza, Human Papillomavirus (HPV) or the SARS-CoV-2 spike protein [67]. Equivalent humoral and cellular responses to those obtained with plasmid DNAs have been reached. A db vector has also been paired with the PB transposon to engineered CAR-T cells [68] (see Section 8).



The Doggybones and other linear synthetic double-stranded linear DNA, covalently closed with single-strand hairpins at the 5′ and 3′ ends and produced by enzymatic processes for gene therapy applications, have been recently introduced; hpDNA™ or NeDNA™ are two other examples available commercially.




5. Plasmids Devoid of Antibiotic Resistance Marker and Containing Minimized Prokaryotic Sequences


Antibiotic-free plasmids of this group contain, in some cases, a short prokaryotic sequence to select plasmid-containing bacteria and an origin of replication either derived from pMB1 or R6K plasmids.



Origin of replication used to propagate antibiotic-free non-viral gene vectors: As extrachromosomal genetic elements that replicate autonomously in bacterial hosts, plasmid DNAs contain their own origin of replication. Most therapeutic plasmids contain a pMB1 or ColE1-derivatives (pUC-type) origin of replication that promotes a high plasmid copy number (500–700 copies) in an E. coli strain to favor a high-yield plasmid production. The regulation of the replication initiation is mediated through an RNA/RNA hybridization between the primer RNA and the antisense sequence [69]. Alternatively, plasmids may harbor a conditional R6K origin of the replication that requires the binding of the π protein to initiate the replication process. To reduce the plasmid size, the pir gene encoding the π protein is provided in trans by insertion into the bacterial chromosome. With the original pir gene, R6K-containing plasmids will be present at ~10–15 copies per cell. Mutagenesis of the pir gene results in an increase in the R6K replicon copy number, which was estimated to 400 copies per cell [70,71,72].



GenCirclesTM are generated in an E. coli strain from a kanamycin resistant parental plasmid that contains recombination sites bordering the R6K origin of the replication and gene of interest (GOI). In cellulo recombination events lead to the formation of two circular DNA molecules composed of (i) the sole kanamycin resistant marker that therefore does not replicate and (ii) the Gencircle composed of the R6K and GOI DNA sequences (Figure 1i). By virtue of the plasmid incompatibility, parental plasmids and GenCirclesTM cannot be maintained inside the same bacterial strain. More than 80% of E. coli cells were reported to contain pure GenCirclesTM that are used for plasmid production. Gencircles are small and circular DNA vectors with a 429-bp backbone. Their potency has been assessed as a transposon vector and CRISPR knock-in template, for lentivirus and AAV packaging (https://www.genscript.com/gencircle-double-stranded-dna.html (accessed on 20 December 2023)).



pORT plasmids: The Operator Repressor Titration (ORT) system exploits the features of the bacterial lactose operon (Figure 1j). The E. coli strain engineered to produce pORT plasmids harbors a modified copy of the dapD gene, the expression of which is under the control of the lac promoter/operator sequence to which the LacI repressor binds [73,74]. The DapD protein encodes the tetrahydrodipicolinate N-succinyltransferase, an enzyme playing a key role in the lysine/diaminopimelic acid (DAP) pathway involved in the cell wall biosynthesis. In the engineered E. coli strain, the conditional bacterial growth is mediated by the induction of the lac promoter by either galactose or isopropyl β-D-1-thiogalactopyranoside (IPTG) or in the presence of a multi-copy pORT plasmid that contains 20-bp short operator sequences that titrate out the LacI repressor to mediate the expression of the dapD essential gene [73,74]. The pORT plasmids have mostly been used to design DNA vaccines. Preclinical tests were performed with a pORT plasmid expressing either the LACK antigen for vaccination against canine leishmaniasis [75] or the interleukin-12 protein electrotransferred to mouse, canine and human melanoma cells to pave the way for a human clinical trial [76].



Two phase I clinical trials were initiated using a plasmid AMEP that encodes an Antiangiogenic MEtargidin Peptide derived from the disintegrin domain of human metargidin (also known as ADAM-15) which binds to α5β1 and αvβ3 integrins upregulated on endothelial cells during tumor angiogenesis. To assess the potency of the AMEP integrin antagonist and thereby antiangiogenic effect, the plasmid AMEP has been either injected into advanced solid tumors (Table 1 #NCT01045915) or into femoral muscle (Table 1 #NCT01664273) before being electrotransferred using a combination of one high voltage pulse, to favor cell permeabilization, followed by one low voltage pulse, to enable a DNA-membrane interaction. The intratumoral injection of plasmid AMEP into cutaneous metastatic melanoma did not reveal serious related adverse events. The measurement of transfected lesions suggest a stabilization reflecting a local anti-tumor efficacy that requires, however, it to be statistically confirmed with a higher number of patients [77]. The intramuscular injection of plasmid AMEP to patients with advanced solid tumors aimed at evaluating distant effects by blood circulation of the AMEP peptide. No objective responses to the otherwise well tolerated treatment were observed that could reflect either a below limit detection level of the AMEP protein, absence of the targeted integrins in the tumors or lack of systemic antitumor effectiveness [78].



Plasmids produced using an RNA/RNA antisense interference procedure: To construct and produce biosafe plasmids, two different approaches based on the RNA/RNA antisense interference have been developed.



The first one is derived from the ColE1 origin of replication that encodes two antisense RNAs, RNA-I and RNA-II, which are involved in the regulation of the plasmid copy number. In the engineered bacterial host, the RNA-I encoded by the plasmid origin of replication hybridizes with the RNA-II fused to the tetR repressor sequence to suppress its translation and its binding to the tetO promoter located upstream of the murA essential gene (which is involved in the first step of the bacterial cell wall), thus promoting bacterial growth [33,79]. These selection procedures only rely on the origin of replication and therefore precludes the need of additional prokaryotic sequences on the plasmid backbone, but are limited to plasmid vectors containing a ColE1-type origin of replication.



The second system is an adaptation of the mechanism which regulates the transposition event of the insertion sequence 10 (IS10) that encodes two complementary and divergently orientated RNAs, RNA-IN and RNA-OUT, which inhibit the expression of the downstream transposase gene to limit the IS10 copy number in a cell. The NanoplasmidTM technology exploits this process. The nanoplasmid vector backbone carries a R6K origin of replication and the 150-bp RNA-out coding sequence that hybridizes with an RNA-In-sacB construct inserted into the host chromosome (Figure 1k). The RNA-out-mediated-repression of sacB, which encodes a lethal levansucrase when growing bacteria in the presence of sucrose, abolishes cell death and allows for plasmid propagation [80,81]. Nanoplasmids have been employed in a variety of preclinical tests in the field of gene therapy, DNA vaccination and immunotherapy, which resulted in several clinical trials (Table 1).



