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Abstract

:

The biosafety of gene therapy remains a crucial issue for both the direct and cell-mediated delivery of recombinant cDNA encoding biologically active molecules for the pathogenetic correction of congenital or acquired disorders. The diversity of vector systems and cell carriers for the delivery of therapeutic genes revealed the difficulty of developing and implementing a safe and effective drug containing artificial genetic material for the treatment of human diseases in practical medicine. Therefore, in this study we assessed changes in the transcriptome and secretome of umbilical cord blood mononuclear cells (UCB-MCs) genetically modified using adenoviral vector (Ad5) carrying cDNA encoding human vascular endothelial growth factor (VEGF165) or reporter green fluorescent protein (GFP). A preliminary analysis of UCB-MCs transduced with Ad5-VEGF165 and Ad5-GFP with MOI of 10 showed efficient transgene expression in gene-modified UCB-MCs at mRNA and protein levels. The whole transcriptome sequencing of native UCB-MCs, UCB-MC+Ad5-VEGF165, and UCB-MC+Ad5-GFP demonstrated individual sample variability rather than the effect of Ad5 or the expression of recombinant vegf165 on UCB-MC transcriptomes. A multiplex secretome analysis indicated that neither the transduction of UCB-MCs with Ad5-GFP nor with Ad5-VEGF165 affects the secretion of the studied cytokines, chemokines, and growth factors by gene-modified cells. Here, we show that UCB-MCs transduced with Ad5 carrying cDNA encoding human VEGF165 efficiently express transgenes and preserve transcriptome and secretome patterns. This data demonstrates the biosafety of using UCB-MCs as cell carriers of therapeutic genes.
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1. Introduction


Gene therapy is an actively developing area in practical medicine not only for the correction of inherited diseases [1,2], but also in regenerative medicine to activate endogenous tissue potential [3]. In vivo or direct gene therapy is based on the delivery of therapeutic genes with plasmid or viral vectors, which is predominantly systemic in nature and involves the transduction of different cells in a variety of body organs [2]. Ex vivo or cell-mediated gene therapy for the delivery of transgenes employs stem or mature cells of autogenous or allogenic origin [4]. Ex vivo gene therapy excludes the direct effect of vector antigens with a host immune system and provides temporary or permanent expression of transgenes by genetically modified cells. The rationale for the use of a particular gene therapy depends on the pathogenetic aspects of the disease [5]. However, the biosafety of direct and cell-mediated gene delivery strategies remains a critical issue in translating gene therapy potentiality from preclinical studies to clinical trials. The side effects of vector systems on the recipient organism mainly pertain to immunogenicity and mutagenicity [6], whereas little is known about the effects of transgene expression on transduced cells.



Advances in gene therapy are opening up new perspectives in the treatment of central nervous system (CNS) diseases. The natural limits of CNS regeneration pose major problems for the treatment of neurological disorders of various aetiologies [7]. The delivery of therapeutic genes encoding neurotrophic factors to the brain and spinal cord of patients with neurodegenerative diseases, traumatic injuries, or ischaemic stroke is a prospective approach to increase neuronal survival in the acute phase, as well as to stimulate directed axonal growth, remyelination, and the recovery of lost interneuronal connections in the rehabilitation period [8]. However, in clinical practice worldwide, there are no effective neuroregenerative therapies available for these patients, and symptomatic treatment has no effect on quality of life or life expectancy [9,10].



Cell-mediated gene therapy is effectively used to treat hereditary diseases. Severe combined immunodeficiency was the first hereditary disease for which the use of recombinant cDNA encoding a protein capable of restoring lost lymphocyte function was proposed for treatment. This treatment was proposed in 1990 [11]. To deliver the therapeutic gene to mature lymphocytes, hematopoietic stem cells (HSCs) are isolated from the patient’s bone marrow, transduced ex vivo using a gamma retroviral vector carrying cDNA of the enzyme adenosine deaminase, and returned to the patient’s blood. As a result, all HSC progeny, including lymphocytes, carry transgenes encoding the normal enzyme. A similar method has been proposed for the treatment of X-linked adrenoleukodystrophy caused by an ABCD1 gene mutation (adenosine-triphosphate-binding cassette transporter). After the transplantation of autologous HSCs, where the mutant gene has been corrected using a lentiviral vector, the patient regained phagocyte function, including the restoration of microglia cell function, which enables normal fatty acid metabolism in the CNS [12].



In practical medicine, allogeneic HSC transplantation is the most widely used approach for the treatment of malignant and benign diseases of the hematopoietic system in clinical care [13,14]. For cell therapy, HSCs are derived from umbilical cord blood, peripheral blood, and bone marrow [15]. Umbilical cord blood mononuclear fraction contains HSCs, progenitor endothelial cells [16], multipotent mesenchymal stromal cells [17], and other even less differentiated stem cells with pluripotent properties [18,19,20], which gives reason to consider them as a potential source for cell therapy (in autografting and allografting) for ischemic, traumatic, and degenerative diseases [21,22,23]. In addition, UCB-MCs produce antioxidant, angiogenic, and neurotrophic factors, which can also have a stimulating effect on the regeneration of the target organ [24,25,26,27].



Currently, umbilical cord blood mononuclear cells (UCB-MCs) are being actively tested in the treatment of CNS disorders. It is important to note that UCB-MCs may be used for transplantation without HLA matching and immunosuppression therapy. The UCB-MC population mostly consists of immature T-cells with a higher CD4+/CD8+ T-cell ratio [28]. The biosafety of the allogenic transplantation of UCB-MCs was demonstrated in the treatment of patients with non-hematopoietic degenerative conditions [21]. The beneficial effects of UCB-MCs were shown in the aged brain [29] and in the treatment of Parkinson’s disease [30], amyotrophic lateral sclerosis (ALS) [31,32,33], ischemic stroke [34,35], and neurotrauma [36,37]. The limited number of available cells from a single donor remains a serious problem when using UCB-MCs in clinical practice. Hence, genetic modification of UCB-MCs can increase their therapeutic potential, enabling their use in targeted pathogenetic therapy. Genetically engineered UCB-MCs can migrate to the site of degeneration and enable the local and temporary production of recombinant therapeutic molecules. In earlier studies, we demonstrated the positive effect of gene-modified UCB-MCs producing recombinant vascular endothelial growth factor (VEGF) on the symptomatic outcome and life-span of transgenic ALS mice [38].



The link between ALS and VEGF, which is involved in the survival of motor neurons, has been shown in in vitro and in vivo experiments [39]. The important role of VEGF in embryogenesis as an angiogenic and neurogenic factor suggests the potential use of recombinant VEGF to modulate neuroplasticity in various CNS diseases [40]. The VEGF family includes VEGF-A (previously simply known as VEGF), VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental growth factor (PlGF) [41]. As a result of alternative splicing of the gene encoding VEGF-A, molecules consisting of 121, 145, 165, 189, or 206 amino acids are synthesized. Mostly soluble VEGF121 (diffusing over long distances) and VEGF165 (reaching distant and nearby targets) are the focus of current intensive research [42]. Preclinical studies have demonstrated the beneficial effects of VEGF in the treatment of neurological disorders [40]. The neuroprotective effect of VEGF on the brain was shown in ischemic stroke [43,44], traumatic brain injuries [45,46,47], spinal cord injuries [48,49], and neurodegenerative diseases [42,50,51].



