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Abstract

:

Pulmonary hypertension (PH) is a progressive complex fatal disease of multiple etiologies. Hyperproliferation and resistance to apoptosis of vascular cells of intimal, medial, and adventitial layers of pulmonary vessels trigger excessive pulmonary vascular remodeling and vasoconstriction in the course of pulmonary arterial hypertension (PAH), a subgroup of PH. Multiple gene mutation/s or dysregulated gene expression contribute to the pathogenesis of PAH by endorsing the proliferation and promoting the resistance to apoptosis of pulmonary vascular cells. Given the vital role of these cells in PAH progression, the development of safe and efficient-gene therapeutic approaches that lead to restoration or down-regulation of gene expression, generally involved in the etiology of the disease is the need of the hour. Currently, none of the FDA-approved drugs provides a cure against PH, hence innovative tools may offer a novel treatment paradigm for this progressive and lethal disorder by silencing pathological genes, expressing therapeutic proteins, or through gene-editing applications. Here, we review the effectiveness and limitations of the presently available gene therapy approaches for PH. We provide a brief survey of commonly existing and currently applicable gene transfer methods for pulmonary vascular cells in vitro and describe some more recent developments for gene delivery existing in the field of PH in vivo.
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1. Introduction


Cardiovascular diseases (CVDs) are the number one cause of death worldwide [1]. CVDs represent a group of various disorders affecting the blood circulatory system and the functionality of the heart and blood vessels [2]. Despite the diversity of underlying mechanisms, plentiful CVDs are characterized by narrowing or obstruction of blood vessels that ultimately outcome in various pathological settings, as acute myocardial infarction, chest pain (Angina pectoris), stroke, and pulmonary hypertension (PH) [3,4]. PH comprises a group of pulmonary vascular disorders, including pulmonary arterial hypertension (PAH) [5]. PAH is a complex disease of multifactorial pathobiology, in which the loss and remodeling of pulmonary blood vessels, ultimately results in progressive functional decline and right heart failure [6]. Remodeling of the pulmonary vessel wall is tightly associated with enhanced proliferation and dysregulated apoptosis of pulmonary vascular cells on one site and perivascular infiltration of inflammatory cells on another [5,7]. Vasoconstriction of remodeled vessels and thrombosis contribute to hemodynamic alterations of the pulmonary circulation and an increase of pulmonary vascular resistance in PAH [8,9]. The enhanced pulmonary vascular resistance increases shear stress-induced pulmonary vascular endothelial injury/dysfunction, and together with the vessel loss represent major hallmarks of the pathogenesis of PAH [5,8]. Pulmonary circulation represents a unique low-pressure, high-flow system receiving all cardiac output with its primary aim of respiratory gas exchange [10]. The pulmonary vascular wall consists of three layers, including adventitial fibroblast, medial smooth muscle, and intimal endothelial cell (EC), all of which actively contribute to the pathogenesis of PAH. All pulmonary vascular constituents are involved in the complex process of vascular remodeling and formation of the pathological blood vessel [11]. Concomitantly to the cellular heterogeneity of each vascular compartment, the contribution of other cells to PAH, as inflammatory cells and platelets is well recognized.



Recent progress in genetic approaches allowed discovering genes and genetic loci responsible for predisposition or emergence of PH [12]. Amongst those genes is the bone morphogenetic protein receptor type 2 gene (BMPR2), a member of the transforming growth factor-β (TGF‑β) superfamily, which mutations are recognized in around 70–80% of families with PAH and 10–20% of idiopathic PAH [13,14,15]. Moreover, the mutations in genes encoding various factors associated with BMP receptor signaling such as SMAD1, SMAD4, SMAD9, activin receptor-like kinase 1 (ACVRL1), and endoglin (ENG), were also identified in PAH [16]. Mutations in CAV1, which encodes caveolin‑1 [17], KCNK3 (potassium channel subfamily K member 3) [18], TBX4 (T‑box 4) [19,20], ATP13A3 (ATPase 13A3), AQP1 (aquaporin 1), SOX17 (SRY‑box 17), and GDF2 (growth differentiation factor 2/BMP9) [21] have been also discovered in PAH. As various defective genes and malfunctioned gene expression is involved in the predisposition and the emergence of PAH/PH, the development of safe and efficient gene‑delivery systems represents a promising therapeutical approach for the treatment of disease. Though medications approved for use in treating PAH by the Food and Drug Administration (FDA), in general, improve hemodynamics parameters and quality of life of patients with PAH, no current PAH therapy satisfies all of the requirements, as they do not correct the fundamental mechanistic insights underlying the disease occurrence [22]. Furthermore, while regenerative cell therapy approaches may represent an effective therapy in general, the results of clinical trials employing cell-therapy approaches provided relatively modest beneficial outcomes, in comparison to pre‑clinical experimental reports [23]. Based on this knowledge and considering recent great advances in gene‑editing technologies, the gene therapy approaches that would correct disturbed/defective gene expression profile within the lung vasculature might be a realistic future option. The present review will gain insight into various gene delivery strategies, the delivery of specific genes of interest, and target cells, mainly pulmonary vascular cells, in the context of PH.



1.1. Pulmonary Endothelium in Pulmonary Hypertension


The endothelium represents a semi‑permeable interface between hemodynamics and the underlying vascular wall [24]. The pulmonary endothelium lining of the normal lung is characterized by significant heterogeneity, by both functional diversity of endothelium along the arterial, capillary, and venous side of the circulation, as well as heterogeneity within cell population [25,26]. The main tasks of the healthy pulmonary endothelium are maintenance of homeostasis, vascular tone, reactivity and growth, regulation of blood flow, control of thrombosis and thrombolysis, platelet and leukocyte trafficking, production of molecules with autocrine and paracrine effects, and physical barrier function [25,27,28]. Dysfunction of these endothelium-dependent regulatory systems caused by vascular injury mediated by shear stress, viral infection, and alveolar hypoxia converts healthy endothelium to the pathological endothelium [25]. Fragmentation of the internal elastic lamina and in situ thrombosis are prominent features in patients with various vascular diseases. EC injury and dysfunction is one of the first steps to occur in PAH [29]. Pulmonary endothelial dysfunction is characterized by the shift of endothelial-dependent vasodilatation toward vasoconstriction. Vascular injury disturbs EC-maintained homeostasis by altering permeability, by producing coagulating [30], vasoconstrictive and pro-proliferative factors [28], and by reducing the production of vasodilatory and anti-proliferative mediators [31]. Thus, endothelium serves as an attractive target for the gene therapy approach because of its great accessibility and significance in the pathophysiology of PAH. Cultured primary pulmonary ECs represent an excellent model system to study many aspects of various pulmonary diseases, including PH, in which both non‑viral and viral-mediated approaches are established.