The #NCT03288493 phase I/II clinical trial aims at targeting the B-cell maturation antigen (BCMA) in patients with Relapsed/Refractory Multiple Myeloma using P-BCMA-101 autologous T stem cell memory (Tscm) Chimeric Antigen Receptor T cells (see Section 8). The treatment was reported to be well tolerated, with minimal toxicity, and marked efficacy [82,83].



Three clinical trials (#NCT01707069; #NCT01966224; #NCT02146781) [84] aimed at investigating the safety and immunological responses of a DNA vaccine encoding the CryJ2 allergen from the Japanase Red Cedar pollen, which affects one third of Japanese people, as well as the Lysosomal Associated Membrane Protein 1 (LAMP-1) that enhances both cellular and humoral responses in vaccinated animals. The DNA vaccine administrated either intramuscularly or via an intradermal route using a Biojector device was well tolerated without generating serious safety issues. In allergic patients, potential immunological therapeutic effects were observed. As stated by Su et al. [84], these promising results need to be confirmed with a higher number of patients and an additional biomarker measurement.



The aim of these phase I and II clinical trials (#NCT02301754, #NCT03265717, #NCT04515043) [85] is to evaluate the potency of INVAC-1, developed for cancer therapy (hematologic malignancies and solid tumors) by targeting the human telomerase reverse transcriptase (hTERT). The hTERT protein, the catalytic subunit of the telomerase complex, is highly expressed in more than 85% of human tumors where it is playing a role in the unlimited proliferative capacity of cancer cells, while displaying little or no expression in normal somatic cells. The studies investigated the potency of INVAC-1, a DNA plasmid encoding an enzymatically inactive hTERT protein fused to a ubiquitin moiety to favor its degradation and peptide presentation, thus enhancing the naturally occurring hTERT-specific immune responses’ induction. The intradermal injection of INVAC-1 followed by either an electroporation or needle-free injection system was safe and well tolerated and elicited both hTERT-specific CD4 and CD8 T-cell immune responses in patients with relapsed or refractory solid tumors. The majority of patients (58%) experienced disease stabilization during the treatment period and beyond.



In the field of eye diseases, phase I/II (#NCT03308045) [86] and a phase II (#NCT04207983) [87] clinical trials aim at assessing a novel therapeutic approach for patients with non-infectious uveitis, an immune-mediated inflammatory disease that affects the uvea which can result in severely reduced vision or blindness. Administration and electrotransfer, in the ciliary muscle, of a plasmid expressing a secreted anti-Tumor necrosis factor α (TNFα) fusion protein was designed to neutralize the TNFα cytokine that plays a key role in the mediation of intraocular inflammation. Adverse events following the treatment were reported to be mild to moderate in severity and resolved by the end of the study. Clinically significant improvements were reported.



The #NCT04752722 phase I/II study investigates the safety and efficacy of EG-70, an immune-oncology gene therapy for patients with non-muscle Invasive Bladder Cancer (NMIBC). The intravesical administration of EG-70 in the bladder, a nanoparticule formulation containing a nanoplasmid encoding both the retinoic acid-inducible gene I (RIG-I) agonist [88] and IL-12, aims at locally inducing a potent immune response in the tumor environment and avoiding systemic toxicities. The treatment did not generate dose-related adverse events. Out of the 19 patients treated, 18 completed one cycle of EG-70 treatment and 67% achieved a complete response [89].



The phase I/II clinical study (#NCT04591184) aims at investigating the safety, tolerability and immunogenicity of Covigenix VAX-001/-1b after two intramuscular injections in healthy adults. The DNA vaccine, encapsulated in proteolipid vehicles, expresses the full-length SARS-CoV-2 spike protein combined with CpG motifs and the RIG-I agonist, two genetic adjuvants that stimulate the immune response.



Phase I (#ACTRN12613000831785) and phase I/IIa (ACTRN12615000094572) [90] clinical trials evaluated a DNA-based immunotherapy to genital herpes upon the intradermal delivery of COR-1 which is a 1:1 mixture of two plasmids: (i) one encodes a codon-optimized full-length envelope glycoprotein D of the herpes simplex virus type 2 (HSV-2) (gD2) and (ii) the other encodes a truncated version of gD2 fused to an ubiquitin sequence for the induction of a CD8+ T cell response after protein processing in the proteasome and presentation to the Major Histocompatibilty Complex (MHC) of class I. Both in healthy volunteers and HSV-2 positive patients, the injection of COR-1 was safe and well tolerated and did not induce serious adverse events. The administration of COR-1 in HSV-2 positive patients revealed trends in the reduction in viral shedding and in the induction of antigen-specific cellular and humoral immune responses in peripheral blood. This study awaits a further optimization of the vaccine to improve immunogenicity and clinical efficacy as well as the inclusion of a higher number of patients to detect a significance in changes in comparison with the placebo group.




6. Plasmids Devoid of Antibiotic Resistance Gene and Using a Suppressor tRNA as Selection Marker


The pCOR (Conditional Origin of Replication) and pFAR (Free of Antibiotic Resistance) miniplasmids contain a R6K and pUC-type origin of replication, respectively, and a suppressor t-RNA sequence expressed from prokaryotic regulatory sequences [71,91]. The suppressor t-RNAs encoded by the pFAR and pCOR plasmids restores the open reading frames (ORF) interrupted by an amber nonsense mutation introduced into a chromosomal essential gene (Figure 1l).



pCOR plasmids. The propagation of pCOR plasmids relies on the restoration of the argE ORF that encodes an arginosuccinate synthetase enzyme which is essential for the arginine synthesis. In selective media devoid of arginine or protein sources, the arginine auxotrophy of the E. coli mutant can only be corrected to prototrophy after the introduction of the pCOR plasmid [71,72].



The aim of the phase III clinical trial (Table 1 #NCT00566657) was to investigate the statistical significance of treating patients with critical limb ischemia, which have a high rate of amputation and mortality, with a pCOR plasmid expressing the Fibroblast growth factor 1 (FGF1). FGF1 activates the migration, proliferation and differentiation of endothelial cells, promoting new blood vessel formation that was hypothesized to improve amputation-free survival. Patients (n:525) with critical limb ischemia from 171 sites in 30 countries were included. They were randomly assigned to either the therapeutic treatment (eight intramuscular injections of FGF1-expressing pCOR) or a matching placebo. Although no clear adverse events were observed with the tested plasmid, the clinical outcome did not statistically differ between both groups, with major amputation or death occurring in 37% patients of the active group (96 out 259) and 33% patients in the placebo group (86/266) [92].



pFAR plasmids. The pFAR plasmids are produced from an E. coli strain containing an amber nonsense mutation introduced into the essential thyA gene of the MG1655 strain, the genome sequence of which has been fully determined [91]. The ThyA protein catalyzes the conversion of deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), a precursor required for DNA synthesis. The thymidine auxotrophy brought about by the lethal amber mutation can be overcome by adding thymidine in the bacterial growth medium to maintain the non-transformed strain. Inside the bacterial cells, thymidine is converted into dTMP via an alternative metabolic pathway involving the thymidine kinase enzyme. In thymidine-free selective media, prototrophic bacterial growth occurs upon the restoration of the thyA open reading frame mediated by the expression of the suppressor t-RNA gene delivered by the pFAR4 gene vector (Figure 1l).