Thus, ex vivo gene modification of UCB-MCs allows us to enhance their native neuroprotective properties. In addition, this approach can be useful to obtain UCB-MCs with the therapeutic effects required for the treatment of human diseases based on the temporal synthesis and secretion of specific bioactive therapeutic molecules responsible for the correction of a particular pathological disorder. We have recently demonstrated the positive effect of UCB-MCs transduced with Ad5-LTF carrying the human lactoferrin gene on the recovery of maxillofacial phlegmon in rats [52] and the induction of angiogenesis by UCB-MCs transduced with Ad5-VEGF165 applied in an in vivo Matrigel plug assay [53]. However, the biosafety of UCB-MC transduction using an adenoviral vector and transgene overexpression on the native functional characteristics of UCB-MCs remains unclear. Therefore, in this study we assessed the transcriptome landscape and cytokine profiling of genetically modified human UCB-MCs transduced with an adenoviral vector (Ad5) carrying a cDNA encoding human VEGF165.




2. Materials and Methods


2.1. Study Design


In continuing research to develop an effective gene therapy approach to stimulate regeneration in the CNS, we have demonstrated the positive effect of genetically modified UCB-MCs in transgenic ALS mice [38] and in rats with spinal cord injuries [54] and stroke [55]. Following these reports, we expanded this study to estimate the biosafety of UCB-MCs transduced with Ad5-VEGF165 in vitro. In a preliminary independent experiment using cord blood samples (n = 3) we assessed the efficacy of UCB-MC transduction with Ad5-VEGF165 and Ad5-GFP at MOI = 10. The synthesis of mRNA transgenes and recombinant proteins (VEGF and GFP) was confirmed by RT-PCR, Western blot, ELISA, flow cytometry, and fluorescence microscopy. The main goal of this study was to assess the impact of an adenoviral vector (Ad5) and a transgene (vegf165) on the transcription and secretion patterns of genetically modified UCB-MCs derived from six cord blood samples using RNA-seq and a multiplex assay, respectively.




2.2. Preparation of Umbilical Cord Blood Mononuclear Cells


Umbilical cord blood was collected after informed consent had been obtained from the pregnant women, and prenatal testing to determine their eligibility for blood donation was carried out. The cord blood was collected in containers with citrate, phosphate, dextrose, and adenine (CDFA-1) (Baxter International Inc., Deerfield, IL, USA) in accordance with the protocol that adheres to the legitimate and ethical standards generally accepted in the stem cell bank of Kazan State Medical University and approved by the Kazan State Medical University Animal Care and Use Committee (approval No. 5 dated 26 May 2020). Over the next 12 h, umbilical cord blood mononuclear cells (UCB-MCs) were isolated by standard density barrier sedimentation using Ficoll (1.077 g/mL), as described previously [38].




2.3. Adenoviral Transduction of UCB-MCs


Recombinant serotype 5 (Ad5) adenoviral vectors carrying cDNA of the human VEGF gene and a reporter gene encoding green fluorescent protein (GFP) were generated using Gateway cloning technology according to manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA), as described previously [38]. The titres of Ad5-VEGF165 (2.6 × 109 PFU/mL) and Ad5-GFP (1.2 × 1010 PFU/mL) were determined by plaque formation assay in HEK-293 cells (ATCC, 293T/17 [HEK 293T/17] CRL-11268TM) [56]. Genetic modification of UCB-MCs with Ad5-VEGF165 or Ad5-GFP was performed with a multiplicity of infection (MOI) equal to 10 (MOI = 10) according to the UCB-MC count and Ad5 titre. The samples of gene-modified and native UCB-MCs and conditioned culture medium were analysed 72 h after incubation in an RPMI-1640 medium (PanEco, Moscow, Russia) supplemented with 10% FBS and a mixture of antibiotic penicillin and streptomycin (100 U/mL and 100 μg/mL, respectively) at 37 °C under 5% CO2. All the work with cell cultures was performed under aseptic conditions in a Herasafe biological safety cabinet (Germany) with respect to the generally accepted rules of work with eukaryotic cells.




2.4. Flow Cytometry and Fluorescence Microscopy


The efficiency of UCB-MC transduction with Ad5 carrying a reporter gene encoding green fluorescent protein (Ad5-GFP) was analysed 72 h after cell transduction. The synthesis of GFP in gene-modified cells was examined using an Axio Observer Z1 inverted fluorescence microscope (Carl Zeiss, Oberkochen, Germany). The number of GFP-positive UCB-MC+Ad5-GFP was estimated using a BD FACSAria III flow cytomography fluorimeter (BD Bioscience, New York, NY, USA) and BD FACS Diva7 software (BD Bioscience, New York, NY, USA) [57].




2.5. Quantitative Reverse Transcription PCR


The mRNA level of VEGF165 and GFP in UCB-MC+Ad5-VEGF and UCB-MC+Ad5-GFP was revealed using qRT-PCR. The total RNA was isolated from gene-modified UCB-MCs 72 h after transduction using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) and cDNA synthesis was performed. qRT-PCR was conducted on the Real-Time CFX96 Touch instrument (BioRad Laboratories, Hercules, CA, USA). The primer and probe sequences used in qRT-PCR are listed in Table 1. Triplicate reactions were performed for each sample, and the ΔΔCt (Livak) method was used to calculate the average relative target gene expression normalized by β-actin rRNA [58]. Standard curves were generated using serial dilutions of plasmid DNA containing the respective inserts (VEGF and GFP). The target gene mRNA levels in native UCB-MCs were taken as 100%.




2.6. Western Blotting


The ability of UCB-MC+Ad5-VEGF to synthetize recombinant VEGF was studied 72 h after the transduction of UCB-MCs with Ad5-VEGF165 using Western blot. The protein extracts obtained from native and genetically modified UCB-MCs were separated by electrophoresis in a 15% polyacrylamide gel in the presence of sodium dodecyl sulphate (SDS-PAGE) and were transferred onto PVDF (Polyvinylidene difluoride) membranes. The non-specific binding of primary antibodies (Abs) was blocked using 5% non-fat milk diluted in Twin-PBS (pH 7.4) at 21 °C for 4 h.



Afterwards, the PVDF membranes were incubated with Abs against VEGF (Sigma, Saint Louis, MO, USA, V6627, 1:1000) and β-actin (Genscript, Piscataway, NJ, USA, A00730-40, 1:3000) overnight at 4 °C. Horseradish peroxidase conjugated Abs were used to visualize the target proteins [59]. The data obtained on UCB-MC+Ad5-GFP and native UCB-MCs were used for comparative analysis. Two independent experiments were performed in order to obtain the results.




2.7. Enzyme-Linked Immunosorbent Assay


The potential of UCB-MC+Ad5-VEGF165 to secrete recombinant VEGF was investigated in supernatants collected 72 h after the incubation of gene-modified and native UCB-MCs, using an enzyme-linked immunosorbent assay (ELISA) [60] and ELISA kit for human VEGF (DuoSet, DY293B). The levels of soluble VEGF, according to the optical density, was measured using a BioRad xMark multifunctional microplate spectrophotometer (BioRad, Hercules, CA, USA) at a wavelength of 450 nm. The standard curves plotted using serial dilutions of the recombinant protein provided in the kit were used for quantification. The results were obtained from two technical repetitions.