1.2. Smooth Muscle Layer in Pulmonary Hypertension


During pulmonary vascular dysfunction, the smooth muscle cell (SMC) layer undergoes various transformations, including hypertrophy, hyperplasia, and matrix protein deposition [32]. Hypertrophy plays a major role in larger‑sized more proximal vessels, whereas hyperplasia is more prevalent in the smaller resistance arteries [33]. The shift from contractile to synthetic phenotype occurs in SMCs of hypertrophied arteries [34]. Proximal versus peripheral arteries show SMCs heterogeneity leading to different signaling pathways in distinct areas of the lung as evident by using antibodies directed against contractile proteins [35]. The proliferative status and anti-proliferative properties of SMCs vary to a wider degree depending on their anatomical localization [36]. In hypertension pro-hypertensive impetus, including mitochondrial oxidative stress, mechanical forces, and hemodynamic changes, results in vascular structural, functional, and mechanical changes through stimulating pathological signaling pathways [37,38]. Aberrant changes in SMC proliferation and metabolic reprogramming are some of the primary components in PAH pathophysiology. These metabolic disturbances not only increase pulmonary artery (PASMC) proliferation but also diminish apoptosis, leading to an aberrant pulmonary vascular remodeling [39,40]. In PAH, a metabolic shift to glucose metabolism is due in part to alterations of a pyruvate kinase M2 (PKM2)/PKM1 ratio [41,42]. Furthermore, a decay in PKM2 tetramers has been described in PAH-PASMCs [43], while PKM2 activation, possibly by promoting tetramer formation, protected against the proliferation and migration of PASMCs [44]. Another enzyme, targeted in PH is pyruvate dehydrogenase (PDH). The inhibition of PDH, by Hypoxia-inducible factor-1α (HIF‑1α) dependent pyruvate dehydrogenase kinase (PDK), uncouples glycolysis from glucose oxidation ultimately promoting PASMC proliferation [45,46]. Together, various metabolic alterations, denoted by excessively elevated glycolysis comparatively with pyruvate utilization and glucose oxidation enhance cell proliferation and impair apoptosis [47,48]. Amongst other factors responsible for this uncontrolled proliferative status in PAH, is the deficiency of the Bone Morphogenetic Protein Receptor Type 2 (BMPR2) signaling pathway, which represents an essential characteristic of PASMCs from patients with PAH [49]. Furthermore, an upregulated expression and/or activation of receptor tyrosine kinases (RTKs) and their corresponding effectors [50,51,52], combined with deregulated activity of CDKs-cyclin complexes [53] cumulatively trigger the changes of various transcription factors, such as HIF‑1 [54], Forkhead box O (FOXO) [55], Nuclear Factor of Activated T-cells (NFAT) [56]. The modulation from contractile to synthetic SMC phenotype produces a high level of vasoconstriction in PAH and many signaling pathways are implicated in the regulation of contractility [57]. Similarly to primary ECs, gene delivery to primary SMCs can be accomplished by using viral or non-viral vectors.




1.3. Pulmonary Arterial Adventitia in Pulmonary Hypertension


Another important regulator of pathophysiological remodeling of pulmonary vessels is the adventitial fibroblast (AF). As opposed to the principle cellular components of intima and media, i.e., ECs and SMCs, AF attracted attention to its study much later [41,58,59,60]. As evident by recent reports, AFs critically contribute to the development of various CVDs [61,62,63]. Early and remarkable remodeling of the adventitial layer has been recognized in various experimental models of systemic vascular injury and PH [64,65]. Originally, AFs were believed purely to support the framework providing mechanical stability by producing the extracellular matrix (ECM) proteins. Nowadays, AF is recognized as a critical regulator of vascular wall function [58]. AFs together with the other types of cells of the adventitia suggested to “sense” the hypertensive state of the injured vessel and respond by activation [58,66]. Activated AFs are reacted by enhanced proliferation and differentiation, production of ECM proteins and adhesion molecules, and release of cytokines, chemokines, and growth factors [58,64]. Collagen deposition is one of the major determinants for anti-vasodilatory effects in remodeled vessels where pulmonary AFs deposit Type 1 Collagen around the vessels, which along with elastin synthesis may lead to stenosis [67]. All of these events cumulatively affect smooth muscle layer function and pulmonary circulation leading to PH [41,68,69]. The interplay among mentioned above pulmonary vascular cells, and various other players, as pericytes, platelets, immune, and inflammatory cells contribute to pathophysiological features of PAH.





2. Gene‑Delivery Approaches and Gene Therapy


Current conventional pharmacological treatments on intracellular proteins render itself less effective, as genes encoding these targets are unaffected. Mutations or abnormal regulations of gene expression alter the cellular phenotype and contribute to PH pathogenesis by elevating proliferative characteristics, subduing apoptotic resistance, and modifying calcium equilibrium [70]. Multiple lines of evidence indicate that mutations of numerous genes are etiologically associated with the development of PH [14,19,24]. Therefore, gene-therapy holds promise, as a new treatment to provide a clinically therapeutic effect. In vitro gene delivery to primary vascular cells can be employed both for vascular tissue engineering and regeneration [71], and for studying gene function under normal homeostasis and pathophysiological conditions [72]. The transfer of biomacromolecules, such as nucleic acids (NAs) across the cellular membrane into the cellular cytosol is a critically essential and fundamental step for successful gene therapy. The introduction of exogenous genetic material into vascular cells shows great promise for the treatment of PAH. While the challenge of transfection is adequately addressed for many immortalized cell types in vitro, transfection of primary vascular cells remains a significant struggle. Moreover, even when high transfection efficiencies are achieved, toxic and off-target effects may provide confound results. Thus, while there has been a huge amount of work on refining transfection approaches over the last decades, unresolved frontiers still exist. The intrinsic problem of introducing negatively charged biomolecules such as DNA and RNA into the cells with a negatively charged membrane overcomes with transfection, which can be chemical, physical, or biological.