Compared to the pCOR system, the main advantage of the pFAR technology resides in the possibility of using proteins-containing media, favoring a higher production yield. A nutrient rich-medium based on the LB Broth Lennox formulation has been successfully used for the plasmid production of research and clinical grade in shaker flasks and fermenter cultures. This medium, which is manufactured from animal-free ingredients, is composed of sodium chloride, yeast extract and soy hydrolysate that replaces the tryptone present in the initial formula. In parallel, a chemically defined medium has been identified to optimize the plasmid production process in fermenter cultures. To date, three clinical lots of pFAR plasmids have been produced for two phase I/II clinical trials (see below) [93].



The potency of the pFAR4 gene vector has been first assessed using the luciferase reporter gene and electrotransfer for plasmid delivery in mouse muscle, skin and transplanted tumor cells. In a longitudinal study using a charge-coupled device (CCD) camera, similar luciferase activities were recorded for at least two months in muscle transfected with the luciferase-encoded pFAR4 or the control plasmid expressing an identical expression cassette [91]. In comparison with a control plasmid bearing a kanamycin resistance gene, an almost one-log higher luciferase activity was reached after the transfection of transplanted tumor cells with the pFAR4-LUC plasmid. Similarly, a two-log increase and longer transgene expression was observed after the electrotransfer of the pFAR4 miniplasmid into skin. The reduced size of the pFAR4 gene vector promoted increased transgene levels compared to vector controls in all animal or human cells transfected using either cationic lipid, nucleofection, electroporation, and hydrodynamic delivery (see following section) [94,95,96,97,98,99,100,101].



pFAR and minicircles both promote a sustained transgene expression in the liver. The potency of non-viral gene vectors, including minicircles and pFAR4 plasmids, have been evaluated in hepatocytes, using a tail vein hydrodynamic delivery (see Section 2). The liver is a key targeted organ in which more than 66% of the human proteins are expressed, thus controlling around 500 functions that play a major role in various and essential biological processes, such as blood coagulation, metabolism, detoxification or immunity [102]. Furthermore, proteins secreted by the liver are properly processed and glycosylated, which represent relevant posttranslational modifications for the treatment of monogenic disorders of a hepatic origin and other pathologies such as lysosomal storage diseases or bleeding disorders.



The lifetime treatment of patients requires a long-lasting production of therapeutic proteins that are largely dependent on two main genetic elements: the bacterial plasmid backbone and the promoter driving the transgene expression. With the exception of the ubiquitin promoter that drives the sustained expression in hepatocytes, other ubiquitous promoters are subjected to silencing [99,103]. To overcome this effect, several liver-specific promoters have been identified such as a 415-bp DNA sequence derived from the human α-1 antitrypsin (hAAT) gene that codes the most abundant serine protease inhibitor in human plasma, which can be optionally coupled to the apolipoprotein E locus control region (HCR) [104,105]. In the liver, the group of M. Kay first recognized the additional key influence of the vector backbone feature for a sustained transgene expression. Indeed, despite the fact that plasmid DNAs are still present in the transfected hepatocytes, first-generation plasmids are subjected to a fast transgene silencing within two weeks post-delivery [41,100]. By comparing the transgene expression level after delivery of the EEC either as a linearized DNA fragment, a minicircle DNA molecule, or by plasmids of different sizes, it was established that transgene silencing is mediated by (i) a covalent linkage between the prokaryotic DNA sequences and the EEC [41,106]; (ii) the size of the plasmid backbone that should not exceed 1-kb [107]; and (iii) the GC composition of the plasmid backbone [108].



Although the underlying mechanisms involved in transgene silencing still need to be fully deciphered, several hypotheses have been put forward based on the following observations. Chromatin immunoprecipitation assays (ChIP) coupled with quantitative PCR (qPCR) highlighted an enrichment (more than five-fold) of the H3K27me3 heterochromatin mark in the 5′-end of EEC carried by antibiotic-resistant plasmids [100,103,109]. The tri-methylation state of the histone H3 protein characterizes a highly condensed chromatin form, which reduces access of the transcriptional machinery complex to the promoter region. In a marked contrast, minicircles and pFAR miniplasmids appear to remain in an open state, loosely packed and transcriptionally active chromatin form. Both the small size of the pFAR4 plasmid backbone (less than 1-kb) combined with a low GC value (42.9%) and AT-rich regions most probably favor the exclusion of nucleosomes, thus preventing transgene expression silencing [110]. In summary, it has been hypothesized that highly GC-enriched regions, such as prokaryotic sequences, favor heterochromatin formation that spread out to adjacent regions and EEC as observed when inserting an E. coli GC-rich sequence into the genome of embryonic stem cells (ESCs) [111]. Thus, antibiotic-free gene vectors, such as pFAR4 which contains a small plasmid backbone, offer an attractive solution to the transgene silencing occurring in the liver.



Towards a cost-effective treatment for neovascular “wet” age-related macular degeneration (nAMD): The superior potency of the pFAR4 plasmids in human retinal and iris pigment epithelial (RPE and IPE) cells led to their selection for a future phase I/II clinical trial aiming at proposing an alternative cell/gene advanced personalized biotherapy for nAMD. The therapeutic strategy of the Horizon 2020-supported TargetAMD consortium (www.TargetAMD.eu, accessed on 20 December 2023, coordinated by Pr. G. Thumann) is based on an ex vivo electroporation of autologous IPE cells, using two pFAR4 plasmids. The first plasmid expresses the pigment epithelium-derived factor (PEDF), a potent anti-angiogenic factor. The second plasmid encodes the SB100X transposase to mediate a transgene integration into the host chromosome (see the following Section 7 on transposons). The one hour procedure consists of transfecting IPE cells by electroporation and re-implanting the genetically modified cells subretinally into the patient’s eye.



A battery of preclinical assays has been performed [94,95,96,97,98,112], including in vitro IPE cells’ transfection, a quantification of the secreted PEDF level and the assessment of transgene integration sites which were, as expected with the SB transposon system, close to random (see Section 7 below on transposons). Furthermore, the transplantation of the genetically modified cells to the subretinal space of a rat model significantly reduced the laser-induced choroidal neovascularization and did not generate any change in rabbit organ morphologies (Biodistribution studies). Thus, on animal models, the increased PEDF local production counteracts the neovascularization effect mediated by the vascular endothelial growth factor (VEGF), which is overexpressed in nAMD.