2.8. Multiplex Secretome Profiling


Supernatants obtained 72 h after the incubation of native and gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) that were prepared from six individual donors were used for cytokine, chemokine, and growth factor analysis with commercially available fluorophore-conjugated microspheres (fluorophore-conjugated beads), employing xMap technology (Luminex, Austin, TX, USA) [61]. Bio-Plex Pro™ Human Cytokine Screening 48-Plex was used in this study. Each sample was studied in triplicate. Standard curves for each cytokine were generated using standards provided by the manufacturer. The data collected was analysed using MasterPlex CT control software v.3 and MasterPlex QT analysis software v.3 (MiraiBio, San Bruno, CA, USA).




2.9. Transcriptome Sequencing and Bioinformatics Analysis


Whole Transcriptome Sequencing “WTS” of native UCB-MCs and gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) obtained from six individual donors was performed using the Illumina platform [62]. Total RNA was extracted 72 h after the incubation of UCB-MCs using TRIzol (Thermo Fisher Scientific) treated with DNase I and purified using the QIAGEN RNeasy Mini Kit. The Agilent Bioanalyzer 2100 and Qubit (Thermo Fisher Scientific) were used to assess the quality and concentration of the isolated RNA samples. All the RNA samples had RNA integrity numbers of more than 8.10. The target mRNA samples were enriched from previously isolated and characterized total RNA using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, #E7490 S) kit (New England Biolabs, Ipswich, MA, USA). cDNA libraries from all the mRNA samples were prepared using the NEBNext Ultra II Directional RNA library prep kit and sample purification beads (NEB, #E7765 S) (New England Biolabs). The DNA sequence of each cluster in flow cells was determined in 150 cycles according to Sequencing By Synthesis (SBS) technology, employing the NextSeq 500/550 High Output v2.5 Kit (150 cycles) and the NextSeq500 Sequencing System (Illumina, San Diego, CA, USA) using the 2 × 75 bp mode. After evaluating the quality of the sequencing, the obtained reads were aligned with the human reference transcriptome assembly GRCh38 (hg38) from Genome Reference Consortium (GCA_000001405.15 GCF_000001405.26) using a Kallisto pseudoaligner [63]. Differentially expressed transcripts and genes were annotated using the R “sleuth” package (www.r-project.org, www.rdocumentation.org/packages/sleuth) (accessed date on 17 November 2022). A functional enrichment analysis of the genes with >10 TPM (transcripts per million) was performed using WebGestalt (WEB-based Gene Set Analysis Toolkit) [64].




2.10. Statistics


The statistical analysis was performed using GraphPad Prism® 7 software (GraphPad, Inc., La Jolla, CA, USA). The data are presented as the mean ± standard error (SE). Statistically significant differences were assessed using a one-way analysis of variance (ANOVA) followed by Tukey’s test. Statistical significance is denoted by p < 0.05.





3. Results


3.1. Transduction Efficacy and Expression of Transgenes in UCB-MCs


This part of the study was conducted as a preliminary task using distinct cord blood samples (n = 3). Using fluorescence microscopy in UCB-MCs transduced with Ad5-GFP, a specific green glow was detected in the cytoplasm of the gene-modified cells (Figure 1A). The flow cytometry study revealed 28.0 ± 2.3% of the GFP-positive cells (Figure 1B). The qRT-PCR analysis demonstrated an increase in GFP mRNA by 100-fold in UCB-MC+Ad5-GFP when compared with non-transduced UCB-MCs (Figure 1C). The analysis of recombinant vegf165 expression in the UCB-MC+Ad5-VEGF165 also revealed a 100-fold elevated level of mRNA (Figure 1D). The synthesis of VEGF165 in gene-modified UCB-MCs was confirmed by Western blot analysis and showed bands corresponding to a positive reaction with Abs against VEGF (Figure 1E). Secretion of the recombinant protein was documented using ELISA, which detected 2623.0 ± 45.5 pg/mL of VEGF in the conditioned culture medium after UCB-MC+Ad5-VEGF165 incubation, compared with native UCB-MCs (22.1 ± 2.1 pg/mL) (Figure 1F).




3.2. Transcriptome Analysis of the Genetically Modified UCB-MCs


A comparative analysis of the mRNA transcription profiles in native UCB-MCs and gene-modified UCB-MCs (UCB-MC+Ad5-GFP and UCB-MC+Ad5-VEGF165) obtained from six individual samples of cord blood (donors) was performed based on 18 cDNA libraries. A bioinformatics analysis of the RNA-seq data revealed 2.4–2.8 × 107 paired reads per samples and transcripts of 10164 genes. The principal component analysis (PCA) of the RNA-seq data showed that samples representing the three comparison groups did not cluster together. However, the samples were grouped according to the cord blood source (donor). The results obtained from the principal component analysis are visualized on a biplot (Figure 2). Among a wide range of genes with an expression of at least 100 transcripts per million, there were no differences in the transcriptome profiles of the native and gene-modified UCB-MCs (Figure 3). At the same time, the recombinant genes gfp (log2(Fold change) = 7.15, q value < 0.05) and vegf165 (log2(Fold change) = 4.41, q value < 0.05) showed increased expression in UCB-MC+Ad5-GFP and UCB-MC+Ad5-VEGF165, respectively, compared to the non-transduced UCB-MCs, as expected. Functional profiling of the detected genes was performed using a GO-based enrichment analysis, where genes whose representation was above 10 TPM in at least one of the samples studied were included. Interpretation using WebGestalt software (http://www.webgestalt.org) allowed the formation of a functional profile of native and gene-modified UCB-MCs, including three groups of annotations (biological processes, molecular functions, and cellular components) presented in the highest category of the Gene Ontology hierarchy. The findings showed that the majority of the genes associated with biological processes were related to metabolism. In the category of cellular components, the majority of the genes detected were related to the cell membrane and cell nucleus, and in the category of molecular functions, they were related to protein binding (Figure 4).




3.3. Secretome Profiling of the Genetically Modified UCB-MCs


The multiplex secretome analysis of cytokines, chemokines, and growth factors, including 48 analytes in supernatants obtained 72 h after the incubation of native and gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) prepared from six cord blood samples, did not reveal any differences between the groups studied. However, in UCB-MC+Ad5-VEGF165, an increase in VEGF content was observed when compared with native UCB-MCs and UCB-MC+Ad5-GFP (Figure 5).



The cluster analysis of the obtained secretomes also confirmed that the genetic modification of UCB-MCs does not affect their secretion of cytokines, chemokines, and growth factors (Figure 6). At the same time, the samples of UCB-MCs obtained from individual donors had different secretion profiles of the analytes studied, and the grouping of gene-modified cells was consistent with the UCB-MC source.



Thus, UCB-MC transduction with Ad5-VEGF165 and Ad5-GFP at MOI = 10 revealed effective expression of the transgenes at mRNA and protein levels. The bioinformatics analysis of the RNA-seq data obtained from the native UCB-MCs and gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) revealed that the adenoviral construct (Ad5) or transgene (vegf165) had no effect on 10164 gene transcripts. The multiplex secretome analysis of 48 cytokines, chemokines, and growth factors also showed no differences in the secretion patterns of the native and genetically modified UCB-MCs and was in line with the results obtained from the bioinformatics analysis of the UCB-MC transcriptomes.