2.1. Non‑Viral Delivery Dystems


2.1.1. Chemical Transfection


Classical methods of chemical transfection majorly include polymers (polyplex), cationic liposomes (lipoplex), the combination of both (lipopolyplex), and the calcium phosphate (CaP) [73]. In almost all of these chemical techniques, the transfection reagents are complexed with the DNA to neutralize its negative charge, to condense the DNA, mediating interaction with the cell membrane, and promote entry into the cell [73]. Despite the vast majority of different studies demonstrating effective transfection of small interfering RNAs (siRNAs) in primary pulmonary vascular cells [74,75], research on the transfer of various transgenes by non-viral approaches in primary pulmonary vascular cells is limited [75,76,77,78]. The major hindrance to the transfection of primary vascular cells by non-viral approaches is the low efficiency of gene transfer, as the results obtained from surrogate model cell lines do not reflect the situation in primary cells [79]. Furthermore, a limited lifespan in vitro and a great interindividual variety of primary lung vascular cells hinder their applications in functional genomics and gene function analysis. The era of efficient transfection of cultured mammalian cells initiated with the discovery and the implementation of synthetic cationic polymers as polysaccharide diethylaminoethylene (DEAE)‑dextran, polybrene, polyethyleneimine (PEI), and dendrimers [80,81,82,83]. Polymers, by coating and neutralizing negatively, charged DNA, form nanoscale polymer-DNA complexes (polyplexes). PEI, one of the earliest developed lipid-based cationic polymers, is characterized by its strong DNA compaction capacity. PEI is proven to destabilize lysosomal membranes subsequently by enabling PEI-NA complexes to evade degradation in lysosomal vesicles, which ultimately results in high transgene expression [84]. PEI-based transfection reagents have shown improved transfection efficiency albeit with some cytotoxicity depending on the cell type and type and size of cargo (siRNA, ribozymes, oligonucleotides, plasmid DNA) [85,86]. PEIs have been used as a non-viral gene delivery system in vascular cells extensively [87,88,89,90,91,92]. Various architectures and formulations of PEI strongly impact the physical-chemical properties of PEI/NA complexes and transfection effectiveness in vitro [86]. PEI is very efficient in the delivery of plasmid DNA and siRNAs in vivo after lung instillation [93], by aerosol delivery, and systemically [94,95]. Interestingly, aerosolization of PEI was reported to be more proficient than the intratracheal intubation of the lungs [96]. PEI/NA complexes delivered intravenously in 5% glucose into adult mice resulted in very high luciferase expression in ECs of small vessels and pneumocytes [97]. PEI mediated gene delivery in vivo is regulated by various physicochemical parameters, such as molecular weight, structure (branched or linear), PEI/NA ratios, and purity of the polymer. Furthermore, organ distribution and gene expression are largely dependent on the route of administration or the type of PEI used [86]. Unfortunately, poor persistence of PEI-mediated gene expression, prominent cellular toxicity, pro-inflammatory properties, and severe systemic side effects limit the use of PEI polyplexes for gene transfer in vivo [86].



Another approach, known as calcium phosphate (CaP) co‑precipitation suitable for transfection of a vast variety of mammalian cells, was developed later on [98]. CaP gene transfer is an easy to use, cost-effective, and safe method of gene transfer. CaP-mediated co-precipitation has been demonstrated to augment lentiviral transduction of cardiac myocytes and vascular SMCs, enhancing both the efficiency and the speed of gene transfer, offering an improved tool for potential gene therapy applications [99]. Insufficient transfection efficiency, tightly regulated by very strict physicochemical conditions of the reaction mixture, and poor reproducibility represent critical disadvantages of this specific technique [100]. To overcome these obstacles, CaP‑nanoparticles became a promising tool for transfection due to their high biocompatibility and easy biodegradability. As an example, the DNA-functionalized CaP‑nanoparticle-loaded collagen scaffolds implanted in rats demonstrated successful BMP-2 release in vivo [101]. Despite that CaP nanoparticles provide the benefits of low toxicity, and high DNA entrapment efficiency, their in vivo transfection efficiency, remained up to now low [102]. The invention of lipid-based cationic polymers in which the cationic group of the lipid links with negatively charged phosphates on the NA, for an easy transfer of exogenous genetic material across the plasma membrane, was a breakthrough step in gene delivery progress [98]. Liposome-mediated delivery offers multiple advantages over chemical reagent-mediated transfection, such as higher efficiency of gene transfer, the ability to transfect a broader number of cells, an effective delivery of genetic material, and in vitro and in vivo applications [103,104]. The transcripts can be read as fast as within some hours to 4–5 days [105]. To improve transfection efficiency and lower cytotoxicity, non-viral gene delivery solutions are constantly altered and modified. Lipofectamine comes under the category of lipid-based cations which form liposomes by taking up the cargo and give a positive charge to the complex of NA: liposomes. The liposomal complex merges easily with the cell membrane as both of them are comprised of the phospholipidic bilayer. The complex then enters the cells via endocytosis and is delivered into the cytosol for further cellular action [98]. A wide variety of Lipofectamines are commercially available nowadays (Lipofectamine 2000, 3000, RNAiMAX). Depending on the cell type all of them exhibit various efficacy of transfection and toxicity [106]. Nowadays, Lipofectamines remained the standard transfection choice and extensively utilized as a non-viral gene delivery system in primary cells in vitro [107,108,109]. In the context of PAH the Lipofectamines are broadly utilized in all three primary pulmonary vascular cells in vitro [75,110,111,112].



An alternative to liposomal transfection reagents is non-liposomal polymers that are capable to form complexes with DNA or RNA, and the other types of lipids by forming micelles in aqueous solutions. FuGENE® 6 and FuGENE® HD transfection reagents exhibit low toxicity and high efficiency in a variety of cell types and are suitable for cells that are hard to transfect. Transient transfection using FuGENE non‑liposomal reagents was reported for human pulmonary arterial ECs (PAECs) [113] and bovine PASMCs [114]. In vitro, various factors influence the efficiency of the delivery system such as the size of genetic cargo, nuclei acid to reagent ratio and the cell surface entry, subsequent dissociation of NA/reagent complex, and NA transport into the nucleus [115]. The application of nanoparticles (NPs), a novel class of drug delivery systems used for the transport of drugs to target organs, has opened new horizons in the treatment of CVDs, and particularly PAH. Treatment with established vasodilators such as prostacyclin (PGI2), Endothelin Receptor Antagonists (ERAs), Phosphodiesterase Type 5 (PDE5) Inhibitors, and Soluble Guanylate Cyclase (sGC) Stimulator‑loaded NPs have been reported to be effective both in vitro and in experimental PAH models in vivo [116]. Recently, gene therapies utilizing NPs have been also tested for PAH. Intratracheal instillation of transcription factor nuclear factor κB (NF‑κB) decoy oligonucleotide-bioabsorbable polymeric NPs formulated from a poly‑(ethylene glycol)‑block‑lactide/glycolide copolymer (PEG–PLGA) attenuated the development of monocrotaline (MCT)‑induced PAH [117]. An intravenous liposomal NP delivery of an antisense oligonucleotide against microRNA‑145 was reported to improve Sugen Hypoxia-induced PAH in rats [118].




2.1.2. Microinjection


Direct microinjection into primary cells or nuclei is effective although laborious technique to deliver genetic material into the cells using a fine needle [119,120]. Microinjection technology is a widely used method to effectively transfer oligonucleotides, siRNA and short hairpin RNA (shRNA) vectors into a single cell, which has been implemented and improved over the last century to achieve accurate and precise transfection. Pronuclear injection and genomic editing/targeting result in successful genetic manipulation of mammalian blastocytes and the generation of transgenic mice [121,122,123,124].