In comparison with current treatments that mostly involve monthly intravitreal injections of VEGF inhibitors, such as antibodies, recombinant soluble receptors or “VEGF trap”, which could generate side effects, and suffer from insufficient patient compliance, the TargetAMD innovative procedure will be unique and also aims at curing patients not responding to existing treatments. Furthermore, during the TargetAMD program, it was estimated that recurrent injections of anti-VEGF monoclonal antibodies cost 25–30,000 euros/patient/year (only for the drug) while the proposed alternative treatment of one shot is expected to have a price of ~3500 euros/patient.



pFAR4 gene vector human clinical trial for hearing disorders: In August 2020, a pFAR4 plasmid encoding two neurotrophic factors, the brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3) proteins, entered a phase I/II clinical trial directed by Prof. G. Housley (UNSW, Sydney) (www.CINGT.info (accessed on 20 December 2023); Table 1 # ACTRN12618001556235). The first delivery of one of our plasmids in humans aimed to improve the hearing performance in patients with inherited or acquired deafness by coupling a cochlear implant and a gene therapy approach.



To date, depending on the degree of disability, patients with hearing disorders can benefit from various medical devices ranging from conventional hearing aids, which amplify sound, to cochlear implants. The latter are complex electronic devices that capture and deliver sound signals to the auditory nerve. Thus, cochlear implants bypass damaged portions of the ear. However, in patients with profound hearing disability, sensory hair cells that help to convert acoustic vibrations into nerve impulses (a process that allows one to hear), are absent. The causes can result from either a genetic defect, aging or external factors such as ototoxic chemicals, infections or high noise exposure. The definite loss of these cells generates the retraction of spiral ganglion neurites from the organ of Corti (also called spiral organ), resulting in a neural gap between the cochlear implant electrode and the auditory nerve fibers. Consequently, the sound quality perceived by the cochlear implant recipients is not optimal and can be considered metallic or atonal, and thereby results in a limited appreciation of music and tonal languages such as Mandarin or Cantonese.



The innovative approach proposed by Prof. G. Housley’s team (University of South Wales, UNSW, Sydney, Australia) uses a novel electric field focusing technology (BaDGE®) to electrotransfect the mesenchymal cells lining the cochlear perilymphatic compartment with a pFAR plasmid encoding the BDNF and NT3 neurotrophic factors. The rationale is that these neurotrophic factors stimulate the oriented regeneration of the peripheral neurites of the spiral ganglion neurons to close the neural gap existing between the cochlear implant and the auditory nerve fibers in deaf patients. Notably, preclinical tests including confocal imaging revealed that GFP-encoded pFAR4 was restricted to mesenchymal cells lining both scala tympani and scala vestibuli in the basal turn, in close proximity to the electrode array, even though all four turns of the guinea pig cochlea had been perfused [113]. In deafened guinea pigs, the secretion of neurotrophic proteins by transfected mesenchymal cells stimulated the regeneration of spiral ganglion neurites, which had been atrophied due to an ototoxic treatment. In addition, the neural remodeling restored hearing, as evidenced by electrically evoked auditory brainstem responses in animal models possessing destroyed hair cells [114].



The purpose of the ongoing phase I-II clinical trial is to evaluate the safety and efficacy of the combined neurotrophin gene therapy in conjunction with the cochlear implant, in comparison with patients that have the cochlear implant (control group) exclusively. No adverse events of concern linked to the investigational device, including the control of the DNA delivery, have been detected in patients of the gene therapy group. Furthermore, the DNA solution and electrotransfer were very well tolerated, demonstrating that the treatment has met the primary objective of the phase I study. A description of the ongoing clinical trial and patient experience for the first seven patients can be visualized following this link to the Australian TV news (https://www.facebook.com/watch/?v=3341989752711664 (accessed on 20 December 2023)). Final outcomes of the clinical trial await the 12 months follow-up of the last enrolled patients from the gene therapy and control groups. The launch of this study is the result of a fruitful collaboration initiated in 2015 between our research group and the University of South Wales team led by Prof. Housley, in partnership with Cochlear Ltd., Sydney-based co-investigators at NextSense, the University of Sydney and the Macquarie University Hearing Hub.



Hearing loss represents a major health and economic issue, as it has considerable effects on the individual quality of life with a major impact on communication, speech, cognition, education and employment, potentially generating social isolation and depression. To date, the World Health Organisation (WHO) estimates that over 5% of the global population (more than 432 million adults and 34 million children) suffer from hearing loss. With an increasing number and aging population, this proportion is expected to increase to ~10% of the world’s population, representing 700 million people by 2050 (https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss (accessed on 20 December 2023)). Improving cochlear implant performances thus definitely constitutes, in the long run, a return of investment for both patients and health care systems.




7. Transgene Chromosomal Integration Using Non-Viral Techniques


Chemical and physical delivery methods mediate the entry of non-viral gene vectors that remain extrachromosomal. Plasmid integration studies performed after intramuscular injection and electroporation did detect independent insertion events which can be considered as negligible, as they occurred at a frequency that is below the spontaneous mutation rate [115,116]. Although the episomal nature of non-viral gene vectors has been considered as a valuable feature to avoid genotoxicity potentially mediated by retro- and lentiviruses’ integration into the host genome, it can also be observed as a limitation when the division of transfected eukaryotic cells leads to the dilution of non-replicating plasmids. The pairing of non-viral gene vectors with integrating transposable elements (TEs) has recently been assessed to bypass this limiting feature.



First identified in Maize by Barbara McClintock in the 1940–1950 decades [117], TEs are mobile genetic elements that move from one locus to another using either an RNA or DNA intermediate. The propagation of retrotransposons occurs via a copy-and-paste mechanism that involves the transcription of the TE, the reverse transcription of the generated RNA into a cDNA that integrates into a second locus. Class II natural DNA transposons encode a transposase protein that binds to the inverted terminal repeats (ITRs), delimiting the transposon ends (Figure 2). The excision and integration activity of the transposase protein promotes the transposon mobilization via a cut-and-paste mechanism. In humans, TEs represent around 45% of the genome sequence and were originally regarded as mediators of genetic variability, as they are a main source of chromosomal recombination and mutation, until their overall transposition activities declined markedly [118]. In less than two decades, DNA transposons have been redesigned and integrated in the genome engineering field and have become key additional components of the non-viral Gene Therapy Toolkit.



By inserting either a unique or a multicistronic expression cassette between specific transposon ITRs, the properties of DNA transposon can be exploited to mediate the transgene integration into the genome of host cells. To this end, cells are transfected in vitro, using a two-component system composed of a plasmid carrying a transposon encoding the sequence of interest and a separate genetic element (plasmid or mRNA) encoding the transposase. Currently, three DNA transposons are mostly used for gene therapy applications: SB, PB and TcBuster, which are representative of the Tc1/mariner, PB and hAT superfamilies, respectively.