4. Discussion


In recent years, the steady growth of gene therapy research has demonstrated its significant impact on regenerative therapies. Gene therapy is considered a powerful tool not only for correcting the function of a mutated gene, but also for targeting changes in cell function [65]. Despite the great promise of gene therapy for the treatment of human diseases, the risk of side effects is one of the main reasons for the slow introduction of a drug containing recombinant cDNA as a pharmaceutical product. Therefore, biosafety aspects play a crucial role in the translation of a gene therapy drug from biomedical research into clinical care [66].



Gene therapy implies the delivery of therapeutic genes into the recipient’s body using non-viral or viral vectors (direct gene therapy) or on cell carriers (cell-mediated gene therapy). The advantages and disadvantages of each method of transgene delivery have been discussed in many research publications concerning gene therapy [3,67]. The choice of the vector or cell delivery system for the therapeutic gene may depend on the nature of the disease (inherited or acquired), the duration of the planned treatment (lifetime or in the acute or chronic phase of the disease), the assumed effect (local or systemic), and the intended effect (etiotropic, pathogenetic, or symptomatic).



An important focus of gene therapy is to increase the level of expression of genes encoding trophic factors and growth factors that stimulate the regenerative potential of organs associated with the disease. The method of delivery of therapeutic genes encoding biologically active molecules using ex vivo gene-modified cells, which serve as producers of these molecules, serves as an alternative to the intravenous administration of recombinant proteins. A significant disadvantage of using recombinant proteins for replacement therapy is their short half-life and the need for the repeated use of expensive drugs during the course of disease treatment. Transplantation of the genetically modified cells expressing transgenes is reasonable, not only through the production of therapeutic molecules, but also through the effect of transgene carrier cells (stem cells, progenitor cells, or mature cells) on the regenerative capacity of the damaged tissue.



In this regard, an attractive opportunity in regenerative medicine is the use of UCB-MCs to deliver recombinant genes encoding growth and trophic factors. Numerous studies have demonstrated the feasibility of using UCB-MCs, not only to correct haematological disorders, but also to stimulate the regeneration of various tissues and organs in ischemic and degenerative diseases [21]. Cord blood cells are readily available and have the lowest immunogenicity compared to other allogeneic cells [28,68]. Also of interest is the legal and ethical opportunity to apply UCB-MCs in clinical practice.



In the therapy of ischemic diseases, genetically modified UCB-MCs are used to stimulate angiogenesis. A positive therapeutic effect was achieved in an animal model of chronic hind limb skeletal muscle ischemia after the transplantation of UCB-MCs overexpressing human VEGF [69]. In a rat model of myocardial infarction, UCB isolated HSCs overexpressing VEGF and PDGF (platelet-derived growth factor gene) [70], or VEGF and angiopoietin-1 (Ang1) genes [71] inhibited the development of cardiac muscle necrosis and increased capillary density in the myocardium. In our studies, in order to stimulate regeneration in the CNS, we developed UCB-MCs simultaneously overexpressing three recombinant neuroprotective factors (VEGF, GDNF [glial-cell-line-derived neurotrophic factor], and NCAM [neural cell adhesion molecule]) [55,72,73].



The successful translation of a gene-cell pharmaceutical product into clinical practice requires the establishment of its efficacy and the conduct of preclinical studies to ensure its biosafety. The genetic modification of cells using a plasmid or viral vector, through the influence of the vector itself or its expressed products, can change the genotype and/or phenotype of genetically modified cells. In the present study, we studied the transcriptome and secretome patterns of UCB-MCs transduced with Ad5 carrying cDNA of human vegf165 and compared them with UCB-MCs transduced with Ad5-GFP and native UCB-MCs. Preliminary molecular and cellular analyses confirmed the efficacy of UCB-MC transduction with a human adenovirus serotype 5 (Ad5) vector. At an MOI of 10, the number of UCB-MC+Ad5-GFP was 28% and the recombinant vegf165 mRNA level in UCB-MC+Ad5-VEGF165 was 100-fold higher than in native UCB-MCs. The synthesis and secretion of recombinant VEGF in UCB-MC+Ad5-VEGF165 were also established by Western blot and ELISA, respectively.



The bioinformatics analysis of the native and genetically modified UCB-MC RNA-seq data revealed that the variability observed in the transcriptome is primarily attributed to individual donor variability rather than the genetic modification of UCB-MC transcriptomes. The three annotation groups (biological processes, molecular functions, and cellular components) presented in the highest category of the Gene Ontology hierarchy showed similar GO-based enrichment patterns in modified and native cells, which was consistent with the absence of differences in the transcriptomes. The secretome profiling (the secretion of studied cytokines, chemokines, and growth factors) of UCB-MCs did not reveal differences between native and gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP). Consequently, we found no negative effects of the adenoviral vector (the study of UCB-MC+Ad5-GFP) or transgene (vegf165) expression (the study of UCB-MC+Ad5-VEGF165) on the transcription activity and functional status of gene-modified UCB-MCs. The increased vegf165 expression in UCB-MC+Ad5-VEGF165, demonstrated by transcriptome and secretome analyses, aligns with the results obtained by qRT-PCR, Western blot, and ELISA in the preliminary study. At the same time, it is important to note that transcriptomes and secretomes differed between the UCB-MC samples obtained from individual donors.



Thus, UCB-MC+Ad5-VEGF165 retain their native properties and actively secrete recombinant VEGF. These data support the rationality of using genetically modified UCB-MCs for the temporary synthesis and secretion of recombinant therapeutic molecules in the treatment of neurological diseases. Before translating gene therapy with UCB-MCs into clinical trials, more research is needed to develop a GMP protocol for the preparation of genetically engineered UCB-MCs and to study the biosafety, dosage, transplantation methods, targeting, and pharmacokinetics of recombinant molecules in large animals with morphological, functional, and biochemical characteristics similar to humans.



We believe that the results of this work provide a solid fundamental platform for biosafety research into genetically modified UCB-MCs and will enable the translation of cell-mediated gene therapies into clinical care.




5. Conclusions


The safety of pharmaceutical products containing artificial genetic material is one of the important issues when implementing gene therapy in practical medicine. Two modes of introducing transgenes into the patient, including virus-mediated and cell-mediated delivery, are currently being actively investigated. These approaches have advantages and disadvantages in terms of transgene expression efficiency and biosafety. The aim of this research was to investigate the biosafety of genetically modified UCB-MCs transduced with a human adenovirus serotype 5 (Ad5) vector carrying cDNA encoding human VEGF. The efficacy of vegf165 expression has been proven at the level of mRNA transcription, recombinant protein synthesis, and secretion. It is worth noting that the efficient production of recombinant VEGF165 does not negatively affect the transcriptome profile and secretion of the studied cytokines, chemokines, and growth factors by genetically modified UCB-MCs. At the same time, the UCB-MC samples obtained from six donors had different transcriptome and secretion patterns, indicating individual variability. Thus, we propose that the data on effective transgene expression and preservation of the native properties of genetically modified UCB-MCs brings us closer to the possibility of using UCB-MCs as cell carriers of artificial genetic materials and as producers of recombinant therapeutic molecules in ex vivo gene therapy.