In addition to being used for delivering various NA, microinjection is utilized to transfer peptides, proteins, antibodies, hormones, and various drugs into single cells below the range of cytotoxicity with reliable results and readouts [125,126,127,128,129]. The pronuclear microinjection of NA constructs into the one-cell stage zygote remains the most commonly used technique to generate transgenic mice [130]. With the invention of the clustered regularly interspaced short palindromic repeats/CRISPR-associated 9 (CRISPR/Cas9) system technology for gene targeting, pronuclear injection gained additional importance [131]. Many transgenic mice generated by pro-nucleus microinjection for gene targeting purposes were employed in the context of PH. Microinjection of mRNA that encodes the zinc-finger nucleases that recognize the BMPR2 sequence resulted in the generation of the first genetically modified rat model linked to BMPR2 mutations (BMPR2(Δ140Ex1/+) rats). Importantly, the deficiency of BMPR2 signaling is tightly associated with endothelial to mesenchymal transition (EndoMT) and is involved in the occlusive vascular remodeling of PAH [132]. Another example of transgenic mice used to investigate PH is the SMC‑specific Rho‑associated coiled-coil containing protein kinase 2 (ROCK2)‑deficient mice, which were created by microinjection of SM22α/ROCK2 DNA fragment into the mouse oocyte [133]. The matrix metalloproteinase‑9 (MMP‑9) transgenic mice, generated by microinjection of human MMP-9 cDNA construct into fertilized mouse oocytes, demonstrate exacerbated PH upon serial administration of MCT [134]. Microinjection of human pulmonary vascular SMCs with dominant-negative phosphatidylinositol 3-kinase (PI3K) class IA inhibited platelet-derived growth factor (PDGF)‑induced synthesis of DNA by 65%, resulting in altered proliferation and migration of human pulmonary vascular SMCs [135]. Other researchers investigated PH resulting from occlusive lung arterial lesions in pulmonary ECs by implementing microinjection to insert the Fas-induced apoptosis (FIA) construct under Tie‑2 promoter into ova from superovulated CD1 mice [136]. Human PAECs were microinjected with transient receptor potential‑1 (Trp1) specific-mRNA‑antisense to inhibit the store‑operated calcium [Ca2+] entry response/pathway to inflammation [137]. Microinjection of Angiotensin II (Ang II) in vascular SMCs proven to cause a rapid increase in [Ca2+] in the cytosol and the nucleus [119,138]. Although relatively inefficient, microinjection is still used to deliver the cargo directly into the cells using nanocarriers due to its low toxicity [139]. Nanocarriers can bypass the cellular processes and can remain in the cells for several days. Altogether, microinjection comes with its challenges of decreased cell viability, changed morphology, and loss of transgene [140].




2.1.3. Electroporation


Electroporation is another physical method of gene transfer with the use of an electrical pulse to disturb the plasma membrane, forming pores consequently allowing the passage of NA in the cells [93]. In contrast to the viral‑based techniques, electroporation is applied to transport a huge range of various molecules in a variety of cell types in vitro [73,94]. The technique requires optimization of pulse duration and strength for each cell type and has been efficiently optimized for the transfer of a neo-resistance carrying plasmid in vascular ECs [95]. Efficient and safe delivery of RNAs in ECs is rarely achieved and electroporation as a successful delivery system is evident by the transfection of exosome/siRNA complex into the pulmonary microvascular ECs against intercellular adhesion molecule‑1 (ICAM‑1), found to play an important role in acute lung injury (ALI) [96]. In numerous CVDs, vascular SMCs respond to the stimuli by changing their plasticity in the phenotype and switch from a quiescent contractile to a more pro‑proliferative one [97]. The inhibition of SMC proliferation and subsequent reduction in intimal hyperplasia was accomplished by electroporation of the monocyte chemoattractant protein‑1 (MCP‑1) [141]. The nucleofector-employed transfection of human PASMCs and human pulmonary arterial adventitial fibroblasts (PAAFs) with plasmid encoding of Ras association domain family 1A (RASSF1A) gene, a key factor of hypoxic signaling in PH, enhanced proliferative response of both cell types [75]. In normal human lung fibroblasts, targeting leptin via electroporation linked to inhibiting inflammatory mediators and thus improving airway remodeling in asthma [99]. Non‑viral gene transfer of miR‑145 by electroporation in SMCs demonstrated to prevent vein graft disease by regulating SMC plasticity [100]. The usage of pulse on the plasma membrane is a harsh method often resulting in substantial cell death thus extensive optimization of the technique is often required [103]. Electroporation in vitro comes with its limitations such as inefficiency, cytotoxicity, low cell viability, and inflammatory response [142,143,144]. To overcome the aforementioned obstacles, researchers optimized electroporation ex vivo and in vivo approaches in the lung [143,144]. The advantages and the limitations of gene transfer into the pulmonary vascular tissues via electroporation are described by various reports conducted over the last twenty years [103,143,145]. Gene therapy and electroporation mediated‑gene transfer in vitro and ex vivo still do not fully recapitulate the complex process of in vivo electroporation. The mechanical and shear stress forces, the contribution of the immune system, action of hormones might cause the alterations of cellular responses and signaling pathways ultimately affecting successful gene delivery [103,146,147,148,149]. Cyclic stretching of the murine lungs by ventilation and transthoracic electroporation of DNA plasmid leads to increased transfection efficacy up to 4‑fold over murine lungs without ventilation [150]. One would expect that pulsatile blood flow, tension, and shear stress forces play a major role in the electroporation efficiency of the pulmonary vascular system. The first invention of electroporation in vivo approaches was thirty years back. Electroporation was efficiently utilized in the lungs in vivo [142,144]. Successful electroporation to overexpress specific genes, treat diseases such as cancer [151], or even for vaccination purposes [152] is reported. Lung electroporation was performed through the delivery of NAs through the airways (intratracheal aerosolization) by aspiration/inhalation and applying electric pulses on the chest of different animal models in pre-clinical or clinical studies [142,144,153,154,155]. Studies have been successfully inventing electroporation for therapeutic gene transfer to treat ALI/Acute Respiratory Distress Syndrome (ARDS) in a porcine model [156], and pulmonary fibrosis [157]. In the PH context, electroporation was utilized in a few studies. To investigate the role of the G-protein coupled receptor CXCR4 in the development of PH and vascular remodeling, rats were transplanted with the bone marrow cells electroporated with CXCR4 shRNA. The authors demonstrated that CXCR4 specific inhibition in bone marrow cells reduced PH and vascular remodeling via decreasing bone marrow‑derived cell recruitment to the lung upon hypoxia [158]. To investigate the role of MCP-1 gene therapy in MCT-induced PH, several different protocols of intramuscular gene therapy were implemented. Specifically, intramuscularly injection with the simple naked DNA encoding a 7-NH2terminus-deleted dominant negative inhibitor of the MCP‑1 gene (7ND MCP‑1) was compared with the injection of 7ND MCP‑1 achieved by electronic pulses. Interestingly, a significant 7ND MCP-1 protein in plasma was detected only in the group of rats, which underwent electroporation. Both approaches of MCP‑1 gene transfer significantly inhibited the progression of MCT‑induced PH, as evaluated by decrease of right ventricular systolic pressure (RVSP), right ventricular (RV) hypertrophy, and mononuclear cell infiltration into the lung [159]. Despite all mentioned obstacles, in vivo electroporation of the lung is still an attractive method with potential optimization for gene therapy, which also provides enormous benefits for the treatment of many pulmonary infectious diseases [160,161].