SB DNA transposons. The SB transposase was awakened by constructing a consensus DNA sequence derived from inactive Salmonid genomes and eliminating the mutations affecting the protein open-reading frame, nuclear localization signal, DNA binding and integration activities [119]. Subsequently, a hyperactive transposase (SB100X) that promotes a ~100-fold improvement of integration efficiency compared to the original SB transposase was obtained by DNA shuffling and found to mediate the DNA transposition in a variety of vertebrates including mice and human cells [120]. During the transposition process, the SB-mediated transposon excision leaves behind a small and characteristic CAG footprint mediated by DNA repair [121]. The SB transposon predominantly targets TA dinucleotides (which become duplicated at the integration site), and preferably at an 8-bp palindromic ATATATAT repeat sequence [122]. The SB transposition efficiency is negatively affected by two different factors: (i) an excess of transposase that mediates a process called the overproduction inhibition (OPI) [123]; (ii) a size increase in the transgene to be delivered into host genomes [124]. Notably, the distribution of SB transposon insertions into the host genome shows a close-to-random integration profile in mammalian genomes, with a minor bias towards transcription units and their upstream regulatory sequences [125]. Finally, recently identified SB100X variants (K248R and H187V) redirect integration away from genes and transcriptional regulatory elements, thus further lowering the risk of insertional mutagenesis [126].



PB DNA transposons. The second DNA transposon of relevance for gene and cell therapy application is the PB transposon system, which is derived from the cabbage looper moth Trichoplusia ni insect [127,128]. In comparison with SB, the PB transposon was found to be active in a wider variety of species such as insects, yeast and mammals, including humans [129]. The codon optimization of the wild-type insect transposase for expression in mammals (mPBase) generated a 20-fold increase in the transposition efficiency [130]. Additionally, the isolation of hyperactive transposase variants (hyPBase and bz-hyPBase) using a screening system in yeast outperformed the transposition efficiencies of the original transposase without compromising its unique features [131,132]. PB transposons almost exclusively integrate into TTAA sequences and predominantly display no footprint affecting the genomic integrity at the excision site [133]. This last feature is particularly relevant to generate the induced pluripotent stem cells (iPSCs) in the context of cell-based regenerative medicine, which requires the transient integration of reprogramming genes into the genome of somatic cells, and their subsequent elimination to give rise to any other cell type, aiming at replacing damaged or diseased ones [134,135]. Furthermore, the identification of an excision proficient and integration deficient transposase variant is especially useful to generate the seamless removal of the reprogramming factors from iPS cells without a potential harmful reintegration [136]. The large cargo capacity (superior to 100-kb) offers the possibility to mobilize large genomic fragments, such as those carried by bacterial artificial chromosomes (BACs) in mouse and human embryonic stem cells, which have been used for basic research or to generate transgenic animals [137,138]. Finally, PB transposons display a significant bias toward transcriptionally active regions including transcription start sites, CpG islands and DNAseI hypersensitive sites [125,133,139].



Tc Buster DNA transposons: TcBusterTM, the third DNA transposon found in the Gene Therapy toolkit, was identified using bioinformatics tools. Its name is derived from the species from which it was isolated, the red flour beetle Tribolium castaneum [140]. A high-throughput combinatorial library method was used to generate a highly active transposase protein, TcB-M, outperforming the previous mutants in various mammalian cells, including T and Natural Killer (NK) cells [141,142]. TcBuster transposon excision sites are repaired by nonhomologous end-joining [143]. The characterization of TcBuster integration sites revealed a strong preference for TA nucleotide sequences, representing over 93% analyzed insertion sequences, and two major secondary sites displaying TG or CA changes at the central integration site [143,144]. TcBuster transposons slightly favor transcription units, CpG islands, transcription start sites and preferential cleavage sites for DNase I [143,144].



Ongoing clinical trials using DNA transposons: SB was the first DNA transposon to enter the clinical stage in 2011. To date, nearly two dozen phase I or I/II clinical trials have been registered using either the SB or PB transposons to modify cells of the immune system for the expression of chimeric antigen receptors (CARs) (see Section 8), mostly covering the field of adoptive immunotherapy for hematological malignancies, metastatic breast, prostate and lung cancers, as well as metastatic solid tumors. In addition, SB transposon-engineered plasmablasts expressing α-I-iduronidase are currently evaluated to treat patients suffering from Hurler syndrome [145,146]. The first phase I clinical trial using the TcBuster transposon is currently under development at the stage of patient recruitment (# NCT05312801) for Non-Hodgkin Lymphoma. The therapeutic candidate consists of autologous CAR-T cell therapy using CD4 and CD8 positive human cells that are genetically engineered to target the B cell activating factor receptor (BAFF) to eliminate malignant B cells for the treatment of patients with relapsed or refractory non-Hodgkin lymphoma.



Over the last two decades, no cases of malignant cells derived from either retro, lenti or SB-modified T cells have been reported in hundreds of treated patients, thus revealing the safety associated with efficacy records. It is worth mentioning that during a phase I clinical trial of CD19-targeted allogenic CAR-T cells in 10 patients with relapsed or persistent B cell malignancies, T-cell lymphoma originating from the genetically modified cells using the PB transposon have been detected in two patients. One of the two died of sepsis and multiorgan failure after showing a transient response to the treatment [147,148]. The analyses of malignant cells did not reveal transposon insertions into typical oncogenes. Rather, the development of malignant cells have been attributed to multiple genetic alterations, such as an altered genomic copy number, and point mutations unrelated to the insertion sites but affecting the expression of oncogenes and tumor-suppressor genes, respectively. From their thorough analyses, the authors suggested that a malignant transformation is probably related to the production methodology such as the electroporation settings (a single high-voltage pulse), high concentration of transposon and transposase elements, or the expansion of the genetically modified cells. No correlation between T-cell lymphoma and the use of the PB transposon has been established [147,148].



Thus, DNA transposons represent a safe and attractive tool to generate stable genetically engineered cells. Nevertheless, any transgene integration into the host chromosomes exhibits the risk of insertional mutagenesis via the activation of proto-oncogenes or inactivation of tumor-suppressor genes. The identification of novel transposable elements or transposase variants that favor transgene integration away from transcriptional units and oncogenes or into a defined safe harbor locus with a high efficiency remains to be an important objective to exclude or further reduce genotoxic risks.



In addition to the safety profiles, non-viral approaches offer the potential to lower the costly and limited capacity production of viral vectors (see the following section for production costs of CAR-T cells).