Author Contributions


Conceptualization, I.I.S., A.A.R. and Z.Z.S.; formal analysis, I.I.S., M.I.M. and A.A.I.; funding acquisition, I.I.S. and Z.Z.S.; investigation, D.Z.G., M.I.M., E.E.G. and S.Y.M.; methodology, I.I.S., S.Y.M., I.M.G. and Z.Z.S.; supervision, I.I.S., R.R.I. and A.P.; visualization, A.A.I.; writing—review and editing, I.I.S. and Z.Z.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a grant from the Russian Science Foundation, No. 19-75-10030 (Z.Z.S.).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki. Umbilical cord blood was collected from healthy women in labour at 39–40 weeks of pregnancy, after obtaining informed consent for pregnant and prenatal screening for contraindications to blood donation in maternity hospitals in Kazan in accordance with protocol that adheres to the legitimate and ethical standards generally accepted in the stem cell bank of Kazan State Medical University and approved by the Kazan State Medical University Animal Care and Use Committee (approval No. 5 dated 26 May 2020).




Informed Consent Statement


Informed consent was obtained from each study subject according to the guidelines approved under this protocol (article 20, Federal Law “Protection of Health Rights of Citizens of Russian Federation” N323-FZ, 21 November 2011).




Data Availability Statement


The data presented in this study is available on request from the corresponding author.




Acknowledgments


This paper has been supported by the Kazan Federal University Strategic Academic Leadership Programme (PRIORITY-2030).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Aiuti, A.; Roncarolo, M.G.; Naldini, L. Gene Therapy for ADA-SCID, the First Marketing Approval of an Ex Vivo Gene Therapy in Europe: Paving the Road for the next Generation of Advanced Therapy Medicinal Products. EMBO Mol. Med. 2017, 9, 737–740. [Google Scholar] [CrossRef] [PubMed]

	



Mendell, J.R.; Al-Zaidy, S.A.; Rodino-Klapac, L.R.; Goodspeed, K.; Gray, S.J.; Kay, C.N.; Boye, S.L.; Boye, S.E.; George, L.A.; Salabarria, S.; et al. Current Clinical Applications of In Vivo Gene Therapy with AAVs. Mol. Ther. 2021, 29, 464–488. [Google Scholar] [CrossRef] [PubMed]

	



Sudhakar, V.; Sudhakar, R.M. Gene Therapy for Neurodegenerative Diseases. Neurotherapeutics 2019, 16, 166–175. [Google Scholar] [CrossRef] [PubMed]

	



Naldini, L. Ex Vivo Gene Transfer and Correction for Cell-Based Therapies. Nat. Rev. Genet. 2011, 12, 301–315. [Google Scholar] [CrossRef]

	



Arjmand, B.; Larijani, B.; Sheikh Hosseini, M.; Payab, M.; Gilany, K.; Goodarzi, P.; Parhizkar Roudsari, P.; Amanollahi Baharvand, M.; Hoseini Mohammadi, N.S. The Horizon of Gene Therapy in Modern Medicine: Advances and Challenges. Adv. Exp. Med. Biol. 2020, 1247, 33–64. [Google Scholar] [CrossRef]

	



Gonin, P.; Buchholz, C.J.; Pallardy, M.; Mezzina, M. Gene Therapy Bio-Safety: Scientific and Regulatory Issues. Gene Ther. 2005, 12 (Suppl. S1), S146–S152. [Google Scholar] [CrossRef]

	



Kovacs, G.G. Molecular Pathology of Neurodegenerative Diseases: Principles and Practice. J. Clin. Pathol. 2019, 72, 725–735. [Google Scholar] [CrossRef]

	



Ahuja, C.S.; Nori, S.; Tetreault, L.; Wilson, J.; Kwon, B.; Harrop, J.; Choi, D.; Fehlings, M.G. Traumatic Spinal Cord Injury—Repair and Regeneration. Neurosurgery 2017, 80, S9–S22. [Google Scholar] [CrossRef]

	



Feske, S.K. Ischemic Stroke. Am. J. Med. 2021, 134, 1457–1464. [Google Scholar] [CrossRef]

	



Niziolek, G.; Sandsmark, D.K.; Pascual, J.L. Neurotrauma. Curr. Opin. Crit. Care 2022, 28, 715–724. [Google Scholar] [CrossRef]

	



Blaese, R.M.; Culver, K.W.; Miller, A.D.; Carter, C.S.; Fleisher, T.; Clerici, M.; Shearer, G.; Chang, L.; Chiang, Y.; Tolstoshev, P.; et al. T Lymphocyte-Directed Gene Therapy for ADA-SCID: Initial Trial Results after 4 Years. Science 1995, 270, 475–480. [Google Scholar] [CrossRef] [PubMed]

	



Cartier, N.; Hacein-Bey-Abina, S.; Bartholomae, C.C.; Veres, G.; Schmidt, M.; Kutschera, I.; Vidaud, M.; Abel, U.; Dal-Cortivo, L.; Caccavelli, L.; et al. Hematopoietic Stem Cell Gene Therapy with a Lentiviral Vector in X-Linked Adrenoleukodystrophy. Science 2009, 326, 818–823. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, R.A.; Gray, D.; Lomova, A.; Kohn, D.B. Hematopoietic Stem Cell Gene Therapy: Progress and Lessons Learned. Cell Stem Cell 2017, 21, 574–590. [Google Scholar] [CrossRef] [PubMed]

	



Bujko, K.; Kucia, M.; Ratajczak, J.; Ratajczak, M.Z. Hematopoietic Stem and Progenitor Cells (HSPCs). Adv. Exp. Med. Biol. 2019, 1201, 49–77. [Google Scholar] [CrossRef] [PubMed]

	



Yu, V.W.C.; Scadden, D.T. Hematopoietic Stem Cell and Its Bone Marrow Niche. Curr. Top. Dev. Biol. 2016, 118, 21–44. [Google Scholar] [CrossRef] [PubMed]

	



Orlando, N.; Pellegrino, C.; Valentini, C.G.; Bianchi, M.; Barbagallo, O.; Sparnacci, S.; Forni, F.; Fontana, T.M.; Teofili, L. Umbilical Cord Blood: Current Uses for Transfusion and Regenerative Medicine. Transfus. Apher. Sci. 2020, 59, 102952. [Google Scholar] [CrossRef] [PubMed]

	



Shi, P.A.; Luchsinger, L.L.; Greally, J.M.; Delaney, C.S. Umbilical Cord Blood: An Undervalued and Underutilized Resource in Allogeneic Hematopoietic Stem Cell Transplant and Novel Cell Therapy Applications. Curr. Opin. Hematol. 2022, 29, 317–326. [Google Scholar] [CrossRef]

	



Verina, T.; Fatemi, A.; Johnston, M.V.; Comi, A.M. Pluripotent Possibilities: Human Umbilical Cord Blood Cell Treatment after Neonatal Brain Injury. Pediatr. Neurol. 2013, 48, 346–354. [Google Scholar] [CrossRef]

	



Erices, A.; Conget, P.; Minguell, J.J. Mesenchymal Progenitor Cells in Human Umbilical Cord Blood. Br. J. Haematol. 2000, 109, 235–242. [Google Scholar] [CrossRef]