2.2. Viral Delivery Systems


Stable transfection involves the use of viral vectors to efficiently deliver NAs and targets a wide variety of cells [162]. Viral delivery systems such as lentiviral, adenoviral, oncoretroviral, and adeno-associated vectors (AAVs) are used for transferring NAs even in hard-to-transfect vascular cells.



2.2.1. Lentiviral Gene Transfer


The process of lentiviral transduction includes first the lentiviral production by the human embryonic kidney (HEK)‑293T (HEK‑293 cells expressing the large T‑antigen of simian virus 40). HEK293T cells initially transfected with plasmids containing the lentiviral packaging, envelope genes, and the target sequence, produce lentiviral particles [163]. The lentivirus packaged with this target sequence is used to transduce primary pulmonary vascular cells. Third generation lentiviruses have various advantages over the second generation as the viral tat gene is removed and Tat-independent 5’ long terminal repeat (LTR) is added. The original viral packaging components are eliminated and the remaining are distributed in two plasmids. To prevent the repackaging of integrated genes, a modified 3’ LTR is added, making them ‘self-deactivating’ and the packaging capacity of third-generation lentiviruses is up to 8 kb [163]. Genetic manipulation using third-generation lentiviruses is implicated for transduction of PAECs, PASMCs, and pulmonary arterial fibroblasts (PAFs) in vitro [164,165,166,167,168,169] and in the context of various CVDs in vivo [168,170]. The application of lentiviruses ranges from lentiviral-mediated gene expression, regulation of the immune system, reprogramming of stem cells, and vaccine development [171]. Lentiviruses provide a fast, efficient, economical replacement to genetically modified animals to study disease mechanisms and develop potential therapeutic tools In vivo [172]. Preventive approaches using lentiviral vectors in diseases occurring due to vascular wall remodeling have been used such as aortic aneurysm, atherosclerosis, and restenosis [167,173,174]. In the context of PAH, various research groups have successfully used lentiviral constructs. See Table 1 for the details.



Transgelin


Transgelin (Tagln) gene codes for one of the earliest markers of smooth muscle differentiation SM22α, which regulates actin cytoskeleton rearrangement, phenotypic modulation of vascular SMCs, SMC proliferation, and migration [175,176,177]. A lentiviral vector was constructed and applied to inhibit Tagln gene expression in rat PASMCs in vitro and after intratracheal instillations in rats in vivo. The inhibition of Tagln expression attenuated hypoxia increased RVSP, as well as cardiac and pulmonary vessel remodeling [178].




Galectin-3 (Gal-3)


Galectin-3 (Gal-3) is a β‑galactoside‑binding protein belonging to the member of the galectin family having a conserved carbohydrate-recognition domain [164]. Gal‑3 is associated with increased risk for incident heart failure and mortality and is a predictive biomarker [179]. Gal‑3 has been implicated in EndoMT, a process, which contributes to the pathogenesis of PAH by accumulating α-smooth muscle actin-expressing mesenchymal-like cells in obstructive pulmonary vascular lesions [180]. Intratracheal application of Gal-3 knockdown and overexpression lentivirus was used in MCT‑rats to further investigate its role in EndoMT in PAH. Overexpression of Gal-3 exacerbated RVSP and RV hypertrophy while the lentiviral knockdown led to a reduction in the RV hypertrophy [164].




Twist1


The transcription factor Twist-related protein 1 (Twist1) is known to play a role in lung vascular permeability and dysfunction, pulmonary fibrosis, pulmonary edema, and lung angiogenesis [181,182,183]. Twist1 implication in PH is also related to its contribution to EndoMT and is upregulated in patients with PAH [132,184]. Lentiviral knockdown of Twist1 using shRNA reduced the hypoxia-induced EndoMT as well as the accumulation of αSMA-positive cells in the fibrin gel implanted on the live mice [185].




A Cluster of Differentiation (CD40)


A cluster of differentiation 40 (CD40) is a membrane glycoprotein belonging to the tumor necrosis factor (TNF) superfamily. [186]. CD40 ligand, initially thought to be solely involved in immune modulation, has been implicated in various vascular pathologies and is expressed by many vascular cells including ECs, SMCs, AFs macrophages, and platelets [187,188]. Increased plasma levels of soluble CD40 ligand contributes to the pathogenesis of PAH by upregulating inflammatory chemokines [188]. Tail vein injection of lentivirus vector shRNA-CD40 encoded endothelial progenitor cells led to the amelioration of hemodynamics and reversed vascular remodeling in the MCT-rat model of PAH [189].




Hypoxia-Inducible Factor (HIF)


Hypoxia-inducible factors 1 and 2 are master transcription factors that are controlled by their respective alpha subunits by the cellular levels of oxygen [190]. Plentiful reports designate that both HIF‑1s critically contribute to pulmonary vascular remodeling and PH [54,191,192,193], with HIF‑1α more essential for SMCs, while HIF‑2α rather specific to ECs of pulmonary vasculature [54,194,195]. Lentivirus-mediated delivery of HIF‑1α shRNA by intratracheal instillation before exposure to hypoxia on the manifestations of hypoxia-induced PH was assessed. The successful delivery of HIF‑1α shRNA into the pulmonary arteries effectively suppressed hypoxia-induced upregulation of HIF‑1α, accompanied by the prominent attenuation of the symptoms associated with hypoxia‑induced PH, including the elevation of pulmonary arterial pressure (PAP), RV hypertrophy, and hyperplasia of PASMCs, as well as the muscularization of pulmonary arterioles [196]. Intraperitoneal injection of HIF‑2α antisense oligonucleotides reduced vessel muscularization, an increase of pulmonary artery pressures, and RV hypertrophy in mice exposed to hypoxia [195].