8. Non-Viral Strategy for Adoptive Immunotherapy


Chimeric antigen receptors (CARs) are expressed as transgenic proteins on the surface of T or Natural Killer (NK) cells that are engineered to recognize a specific target antigen for adoptive cell therapies. The CAR basic structure consists of a single-chain variable fragment (scFv) of a corresponding antibody which provides the receptor specificity. The scFv region is connected to a transmembrane domain, itself linked to proteic domains that mediate activation and costimulatory signals upon contact of lymphocytes with the targeted antigens.



In comparison to T cells, innate immune NK cells display cytotoxic properties independent from the Major Histocompatibilty Complex (MHC), which favors the development of CAR-NK cells from allogenic sources and storage of cryopreserved ‘off-the shelf’ products. Nonetheless, NK cells display an inefficient in vitro expansion, a short half-life in circulation, as well as a higher sensitivity of apoptosis, in addition to being responders to viral infection generating a reduced viral transduction efficiency [149,150].



At first, CAR-T cells have mostly been engineered using viral vectors such as lenti- or retroviruses. Currently, hundreds of patients have beneficiated from adoptive immunotherapy. The unprecedented outcomes resulted in the approval, by the Federal Drug Administration, of six CAR-T cell products (Kymriah, Yescarta, Tecartus, Breyanzi, Abecma and Carvykti, with a cost comprised between 373 and 475 k$), all targeting the CD19 or B cell Maturation Antigens (BCMA) in the field of haematological malignancies [151]. Nevertheless, viral approaches display several drawbacks. Despite the major improvements accomplished to increase the lenti- and retrovirus safety profiles, persistent genotoxicity concerns still remain, which are added to a lengthy, laborious and costly production process that requires extensive testing prior to clinical applications. This is incompatible with an increasing general demand.



A variety of refinements are being implemented to enhance the specificity, efficiency, persistence and safety of CAR-T and CAR-NK cells. To reduce production costs and provide for safer transgene integration, non-viral approaches are currently being evaluated in preclinical assays and phase I/II clinical trials using electroporation and nucleofection as physical delivery techniques (see Section 2) and antibiotic-free gene vectors most often coupled to DNA transposon systems. The reduced size of small plasmids increases the probability of bringing the transposon ITRs closer together, thereby facilitating the formation of the synaptic complex, also called a paired-end complex, that is required to mediate an efficient transposition [138,152,153,154]. Furthermore, reduced-size plasmids offer the possibility of decreasing the plasmid DNA amount for cell transfection, thereby increasing cell viability by mitigating the TLR4 and TLR9-independent stimulation of a type I interferon response observed after the cell transfection with a transposon plasmid in a dose-dependent manner [155]. The use of transposase-encoded mRNA for cell transfection further reduces the cytotoxicity and limits multiple transposon hopping, mediating the chromosomal rearrangement and mutagenesis.



Nanoplasmids were combined to PB and TcBuster transposons to manufacture CAR-T and CAR-NK cells, respectively [82,156]. In the latter case, primary, donor-derived NK cells were genetically modified to express a CAR targeting the C-type lectin-like molecule-1 (CLL-1/ C-Type Lectin Domain Family 12 Member A, CLEC12A) against acute myeloid leukemia (AML) cell lines and primary AML blasts. Anti-BCMA CAR-T cells manufactured with a nanoplasmid and PB transposon (Section 5 and Table 1 #NCT03288493) show a better efficacy, with an increased overall and complete response rate in patients with RRMM, in addition to an equal safety compared to a standard plasmid [83]. The potency of pFAR4 miniplasmids in combination with the SB transposon system has been assessed by transfecting human CD4+ and CD8+ lymphocytes to generate CAR-T cells products. A high and stable CD19 CAR gene expression was reached, 14 days post transfection, using a pFAR plasmid carrying the SB transposon paired with a SB100X-encoded mRNA. When comparing to the standard pT2-based CD19 CAR transposon, pFAR4 plasmids allowed a higher viability of T-cells and were consequently approximately four-fold superior to generating CD19-CAR T cells that display potent cytotoxic antitumor cells functions in vitro [101]. Although the CAR expression from mRNA is transient, the production of CAR-T cells is significantly reduced to 24 h as compared to the 10–14 days required when viruses or DNA transposons are used for the delivery of the CAR transgene. This innovative cost-effective strategy is currently being evaluated in two phase I clinical trials targeting a CD19 and NKG2DL antigen, using natural killer cells from peripheral blood, for B-Lineage Acute Lymphoblastic Leukemia and a metastatic solid tumor treatment (#NCT00995137 and NCT03415100). When paired with DNA transposons such as PB, Doggybone linear vectors require additional random DNA sequences (~200-bp) flanking the PB ITR on either side of the transposon cassette to enable an effective transposition and generate CAR-T cells, which might be necessary for the transposase protein to efficiently bind to the linearized DNA transposon [68]. To target pancreatic cancer cells, a NK-92MI cell line, derived from NK cells for a stable and localized IL-2 expression, has been genetically modified to express a CAR directed towards the mesothelin glycoprotein using a minicircle combined with the SB transposon as gene vectors. In comparison with the plasmid counterparts, the superior electroporated cell viability, engraftment and secretion of both the interferon-γ and granzyme B mediated a significant increased lysis of pancreatic cancer cell lines [157]. Tipanee et al. [158] validated a nonviral approach to generate the potential universal off-the-shelf allogenic CD19-CAR-T cell combining minicircles, SB transposon and CRISPR-Cas9 to inactivate the allogenic donor T cell receptor (TCR) expression. In comparison with first-generation plasmids, the higher transposition rate and lower toxicity mediated by the minicircle delivering a CD19 CAR transposon, coupled with an SB100X-encoded mRNA, generated an approximately 3.6-fold higher yield of CD19-CAR T cells after 14 days of culture [153]. Using a similar setting, a phase I/IIa is currently assessing the potential of autologous SLAMF7 CAR-T cells in multiple myeloma (Section 4, Table 1 #NTC NCT04499339).



Thus, non-viral approaches for manufacturing CAR-T or CAR-NK offer attractive alternatives, with the positive asset of a reduced production cost which has been estimated to be 20 times lower for both SB100X mRNA and a minicircle delivering the CAR transgene versus lenti- or γ-retroviruses, from the preparation step of the research cell bank to the product released, as well as including the stability testing [159]. In addition, the non-viral approaches offer the possibility of drug handling and administration in safety level class I facilities.




9. Conclusions and Perspectives


Gene and cell therapies offer ultra-precise genetic treatments and are currently on an ascending trend. Nevertheless, improvements are still required to hold promises at an affordable price. The gene therapy products approved so far by the FDA have prices ranging from several hundred thousand to several millions of dollars per patient for a single treatment. These high costs are justified by the complexity of manufacturing these advanced medicinal products based on viral gene delivery vectors, and on the need for pharmaceutical industries to recoup their research and development costs. In addition, innovative gene therapy might find broader applications in frequent diseases.