	



Ding, D.-C.; Shyu, W.-C.; Lin, S.-Z. Mesenchymal Stem Cells. Cell Transplant. 2011, 20, 5–14. [Google Scholar] [CrossRef]

	



Yang, W.Z.; Zhang, Y.; Wu, F.; Min, W.P.; Minev, B.; Zhang, M.; Luo, X.L.; Ramos, F.; Ichim, T.E.; Riordan, N.H.; et al. Safety Evaluation of Allogeneic Umbilical Cord Blood Mononuclear Cell Therapy for Degenerative Conditions. J. Transl. Med. 2010, 8, 75. [Google Scholar] [CrossRef]

	



Dasari, V.R.; Spomar, D.G.; Li, L.; Gujrati, M.; Rao, J.S.; Dinh, D.H. Umbilical Cord Blood Stem Cell Mediated Downregulation of Fas Improves Functional Recovery of Rats after Spinal Cord Injury. Neurochem. Res. 2008, 33, 134–149. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.M.; Kurtzberg, J. Cord Blood for Brain Injury. Cytotherapy 2015, 17, 775–785. [Google Scholar] [CrossRef] [PubMed]

	



Newman, M.B.; Davis, C.D.; Kuzmin-Nichols, N.; Sanberg, P.R. Human Umbilical Cord Blood (HUCB) Cells for Central Nervous System Repair. Neurotox. Res. 2003, 5, 355–368. [Google Scholar] [CrossRef] [PubMed]

	



Allan, D.S. Using Umbilical Cord Blood for Regenerative Therapy: Proof or Promise? Stem Cells 2020, 38, 590–595. [Google Scholar] [CrossRef] [PubMed]

	



Newman, M.B.; Emerich, D.F.; Borlongan, C.V.; Sanberg, C.D.; Sanberg, P.R. Use of Human Umbilical Cord Blood (HUCB) Cells to Repair the Damaged Brain. Curr. Neurovasc. Res. 2004, 1, 269–281. [Google Scholar] [CrossRef]

	



Fan, C.-G.; Zhang, Q.-J.; Tang, F.-W.; Han, Z.-B.; Wang, G.-S.; Han, Z.-C. Human Umbilical Cord Blood Cells Express Neurotrophic Factors. Neurosci. Lett. 2005, 380, 322–325. [Google Scholar] [CrossRef]

	



Pranke, P.; Failace, R.R.; Allebrandt, W.F.; Steibel, G.; Schmidt, F.; Nardi, N.B. Hematologic and Immunophenotypic Characterization of Human Umbilical Cord Blood. Acta Haematol. 2001, 105, 71–76. [Google Scholar] [CrossRef]

	



Bachstetter, A.D.; Pabon, M.M.; Cole, M.J.; Hudson, C.E.; Sanberg, P.R.; Willing, A.E.; Bickford, P.C.; Gemma, C. Peripheral Injection of Human Umbilical Cord Blood Stimulates Neurogenesis in the Aged Rat Brain. BMC Neurosci. 2008, 9, 22. [Google Scholar] [CrossRef]

	



Ende, N.; Chen, R. Parkinson’s Disease Mice and Human Umbilical Cord Blood. J. Med. 2002, 33, 173–180. [Google Scholar]

	



Garbuzova-Davis, S.; Sanberg, C.D.; Kuzmin-Nichols, N.; Willing, A.E.; Gemma, C.; Bickford, P.C.; Miller, C.; Rossi, R.; Sanberg, P.R. Human Umbilical Cord Blood Treatment in a Mouse Model of ALS: Optimization of Cell Dose. PLoS ONE 2008, 3, e2494. [Google Scholar] [CrossRef] [PubMed]

	



Ende, N.; Weinstein, F.; Chen, R.; Ende, M. Human Umbilical Cord Blood Effect on Sod Mice (Amyotrophic Lateral Sclerosis). Life Sci. 2000, 67, 53–59. [Google Scholar] [CrossRef] [PubMed]

	



Knippenberg, S.; Thau, N.; Schwabe, K.; Dengler, R.; Schambach, A.; Hass, R.; Petri, S. Intraspinal Injection of Human Umbilical Cord Blood-Derived Cells Is Neuroprotective in a Transgenic Mouse Model of Amyotrophic Lateral Sclerosis. Neurodegener. Dis. 2012, 9, 107–120. [Google Scholar] [CrossRef] [PubMed]

	



Ramli, Y.; Alwahdy, A.S.; Kurniawan, M.; Juliandi, B.; Wuyung, P.E. Intra-Arterial Transplantation of Human Umbilical Cord Blood Mononuclear Cells in Sub-Acute Ischemic Stroke Increases VEGF Expression in Rats. J. Stem Cells Regen. Med. 2018, 14, 69–79. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Sanberg, P.R.; Li, Y.; Wang, L.; Lu, M.; Willing, A.E.; Sanchez-Ramos, J.; Chopp, M. Intravenous Administration of Human Umbilical Cord Blood Reduces Behavioral Deficits after Stroke in Rats. Stroke 2001, 32, 2682–2688. [Google Scholar] [CrossRef]

	



Xi, Y.; Yue, G.; Gao, S.; Ju, R.; Wang, Y. Human Umbilical Cord Blood Mononuclear Cells Transplantation for Perinatal Brain Injury. Stem Cell Res. Ther. 2022, 13, 458. [Google Scholar] [CrossRef]

	



Zhu, H.; Poon, W.; Liu, Y.; Leung, G.K.-K.; Wong, Y.; Feng, Y.; Ng, S.C.P.; Tsang, K.S.; Sun, D.D.T.F.; Yeung, D.K.; et al. Phase I-II Clinical Trial Assessing Safety and Efficacy of Umbilical Cord Blood Mononuclear Cell Transplant Therapy of Chronic Complete Spinal Cord Injury. Cell Transplant. 2016, 25, 1925–1943. [Google Scholar] [CrossRef]

	



Islamov, R.R.; Rizvanov, A.A.; Mukhamedyarov, M.A.; Salafutdinov, I.I.; Garanina, E.E.; Fedotova, V.Y.; Solovyeva, V.V.; Mukhamedshina, Y.O.; Safiullov, Z.Z.; Izmailov, A.A.; et al. Symptomatic Improvement, Increased Life-Span and Sustained Cell Homing in Amyotrophic Lateral Sclerosis after Transplantation of Human Umbilical Cord Blood Cells Genetically Modified with Adeno-Viral Vectors Expressing a Neuro-Protective Factor and a Neur. Curr. Gene Ther. 2015, 15, 266–276. [Google Scholar] [CrossRef]

	



Sathasivam, S. VEGF and ALS. Neurosci. Res. 2008, 62, 71–77. [Google Scholar] [CrossRef]

	



Lange, C.; Storkebaum, E.; De Almodóvar, C.R.; Dewerchin, M.; Carmeliet, P. Vascular Endothelial Growth Factor: A Neurovascular Target in Neurological Diseases. Nat. Rev. Neurol. 2016, 12, 439–454. [Google Scholar] [CrossRef]

	



Ferrara, N.; Gerber, H.-P.; LeCouter, J. The Biology of VEGF and Its Receptors. Nat. Med. 2003, 9, 669–676. [Google Scholar] [CrossRef] [PubMed]