2.2.2. Adenoviral Gene Transfer


Another way of successful transfection of difficult to transfect pulmonary vascular cells is the usage of replication-deficient recombinant adenoviruses. Nowadays, adenovirus vectors provide a solid platform for efficient gene transfer for in vitro, ex vivo, and in vivo gene transfer [197,198]. The most common adenovirus (Ad), used in gene transfer in human C adenovirus serotype 5 (Ad5), given the ability to infect a wide group of different cell types and the capacity to harbor large genes in the genome [199]. The intracellular delivery of Ad5 occurs by the receptor-mediated endocytosis pathway [197], via sequential attachment through coxsackievirus B-adenovirus receptor (CAR) [200], internalization (alphavbeta3 and alphavbeta5), and penetration (alphavbeta5) of the endosomal membrane [201,202]. Furthermore, the contribution of alternate receptors, as heparan sulfate glycosaminoglycans and MHC class I alpha2 domain also reported [203,204]. One of the major hindrances of the efficient Ad5-transduction is the cell-surface expression of its primary attachment receptor CAR [205]. Various strategic approaches are implemented to enhance the entry of Ad5 into CAR-deficient cells, including genetic capsid modification, pseudotyping Ad5 vectors with both the fiber and penton from other serotypes, employment of bispecific adapters or peptides, and chemical modifications [205]. ECs have been observed to be relatively refractory to Ad5 infection due to the low CAR expression [206,207]. Similarly, SMCs of various origins reveal modest expression of the CAR receptor [208]. The genetic capsid modification of Ad5 with the incorporation of human adenovirus serotype 3 knob domain (Ad5/3Luc1) enhanced the infectivity of hPAECs in vitro, providing a 26-fold increase compared to Ad5 [209]. To specifically target the Ad5 to pulmonary endothelium, a bispecific mAb9B9 antibody-anti-knob conjugate, which associates with the fiber protein in the Ad capsid and the pulmonary endothelial marker angiotensin-converting enzyme (ACE) has been generated. These Ad vectors, selectively targeting Tryptophan hydroxylase-1 (Tph1) in pulmonary endothelium were successfully used in vivo in chronic hypoxia-induced PAH in rats [210]. To bypass CAR-dependent infection of human vascular SMCs, transduction experiments using chimeric CD46-utilising Ad5/Ad35 vectors, comprising the Ad5 capsid pseudotyped with the Ad35 penton (Ad5/F35/P35), significantly facilitated transduction efficiency [211]. Numerous lines of evidence point to the successful use of adenoviral-mediated delivery in preclinical rodent models of PH [197,198,199,200,201,202,203,205,206,209,210,211,212,213,214].



Peroxisome Proliferator-Activated Receptor Gamma (PPARγ)


Transduction of human PASMCs with adenovirus encoding PPARγ demonstrated to significantly increase PPARγ ligand-dependent expression of Programmed Cell Death 4 (PDCD4) in a concentration-dependent fashion, suggesting that PPARγ confers growth-inhibitory signals in hypoxia exposed human PASMCs through PDCD4 [212]. Furthermore, adenoviral-mediated overexpression of constitutively active PPARγ impaired the activation for 5‑hydroxytryptamine (5‑HT) signaling, implicated in vascular contraction, and remodeling in PAH [215].




Calcitonin Gene-Related Peptide (CGRP)


Calcitonin gene‑related peptide (CGRP), produced by alternative splicing of the Calcitonin gene, is one of the most potent and effective vasodilators, which has been shown to regulate pulmonary circulation under pathophysiological conditions and [216,217,218]. CGRP is an effective treatment both for human PH and in rodent models of PH [219,220,221]. Overexpression with adenovirus encoding for pre-pro-Calcitonin gene-related peptide (CGRP) demonstrated to inhibit the proliferation of both aortic SMCs and PASMCs in vitro, suggesting that CGRP may contribute to the pulmonary vascular response to chronic hypoxia in vivo [213]. This assumption was later confirmed by studies in which mice after intratracheal administration of AdRSVCGRP exhibited attenuated pulmonary arterial pressure (PAP), pulmonary vascular resistance, RV hypertrophy, and pulmonary vascular remodeling [222,223].




Nitric Oxide (NO)


Nitric oxide (NO) an endogenously synthesized, diffusible gas, with potent cardiovascular protective effects produced by a group of nitric oxide synthases (NOS). As a pulmonary vasodilator, NO plays a key role in the regulation of pulmonary vascular tone, modulating vascular smooth muscle contraction, impeding platelet aggregation, and inhibiting vascular SMC proliferation and migration [224,225,226,227,228,229]. Impaired bioavailability of endothelium-derived NO, endothelial dysfunction, reduced expression and/or activity of key regulators of the pulmonary circulation tone (endothelial NO synthase (eNOS) and inducible NO synthase (iNOS)), all contribute to the pathogenesis/pathophysiology of PAH [229]. Endothelial NOS is the predominant source of NO production in the pulmonary circulation [230,231]. Constitutive eNOS gene transfer (AdCMVceNOS) to balloon-injured rat carotid arteries restored vascular NO production and reduced neointima formation [232], while overproduction of eNOS-derived NO inhibited RVSP, pulmonary vasculature remodeling, and RV hypertrophy in chronic-hypoxia induced mice [233]. Aerosolized recombinant adenovirus containing the constitutive eNOS gene (AdCMVceNOS) augmented ceNOS expression and activity, and reduced acute hypoxic pulmonary vasoconstriction in rat lungs [234]. Similarly, aerosol delivery of the iNOS gene augmented pulmonary NO production and significantly reduced hypoxic pulmonary hypertension and pulmonary vascular remodeling in rats [235].




Kv1.5


The oxygen-sensitive, voltage‑gated potassium channels (Kv) function by regulation of membrane potential and vascular tone [236]. Kv1.5, encoded by the KCNA5 gene, is an important hypoxia‑sensitive Kv channel α subunit, that forms functional homo‑ and heterotetrameric Kv channels in PASMCs. Kv1.5 contributes to the pathogenesis of PH by causing sustained depolarization, which increases intracellular calcium and K+, thus regulating cell proliferation and apoptosis [236,237]. Acute hypoxia selectively reduced Kv1.5 channel activity in PASMCs [238]. Overexpression of rat PASMCs with the human KCNA5 gene using Lipofectamine accelerates apoptotic volume decrease, an increase of Caspase-3 activity, and apoptosis induction [110]. Orotracheally nebulized Ad5 carrying human Kv1.5 restored the O2-sensitive K+ current of PASMCs, normalized hypoxic pulmonary vasoconstriction, diminished pulmonary vascular resistance, but improved cardiac output, which was linked with regression of RV hypertrophy and PA medial hypertrophy [239].




Forkhead Box O (FOXO)


The Forkhead box O (FoxO) subfamily of FOX family evolutionary conserved transcription factors are critical for the regulation of cell cycle arrest and induction of apoptosis [240,241,242]. Experiments utilizing targeted depletion of FoxO1 specifically in SMCs point toward a causal SMC‑specific role of FoxO1 in PH development [55]. The transduction with a non-phosphorylatable, constitutively active adenovirus carrying FoxO1 affected proliferation and apoptosis of both control human PASMCs and rat PAH PASMCs, signifying that constitutive activation of FoxO1 inhibits the hyperproliferative and apoptosis-resistant phenotype of PASMCs in vitro [55]. Selective delivery of Ad-Foxo1 to the lungs of MCT‑treated rats resulted in a reduction of the right ventricular systolic pressure (RVSP) and improvement of pulmonary vascular remodeling, which corresponded to suppressed cell proliferation and enhanced apoptosis in pulmonary arteries [55].




Vascular Endothelial Growth Factor (VEGF)


Another example of the positive adenovirus-mediated gene delivery came from the studies employing the transfer of the vector carrying the pro-angiogenic vascular endothelial growth factor (VEGF). The prime hypoxia-inducible factor, VEGF belongs to the VEGF family, which comprises several members: VEGF (or VEGF-A), VEGF-B, VEGF-C, and VEGF‑D, VEGF‑F, placental growth factor (PlGF) ligands, and their receptors VEGFR-1,‑2 and ‑3 [243]. Initially described as a permeability factor of the endothelium, VEGF presently recognized as a potent angiogenic factor, inducer of proliferation, sprouting, migration, and tube formation of ECs, concomitantly to its pro-survival role in ECs [244,245,246,247]. Adenoviral-mediated VEGF delivery by intratracheal instillation protected rat lungs exposed to chronic hypoxia against PH development, as compared with rats pretreated with the control vector [248].