In spite of the fact that a single-dose gene therapy treatment shows definite advantages over costly lifetime healthcare (even if the requirement of repeat administrations cannot be excluded to date), such expensive therapies are hardly handled by national health care systems or private health insurances. Thus, even in wealthy countries, patients are either denied gene therapy treatments or experience lengthy delays in receiving them, which consequently generates major societal economic and ethical issues. To make these innovative treatments affordable to those that need them, to expand gene therapy use to low- and middle-income countries, and to be able to apply gene therapy to the high prevalence diseases, a number of challenges must be overcome. Above all, ways have to be found to bring down the presently extremely high costs of these gene therapy products.



A typical example of this cost barrier is that of the anticancer CAR-T cells therapy. Within a decade, major breakthroughs have been made in the field of adoptive immunotherapy using CAR-T cell products to treat patients with hematological malignancies and resulted in the approval of six-FDA-approved products, as already mentioned [151]. Unfortunately, however, these outstanding treatments are only affordable in a limited number of countries or medical institutions possessing CAR-T cell development facilities. Consequently, different strategies are being explored and consist of the development of CAR-T cells in academic centers using non-viral gene vectors for a reduction in the production time in a cost-effective manner.



In less than three decades, several types of linear or circular antibiotic-free gene vectors have been developed using various selection and manufacturing strategies. Minicircles, MIDGE, pORT, Nanoplasmids, and pFAR expression vectors have now entered the clinic, mostly in phase I, I/II and II trials. Notably, one of the first antibiotic-free gene vectors, a FGF1-expressing pCOR, was included in a phase III clinical trial. To date, the therapeutic areas of the conducted clinical trials covered various fields including immunotherapy against chronic viral infection or cancer, prophylactic vaccines, eye disease, peripheral vascular disease and hearing disorders. Notably, none of the tested gene vectors generated adverse events in treated patients, thus meeting the phase I objective. Promising results and positive trends were also reported that need to be further confirmed by including a higher number of patients, and enhanced by improving either the administration route or the expression vector.



With the increased number of antibiotic-free vectors that display favorable therapeutic effects in preclinical tests and phase I/II clinical trials, it is anticipated that non-viral approaches will take a larger role and thereby open new avenues. Nevertheless, a number of challenges still needs to be met. Some areas of improvements consist of optimizing both physical and chemical delivery methods to increase the transfection efficiency, to refine the targeting of a specific tissue or cell type, and decrease cell toxicity, a parameter of key relevance when patient primary cells are available in a limited number. DNA transposon or CRISPR-Cas9-mediated transgene site-specific integration with minimized off-target events also remains an open challenge.



Considering the central role of plasmid DNAs either as drug products, ancillary materials for the production of viral particles, or templates for in vitro mRNA synthesis and linear vectors, the improvement of the production process should focus on a decrease in the production cost and timeline without affecting the quality of produced materials. To improve the expression vector yield and/or quality, several optimization axes could be followed. The first one consists of the further genetic modification of the E. coli strains used for their production. The E. coli genome contains more than 40 insertion sequences (ISs) [160] that are small mobile elements that can transpose from the bacterial chromosome to the produced plasmid [161]. IS transposition may only be detected at the end of the purification process, which consequently leads to the rejection of the pharmaceutical product and costly financial loss. Thus, eliminating any source affecting the plasmid integrity will probably provide a higher purity of the pharmaceutical product. Regarding the minicircle production, one of the remaining challenges is related to a further increase in the recombination efficiency for a quasi-elimination of the parental plasmid, potentially by assessing novel recombinases identified from genome sequence databases. The production of the synthetic expression vector, such as DoggyBone, holds great promise as it precludes the lengthy need to produce and characterize master cell banks. Nevertheless, improvements are required, mainly for their use in combination with DNA transposons. In this field, basic research will probably focus on the identification of a protelomerase that generates and circularizes the generated monomers in a cost-effective manner. Circular expression vectors could benefit from the identification of a smaller origin of replication to further decrease the plasmid size while maintaining a high plasmid copy number and production yield. The production of high plasmid numbers requires bacterial propagation in fermenters that also deserve the optimization of growth conditions to meet the specificity of all antibiotic-free gene vectors and ensure consistent product quality from batch to batch, as well as reliable preclinical tests and clinical trials. Finally, a thorough assessment of the pros and cons of bacteria-produced plasmids versus synthetic double-stranded DNA produced ex cellulo by enzymatic processes is required. Undoubtedly, the enormous energy invested in the development of the safer, more efficient and cost-effective production of expression vectors can only benefit improvements of gene and cell therapy products.
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Figure 1. Strategies for the production of antibiotic-free gene vectors. First-generation plasmid contains a eukaryotic expression cassette (EEC) and a plasmid backbone (PB) composed of an origin of replication and an antibiotic resistance marker required for plasmid replication and maintenance in plasmid-containing bacteria, respectively (a). To produce antibiotic-free plasmids devoid of sequences of prokaryotic origin (Section 4), a parental plasmid is first produced in E. coli. For the minicircle production, the EEC is bordered by specific sites (S) to which a recombinase binds to mediate the intramolecular recombination (b) that generates two new molecules: a miniplasmid and a minicircle that is further purified (c). The production of MIDGE vectors involves the cleavage of the parental plasmid at specific restriction sites (S) by restriction enzymes to generate the linearized PB and EEC fragments (d). To the latter, hairpin oligonucleotides are ligated to covalently close the linear MIDGE vector molecule (e). To produce DoggyboneTM vectors, the parental plasmid, containing an EEC flanked with telomeric ends (TelL and Tel-R (S)) (f), is used as a template in a rolling circle amplification reaction that produces concatemers (g). The digestion of these latter with the TelN protelomerase at the Tel sites generates monomers with covalently closed ends (h) (adapted from Shafaati et al. [37]). Antibiotic-free gene vectors containing a reduced amount of sequences of prokaryotic origin (Section 5 and Section 6), comprise GencirclesTM, pORT, nano-, pCOR and pFAR plasmids. GencirclesTM are produced from a parental plasmid carrying a kanamycin resistance marker, flanked by recombination sites, a R6K origin of replication and an EEC. The in vivo recombination eliminates the antibiotic resistance maker (i). The production of the pORT plasmids requires a modified strain genetically modified to contain an essential dapD gene regulated by the operator/promoter of the lactose operon. The bacterial survival is conditioned by the addition of an inducer in the growth medium or the presence of a pORT plasmid containing lacO sequences that titrate out the LacI repressor from the LacO/P promoter (j). The bacterial strain used to produce the nanoplasmidsTM contains a sacB gene inserted into the chromosome that encodes a levansucrase mediating toxicity in the presence of sucrose. The hybridization of the RNA-OUT sequence encoded by the nanoplasmids with the RNA-IN present at 5′-end of the sacB gene inhibits its expression resulting in bacterial survival (k). Finally, the production of the pCOR and pFAR plasmids requires an E. coli mutant containing an amber non-sense mutation in the argE or thyA gene, respectively. The resulting arginine and thymidine auxotrophy can be corrected to prototrophy upon the introduction of the pCOR or pFAR plasmids that encode a suppressor t-RNA that restores the ORF of the essential genes (l). 
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Figure 2. Transposase and DNA transposons mediate transgene integration into the host genome circumventing plasmid DNA dilution and loss of the therapeutic gene in dividing eukaryotic cells. Naturally, DNA transposons contain a transposase gene flanked by two inverted terminal repeats (ITRs). For gene therapy applications, eukaryotic cells are transfected with a plasmid carrying the EEC inserted between the two ITRs. The transposase is encoded either by a second plasmid or an mRNA and thus added in trans. Upon expression, the transposase binds to the ITRs, excises the transposon from the plasmid involving the formation of a synaptic complex, and finally inserts the EEC DNA into the host genome via a cut and paste mechanism. The transfection of T or NK cells with this approach generates genetically modified cells that stably express a chimeric antigen receptor (CAR) recognizing antigens present on the surface of cancer cells, and thereby mediates the death of the targeted cancer cells. 
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Table 1. List of clinical trials using antibiotic-free gene vectors.
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	Antibiotic-Free Gene Vector
	Trial ID
	Trial Title
	Health