	



De Almodovar, C.R.; Lambrechts, D.; Mazzone, M.; Carmeliet, P.; Ruiz de Almodovar, C.; Lambrechts, D.; Mazzone, M.; Carmeliet, P. Role and Therapeutic Potential of VEGF in the Nervous System. Physiol. Rev. 2009, 89, 607–648. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Zechariah, A.; Qu, Y.; Hermann, D.M. Effects of Vascular Endothelial Growth Factor in Ischemic Stroke. J. Neurosci. Res. 2012, 90, 1873–1882. [Google Scholar] [CrossRef]

	



Chen, B.; Zhang, Y.; Chen, S.; Xuran, L.; Dong, J.; Chen, W.; Tao, S.; Yang, W.; Zhang, Y. The Role of Vascular Endothelial Growth Factor in Ischemic Stroke. Pharmazie 2021, 76, 127–131. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Gao, S.; Li, Y.; Peng, R.; Zheng, Z.; Wei, W.; Zhao, Z.; Liu, X.; Li, L.; Zhang, J. VEGI Improves Outcomes in the Early Phase of Experimental Traumatic Brain Injury. Neuroscience 2020, 438, 60–69. [Google Scholar] [CrossRef]

	



Thau-Zuchman, O.; Shohami, E.; Alexandrovich, A.G.; Leker, R.R. Vascular Endothelial Growth Factor Increases Neurogenesis after Traumatic Brain Injury. J. Cereb. Blood Flow Metab. 2010, 30, 1008–1016. [Google Scholar] [CrossRef]

	



Siddiq, I.; Park, E.; Liu, E.; Spratt, S.K.; Surosky, R.; Lee, G.; Ando, D.; Giedlin, M.; Hare, G.M.T.; Fehlings, M.G.; et al. Treatment of Traumatic Brain Injury Using Zinc-Finger Protein Gene Therapy Targeting VEGF-A. J. Neurotrauma 2012, 29, 2647–2659. [Google Scholar] [CrossRef]

	



Li, J.; Chen, S.; Zhao, Z.; Luo, Y.; Hou, Y.; Li, H.; He, L.; Zhou, L.; Wu, W. Effect of VEGF on Inflammatory Regulation, Neural Survival, and Functional Improvement in Rats Following a Complete Spinal Cord Transection. Front. Cell. Neurosci. 2017, 11, 381. [Google Scholar] [CrossRef]

	



Liu, X.; Xu, W.; Zhang, Z.; Liu, H.; Lv, L.; Han, D.; Liu, L.; Yao, A.; Xu, T. Vascular Endothelial Growth Factor-Transfected Bone Marrow Mesenchymal Stem Cells Improve the Recovery of Motor and Sensory Functions of Rats With Spinal Cord Injury. Spine 2020, 45, E364–E372. [Google Scholar] [CrossRef]

	



Pronto-Laborinho, A.C.; Pinto, S.; de Carvalho, M. Roles of Vascular Endothelial Growth Factor in Amyotrophic Lateral Sclerosis. Biomed. Res. Int. 2014, 2014, 947513. [Google Scholar] [CrossRef]

	



Lambrechts, D.; Storkebaum, E.; Morimoto, M.; Del-Favero, J.; Desmet, F.; Marklund, S.L.; Wyns, S.; Thijs, V.; Andersson, J.; van Marion, I.; et al. VEGF Is a Modifier of Amyotrophic Lateral Sclerosis in Mice and Humans and Protects Motoneurons against Ischemic Death. Nat. Genet. 2003, 34, 383–394. [Google Scholar] [CrossRef] [PubMed]

	



Agatieva, E.; Ksembaev, S.; Sokolov, M.; Markosyan, V.; Gazizov, I.; Tsyplakov, D.; Shmarov, M.; Tutykhina, I.; Naroditsky, B.; Logunov, D.; et al. Evaluation of Direct and Cell-Mediated Lactoferrin Gene Therapy for the Maxillofacial Area Abscesses in Rats. Pharmaceutics 2021, 13, 58. [Google Scholar] [CrossRef] [PubMed]

	



Gatina, D.Z.; Gazizov, I.M.; Zhuravleva, M.N.; Arkhipova, S.S.; Golubenko, M.A.; Gomzikova, M.O.; Garanina, E.E.; Islamov, R.R.; Rizvanov, A.A.; Salafutdinov, I.I. Induction of Angiogenesis by Genetically Modified Human Umbilical Cord Blood Mononuclear Cells. Int. J. Mol. Sci. 2023, 24, 4396. [Google Scholar] [CrossRef] [PubMed]

	



Islamov, R.R.; Izmailov, A.A.; Sokolov, M.E.; Fadeev, F.O.; Bashirov, F.V.; Eremeev, A.A.; Shmarov, M.M.; Naroditskiy, B.S.; Chelyshev, Y.A.A.; Lavrov, I.A.; et al. Evaluation of Direct and Cell-Mediated Triple-Gene Therapy in Spinal Cord Injury in Rats. Brain Res. Bull. 2017, 132, 44–52. [Google Scholar] [CrossRef]

	



Markosyan, V.; Safiullov, Z.; Izmailov, A.; Fadeev, F.; Sokolov, M.; Kuznetsov, M.; Trofimov, D.; Kim, E.; Kundakchyan, G.; Gibadullin, A.; et al. Preventive Triple Gene Therapy Reduces the Negative Consequences of Ischemia-Induced Brain Injury after Modelling Stroke in a Rat. Int. J. Mol. Sci. 2020, 21, 6858. [Google Scholar] [CrossRef]

	



Baer, A.; Kehn-Hall, K. Viral Concentration Determination through Plaque Assays: Using Traditional and Novel Overlay Systems. J. Vis. Exp. 2014, 4, e52065. [Google Scholar] [CrossRef]

	



Chu, Y.W.; Wang, R.; Schmid, I.; Sakamoto, K.M. Analysis with Flow Cytometry of Green Fluorescent Protein Expression in Leukemic Cells. Cytometry 1999, 36, 333–339. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Garanina, E.E.; Mukhamedshina, Y.O.; Salafutdinov, I.I.; Kiyasov, A.P.; Lima, L.M.; Reis, H.J.; Palotás, A.; Islamov, R.R.; Rizvanov, A.A. Construction of Recombinant Adenovirus Containing Picorna-Viral 2A-Peptide Sequence for the Co-Expression of Neuro-Protective Growth Factors in Human Umbilical Cord Blood Cells. Spinal Cord 2016, 54, 423–430. [Google Scholar] [CrossRef]

	



Clark, M.F.; Lister, R.M.; Bar-Joseph, M. ELISA Techniques. In Plant Molecular Biology; Methods in Enzymology; Academic Press: Cambridge, MA, USA, 1986; Volume 118, pp. 742–766. [Google Scholar]

	



Valekova, I.; Skalnikova, H.K.; Jarkovska, K.; Motlik, J.; Kovarova, H. Multiplex Immunoassays for Quantification of Cytokines, Growth Factors, and Other Proteins in Stem Cell Communication. Methods Mol. Biol. 2015, 1212, 39–63. [Google Scholar] [CrossRef]

	