Angiostatin


Generated by proteolysis of plasminogen, Angiostatin is a potent and specific naturally occurring inhibitor of angiogenesis [249]. Angiostatin inhibits the proliferation and migration of ECs [250,251]. The mice after intratracheal administration of adenovirus vector expressing secretable angiostatin K3 (Ad.K3) showed more severe PH, assessed by higher RVSP and worse pulmonary vascular remodeling, indicating that inhibition of hypoxia-induced angiogenesis exacerbates PH development [252].




BMPR2


The BMPR2 gene, a member of the transforming growth factor superfamily of receptors, was identified as the major risk factor for hereditable PAH. More than 450 heterozygous germline mutations have been described in the BMPR2 gene [253]. Approximately 70% of patients with hereditary PAH and 20% of patients with incident idiopathic PAH are thought to be driven by mutations in the BMPR2 gene. Multiple lines of evidence showed that BMPR2 presence in pulmonary arteries is a critical determinant of PAH, as both the gene mutations and its low expression are tightly associated with disease pathogenesis, progression, and outcomes [15,49,254,255]. Thus, the rationale to restore BMPR2 expression to treat the PAH appears to be a reasonable gene therapy approach. BMPR2 targeted delivery to pulmonary vascular endothelium in rodent PAH models attenuates hypoxic pulmonary hypertension [256].





2.2.3. Adeno-Associated Viral Gene Transfer


Initially discovered, as a contaminant of adenovirus preparations, the adeno‑associated virus (AAV) of the Parvoviridae family became one of the most investigated in gene transfer and gene therapy approaches recently [257]. AAVs have attracted considerable attention due to apparent lack of pathogenicity, low cytotoxicity and immunogenicity, and the ability to infect both dividing and non-dividing cells [258]. The single-stranded genome of AAVs, which is about 4.7 kb in length, comprises the inverted terminal repeats (ITRs). ITRs, which are required for genome replication and packaging, are two flanking open-reading frames encoding for three genes Rep (Replication), Cap (Capsid), and aap (Assembly). The Rep gene encodes proteins, which are required for viral genome replication and packaging, while the Cap gene encodes for structural capsid proteins, which contribute to cell binding and internalization [259,260]. To date, 13 AAV serotypes and over 100 AAV variants were identified from adenovirus stocks or human/nonhuman primate tissues [261,262]. The differential cell or tissue tropism of various AAV serotypes is primarily determined by interaction with specific receptors [262], although the exact mechanism of tissue‑specific tropism of many distinct AAV serotypes remains largely unknown. The most predominant strain found in humans, the AAV serotype 2 is the best‑characterized AAV so far. An establishment of the first successful infectious clone of AAV2 [263] served as a foundation of the generation of recombinant AAV2 (rAAV2) vectors, which concomitantly to the absence of pathogenicity, reveal a wide range of infectivity, and the ability to establish long-term transgene expression in mammalian cells [264]. Although rAAV2 vectors have been shown to transduce rat aortic vascular SMCs [265] and HUVECs in a time and dose-dependent manner in vitro [266], their use provided conflicting results in vivo [265,267,268]. In comparative studies, rAVV1 and rAAV5 were reported to have higher tropism for ECs and SMCs over rAAV2 both in vitro and in vivo [267,269,270]. To improve specific delivery of AAVs into the desired location various strategies, as the mixing of capsid subunits of different AAV serotypes, insertion of targeting peptides, or other ligands into the structural context of the AAV capsid are currently implemented. To increase the delivery of AAVs into vascular SMCs and ECs, the chimeric AAV capsid variant AAV2.5, which combines the enhanced muscle transduction efficiency of AAV1 and maintained receptor binding of AAV2 was developed by rational design strategy approach [271,272]. Transfection of human coronary artery vascular SMCs with AAV2.5 demonstrated the highest efficiency in terms of in vitro transduction, while in vivo AAV2.5 resulted in effective and long-term transduction of vascular SMCs [273]. Recently, a novel strategy was reported where vectors with true specificity for a target tissue are selected by screening for AAV to display peptide libraries under circulation conditions in a murine model. In this report, the authors used in vivo screening and next-generation sequencing to select an AAV capsid showing extraordinary efficient endothelium-specific transduction [274].



Angiopoietin-1 (Ang‑1)/Tie2


The development of vascular structures occurs under the control of a muscle‑secreted ligand Angiopoietin‑1 (Ang1). In addition to its critical role in the vasculogenesis process, Angiopoietin 1 (Ang‑1) via its endothelium-specific tyrosine kinase‑2 (Tie2) receptor also controls both physiological and pathological angiogenesis [275,276]. In PAH, the Ang1/Tie2 pathway is upregulated, increasing the endothelium-derived growth factors synthesis, further contributing to PASMC hyperplasia [277,278]. Blocking of the interaction between Ang1 ligand and Tie2 receptor in the lungs prevented PAH after pulmonary arterial injection of AAV containing an extracellular fragment of the Tie2 receptor (AAV-sTie2) both in MCT‑challenged rats and in rats injected with AAV‑Ang‑1 [279]. Interestingly, cell-based gene transfer of Ang-1 to the pulmonary microvasculature of MCT-treated rats provided opposing results, proposing that the Ang-1/Tie-2 axis protects pulmonary endothelium against MCT mediated injury [280].




Prostacyclin Synthase (PGIS)


Pulmonary vasoconstriction with a reduced vasodilatory response is one of the prominent features classically associated with PAH [281]. Prostacyclin synthase (PGIS), a P450 enzyme, is involved in the synthesis of prostacyclin which is a vital cardioprotective hormone released by ECs in the pulmonary circulation [282]. Reduced expression of PGIS enzyme has been found in the lungs of patients with severe PH [283] and engineered cell therapy to deliver PGIS has shown a great promise by attenuating PAH and cardiovascular remodeling in MCT experimental model of PAH [284]. Intramuscular injection of either AAV serotype 1 or AAV serotype 2 of human PGIS significantly inhibited the increase in RVSP and attenuated both pulmonary vascular and cardiac remodeling of mice after chronic hypoxia [285,286] and rats after MCT-treatment [287]. Noninvasive luminal airway lung delivery of AAV5- and AAV9CBhPGIS gene transfer vectors significantly attenuated the severity of MCT-induced PAH and prevented cardiac and pulmonary vascular remodeling [288].