Conditions
	Phase

(Status)





	Minicircle
	NCT04499339
	A Phase I/IIa Clinical Trial to Assess Feasibility, Safety and Antitumor Activity of Autologous SLAMF7 CAR-T Cells in Multiple Myeloma
	Multiple Myeloma
	I/IIa

(Active)



	MIDGE
	DRKS00005723 a
	Phase I Study with non-viral jet-injection-gene transfer of a TNF-α expressing MIDGE-vector in cutaneous metastases of malignant melanoma
	Malignant melanoma of skin
	I

(Recruiting)



	
	NCT01265368
	A Clinical Study to Assess Safety and Efficacy of a Tumor Vaccine in Patients With Advanced Renal Cell Carcinoma (ASET)
	Stage IV Renal Cell Cancer
	I/II

(Completed)



	pORT
	NCT01045915
	Safety and Efficacy Study of Electrotransfer of Plasmid AMEP to Treat Advance or Metastatic Melanoma
	Melanoma
	I

(Terminated)



	
	NCT01664273
	Gene Electrotransfer to Muscle With Plasmid AMEP in Patients With Disseminated Cancer
	Metastatic

Malignant Neoplasm
	I

(Terminated)



	Nanoplasmids
	NCT01707069
	A Safety and Immunogenicity Phase I Study of CryJ2-DNA-Lysosomal Associated Membrane Protein (CryJ2 -DNA-LAMP) Plasmid
	Allergic Rhinoconjunctivitis
	I

(Completed)



	
	NCT01966224
	A Safety and Immunogenicity Phase IB Study of CryJ2-DNA-Lysosomal Associated Membrane Protein (CryJ2 -DNA-LAMP) Plasmid Assessing the Long Term Safety of Previously Treated Subjects
	Allergic Rhinoconjunctivitis
	I

(Completed)



	
	NCT02146781
	A Safety and Immunogenicity Phase IC Study of CryJ2 -DNA-LAMP Plasmid Vaccine for Assessment of Intradermal (ID) Route of Administration Using the Biojector 2000 Device
	Allergic Rhinitis
	I

(Completed)



	
	NCT02301754
	INVAC-1 Anti-Cancer hTERT DNA Immunotherapy
	Solid Tumors
	I

(Completed)



	
	NCT03265717
	DNA Plasmid Encoding a Modified Human Telomerase Reverse Transcriptase (hTERT), Invac-1 in Chronic Lymphocytic Leukemia
	Leukemia, Lymphocytic, Chronic, B-Cell
	II

(Terminated)



	
	NCT03288493
	P-BCMA-101 Tscm CAR-T Cells in the Treatment of Patients With Multiple Myeloma
	Multiple Myeloma
	I/II

(Terminated)



	
	NCT03308045
	Evaluation of EYS606 in Patients With Non-infectious Posterior, Intermediate or Panuveitis
	Non-infectious Uveitis
	I/II

(Completed)



	
	NCT04207983
	A 48 Week Study to Evaluate the Efficacy and Safety of Two EYS606 Treatment Regimens in Subjects With Active Chronic Non-infectious Uveitis (CNIU)
	Non-infectious Uveitis
	II

(Completed)



	
	NCT04515043
	EXPLORATORY STUDY Addendum to INVAC1-CT-101 (NCT02301754)
	Solid Tumor, Adult
	I

(Completed)



	
	NCT04591184
	A Clinical Trial of a Prophylactic Plasmid DNA Vaccine for COVID-19 [Covigenix VAX-001] in Adults
	SARS-CoV-2
	I/II

(Recruiting)



	
	NCT04752722
	LEGEND Study: EG-70 in NMIBC Patients BCG-Unresponsive and High-Risk NMIBC Incompletely Treated With BCG or BCG-Naïve
	Non-muscle Invasive Bladder Cancer With Carcinoma in Situ; Superficial Bladder Cancer
	I/II

(Recruiting)



	
	ACTRN

12613000831785 b
	A Phase I, Proof of Concept, Open Label, Escalating Dose Study to Assess the Safety, Tolerability and Immunogenicity of a Herpes Simplex Virus (HSV) Deoxyribonucleic Acid (DNA) Vaccine in Healthy Volunteers
	Genital Herpes
	I

(Completed)



	
	ACTRN

12615000094572 b
	A Phase I/IIa, randomized, double blind, placebo-controlled, parallel group, pilot study to assess the safety and efficacy of a therapeutic HSV-2 DNA vaccine in HSV-2 positive adults
	Genital Herpes
	I/IIa

(Completed)



	pCOR
	NCT00566657
	Efficacy and Safety of XRP0038/NV1FGF in Critical Limb Ischemia Patients With Skin Lesions
	Peripheral Vascular

Diseases
	III

(Completed)



	pFAR
	ACTRN

12618001556235 b
	A phase I/II non-randomized, controlled trial, evaluating the safety and efficacy of neurotrophin gene therapy delivered during cochlear implant surgery
	Hearing loss, deafness
	I/II

(Recruiting)







List of clinical trials as indexed in the clinicaltrials.gov database (https://www.clinicaltrials.gov (accessed on 20 December 2023)), the German Clinical Trials Register a (https://drks.de/search/en (accessed on 20 December 2023)) or the Australian New Zealand Clinical Trials Registry b (https://www.anzctr.org.au (accessed on 20 December 2023)).
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