Kukurba, K.R.; Montgomery, S.B. RNA Sequencing and Analysis. Cold Spring Harb. Protoc. 2015, 2015, 951–969. [Google Scholar] [CrossRef] [PubMed]

	



Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-Optimal Probabilistic RNA-Seq Quantification. Nat. Biotechnol. 2016, 34, 525–527. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Wang, J.; Jaehnig, E.J.; Shi, Z.; Zhang, B. WebGestalt 2019: Gene Set Analysis Toolkit with Revamped UIs and APIs. Nucleic Acids Res. 2019, 47, W199–W205. [Google Scholar] [CrossRef] [PubMed]

	



Steffin, D.H.M.; Hsieh, E.M.; Rouce, R.H. Gene Therapy: Current Applications and Future Possibilities. Adv. Pediatr. 2019, 66, 37–54. [Google Scholar] [CrossRef]

	



Blind, J.E.; McLeod, E.N.; Brown, A.; Patel, H.; Ghosh, S. Biosafety Practices for In Vivo Viral-Mediated Gene Therapy in the Health Care Setting. Appl. Biosaf. 2020, 25, 194–200. [Google Scholar] [CrossRef]

	



High, K.A.; Roncarolo, M.G. Gene Therapy. N. Engl. J. Med. 2019, 381, 455–464. [Google Scholar] [CrossRef]

	



Berglund, S.; Magalhaes, I.; Gaballa, A.; Vanherberghen, B.; Uhlin, M. Advances in Umbilical Cord Blood Cell Therapy: The Present and the Future. Expert Opin. Biol. Ther. 2017, 17, 691–699. [Google Scholar] [CrossRef]

	



Ikeda, Y.; Fukuda, N.; Wada, M.; Matsumoto, T.; Satomi, A.; Yokoyama, S.-I.; Saito, S.; Matsumoto, K.; Kanmatsuse, K.; Mugishima, H. Development of Angiogenic Cell and Gene Therapy by Transplantation of Umbilical Cord Blood with Vascular Endothelial Growth Factor Gene. Hypertens. Res. 2004, 27, 119–128. [Google Scholar] [CrossRef]

	



Das, H.; George, J.C.; Joseph, M.; Das, M.; Abdulhameed, N.; Blitz, A.; Khan, M.; Sakthivel, R.; Mao, H.-Q.; Hoit, B.D.; et al. Stem Cell Therapy with Overexpressed VEGF and PDGF Genes Improves Cardiac Function in a Rat Infarct Model. PLoS ONE 2009, 4, e7325. [Google Scholar] [CrossRef]

	



Chen, H.K.; Hung, H.F.; Shyu, K.G.; Wang, B.W.; Sheu, J.R.; Liang, Y.J.; Chang, C.C.; Kuan, P. Combined Cord Blood Stem Cells and Gene Therapy Enhances Angiogenesis and Improves Cardiac Performance in Mouse after Acute Myocardial Infarction. Eur. J. Clin. Investig. 2005, 35, 677–686. [Google Scholar] [CrossRef]

	



Islamov, R.R.; Rizvanov, A.A.; Fedotova, V.Y.; Izmailov, A.A.; Safiullov, Z.Z.; Garanina, E.E.; Salafutdinov, I.I.; Sokolov, M.E.; Mukhamedyarov, M.A.; Palotás, A. Tandem Delivery of Multiple Therapeutic Genes Using Umbilical Cord Blood Cells Improves Symptomatic Outcomes in ALS. Mol. Neurobiol. 2017, 54, 4756–4763. [Google Scholar] [CrossRef] [PubMed]

	



Islamov, R.; Bashirov, F.; Fadeev, F.; Shevchenko, R.; Izmailov, A.; Markosyan, V.; Sokolov, M.; Kuznetsov, M.; Davleeva, M.; Garifulin, R.; et al. Epidural Stimulation Combined with Triple Gene Therapy for Spinal Cord Injury Treatment. Int. J. Mol. Sci. 2020, 21, 8896. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 11 02020 g001 550] 





Figure 1. Expression of reporter green fluorescent protein (GFP) gene and recombinant gene encoding vascular endothelial growth factor (vegf165) by genetically modified human umbilical cord blood mononuclear cells (UCB-MCs) 72 h after transduction with Ad5-GFP and with Ad5-VEGF165, respectively. (A) Fluorescence microscopy demonstrates GFP-positive UCB-MC+Ad5-GFP (green glow). Nuclei were stained with Hoechst 33342 (blue glow). (B) Flow cytometry revealed 28% of UCB-MCs synthetizing GFP. (C) Quantitative analysis of GFP mRNA levels in UCB-MC+Ad5-GFP by qRT-PCR. (D) Quantitative analysis of VEGF165 mRNA levels in UCB-MC+Ad5-VEGF165 using qRT-PCR. (E) Western blotting analysis of recombinant VEGF165 in UCB-MC+Ad5-VEGF165. (F) Content of the recombinant VEGF165 in the conditioned culture medium after the incubation of UCB-MC+Ad5-VEGF165 using ELISA. *—p < 0.05. 
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Figure 2. Principal component analysis (PCA) of gene expression data in gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) and native UCB-MCs 72 h after incubation. The samples obtained from six individual donors are presented as numbers in parentheses (1–6). 
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Figure 3. Heatmap representing log2 transcripts per million (TPM) in gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) and native UCB-MCs 72 h after incubation. Data is presented for the first 1760 genes whose expression was at least 100 transcripts per million. The samples obtained from six individual donors are presented as numbers in parentheses (1–6). 
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Figure 4. Gene Ontology (GO)-based enrichment analysis of native UCB-MC transcriptomes. GO terms are presented for the categories of biological processes, cellular components, and molecular functions. 
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Figure 5. Radial comparative diagram of cytokine, chemokine, and growth factor representation in supernatant obtained 72 h after the incubation of gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) and native UCB-MCs. The concentration of the analytes studied is presented in pg/mL. *—p < 0.05. 
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Figure 6. Heatmap of cytokine, chemokine, and growth factor representation in supernatant obtained 72 h after the incubation of gene-modified UCB-MCs (UCB-MC+Ad5-VEGF165 and UCB-MC+Ad5-GFP) and native UCB-MCs. The samples obtained from six individual donors are presented as numbers in parentheses (1–6). 
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Table 1. Primer sequences used for real-time quantitative reverse transcriptase polymerase chain reaction (qRT-PCR).
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	Name
	Nucleotide Sequence





	β-actin-TM-Forward (human)
	GCGAGAAGATGACCCAGGATC



	β-actin-TM-Reverse (human)
	CCAGTGGTACGGCCAGAGG



	β-actin-TM-Probe (human)
	[FAM]CCAGCCATGTACGTTGCTATCCAGGC[BH1]



	hVEGF-TM49-Forward (human)
	TACCTCCACCATGCCAAGTG



	hVEGF-TM110-Reverse (human)
	TGATTCTGCCCTCCTCCTTCT



	hVEGF-TM-Probe (human)
	[FAM]TCCCAGGCTGCACCCATGG[BH1]



	GFP-TM-Forward
	AGCAAAGACCCCAACGAGAA



	GFP-TM-Reverse
	GGCGGCGGTCACGAA



	GFP-TM-Probe
	[FAM]CGCGATCACATGGTCCTGCTGG[BH1]
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