Interleukin 10 (IL‑10)


Interleukin 10 (IL‑10) is a multifunctional cytokine with numerous pleiotropic effects in immunoregulation and inflammation. Produced by Type‑2 helper (Th1) lymphocytes IL-10 downregulates the expression of cytokines in Th1 lymphocytes and macrophages [289]. IL‑10 inhibits vascular SMC activation and proliferation both in vitro and in vivo [290,291,292]. An intramuscular injection of AAV5-IL‑10 into apolipoprotein E (ApoE)‑deficient mice obstructed atherogenesis [293], while intramuscular injection of AAV1‑IL‑10 resulted in a significant reduction of neointimal proliferation and inhibition of inflammatory cell infiltration in aortic allografts [291]. An intramuscular injection of AAV1 expressing IL‑10 prevented the development of PAH in the experimental rat MCT model [292]. IL‑10 transduction of MCT-treated rats improved the survival of the PAH rats, reduced the PAP, RV hypertrophy, and medial wall thickness of the pulmonary artery, which was associated with reduced macrophage infiltration and vascular cell proliferation [292].




Sarco-/Endoplasmic Reticulum Calcium‑ATPase (SERCA)


The sarco‑/endoplasmic reticulum calcium‑ATPase (SERCA), a transporter that regulates intracellular calcium dynamics [294]. A failure in SERCA regulation contributes to augmented cytosolic calcium concentration, which plays a central role in cell death and survival, specifically controlling vascular SMC proliferation and neointima formation [295]. SERCA expression is downregulated in various rodent vascular injury and experimental models of PAH, synthetic SMCs of atherosclerotic vessels, small hypertrophied pulmonary arteries, and human PASMCs of patients with PAH [198,296]. The gene transfer of SERCA2a via intratracheal delivery of AAV1.SERCA2a resulted in a decrease of RVSP, PAP, and attenuation of vascular remodeling, RV hypertrophy, and fibrosis in MCT-treated rats compared with control AAV1/β‑galactosidase administered animals. In the prevention protocol, a single intratracheal injection of aerosolized AAV1.SERCA2a prevented PAH in the MCT‑injected rats [198]. Furthermore, aerosolized AAV1.SERCA2a gene transfer improved myocardial electrophysiological remodeling and ventricular tachyarrhythmia’s susceptibility, indicating the efficacy of SERCA2a non‑cardiac gene therapy approach for arrhythmia suppression [297]. Nebulization of AAV1.SERCA2a, which is a Yukatan miniature swine model of chronic PH, resulted in attenuation of pulmonary vascular resistance, and a trend towards better long-term survival compared to control animals [298].



A schematic representation of described in vitro and in vivo gene transfer approaches is summarized below (Figure 1).







3. Pulmonary Gene Delivery in PAH: Obstacles, Challenges, and Prospective


PAH is a devastating disease, which nowadays represents a growing interest in human gene therapy. The lung is an attractive tissue for gene therapy interventions, as various gene delivery strategies including intranasal, intravenous, intratracheal instillation, or aerosol previously employed in various pulmonary diseases [161]. A large body of evidence has demonstrated that gene therapy approaches in preclinical PAH were successful in the restoration of deficient gene expression and correction of the dysregulated pathway, thereby improving pulmonary vasculature remodeling, inhibiting disease progression, and reversing the established disease [233,299,300,301,302,303]. Local airway delivery to the lungs, including intratracheal instillation or inhalation with or without bronchoscope, demonstrates lower endonuclease activity, minimizes systemic side effects, and avoid liver metabolism and hepatic absorption [304,305,306]. While intratracheal administration of adenoviruses revealed transgene expression in epithelial cells [307,308], the overexpression of eNOS was concomitant with a reduction in acute pulmonary vasoconstriction indicating EC-specific expression [234]. Thus, this mode of administration has proven to affect pulmonary vascular cells in experimental rodent models of PAH [248,252]. For example, intratracheal instillation of the adenovirus TIMP‑1in rats exposed to MCT resulted in attenuation of severe pulmonary vascular remodeling, and a decrease in right ventricular hypertrophy, compared to control‑treated rats [309]. Similarly, an intratracheal aerosol delivery of Kv1.5 gene resulted in an efficient transgene expression in PASMCs, and reduction of hypoxic pulmonary vasoconstriction in rats with established PH [239]. Thus, intratracheal administration via aerosol delivery currently serves as one of the advantageous gene transfer approaches. The intravenous route of administration in experimental rodent models of PH utilized both for viral and non-viral vectors, as a route to deliver gene therapy to the lung via the vasculature. The intravenous route of administration of non-viral vectors into the lung is ascribed with prolonged retention and efficient interactions with the pulmonary vasculature [310,311]. Non-viral transfection vectors might have several advantages, including an almost unlimited packaging capacity, safe application, due to the low immunogenicity, and the ability to package both RNA species and the DNA [312]. However, multiple non-viral vectors are less efficient in gene transfer and confer only transient gene expression in vivo [313], this obstacle could be overcome by repeated administration [314]. The incorporation of tissue‑specific DNA nuclear import signals found in certain promoter sequences or combination with targeting peptide moieties demonstrated to precise and enhance cell targeting in the lung [315,316]. The advent of nanotechnology-based drug delivery tool might serve as a promising gene-therapy approach also in the treatment of PAH. Endothelial dysfunction and elevation of vascular permeability in PAH-lung vasculature, driven by inflammatory responses and hypoxia, causes focal disruptions in endothelial cell basement membranes. Encouragingly, enhanced vascular permeability in PAH contributes to enhanced nanoparticle accumulation in diseased lungs [317,318]. Accumulated in PAH lungs, nanoparticles found to be largely associated with pulmonary vascular ECs and SMCs. Therefore, nanoparticle-based gene therapy approach holds a great therapeutic promise for the treatment of PAH. The main drawback of using virus vectors, in addition to the sophisticated way of their production, their immunogenicity and cytotoxicity. Producing, concentrating, and titrating of adeno‑, lenti‑ and AVV-viral particles, besides that it is a time-consuming and resource-intensive process, demands experience to achieve consistent results. Lentiviruses offer persistent gene transfer in most tissues, though their integration might induce oncogenesis in some applications. Amongst the disadvantage of the lentiviral vectors is the ability of replication, which could lead to incidences of insertional mutagenesis in patients, due to the potential for ongoing viral replication and insertion into the host DNA. Thus, extensive testing for these viruses in vector products, as well as in patients required by many regulatory agencies [319]. Adenoviruses are extremely efficient in the transduction of most cell types and tissues, while their capsid mediates potential inflammatory response. Though both lentiviral and adenoviral vectors serve as efficient vascular gene delivery vectors [320], the transduction of ECs with viral vectors was reported to induce a pro-inflammatory phenotype, with the upregulation of dsRNA-triggered 2′-5′ OA synthetase/RNase L, PKR antiviral, and PI3K/Akt signaling pathways [321,322]. The activation of these pathways reported to the outcome in modifications of surface phenotype and secretion of pro-inflammatory cytokines [323,324]. Studies using organ-cultured pulmonary arteries have demonstrated that adenovirus-mediated gene transfer leads to the induction of host immune responses and apoptosis in vascular ECs, indicating that pulmonary vascular endothelium exhibits a specific antiviral immune activity that affects low gene transfer [325]. In this regard, the generation of helper-dependent adenoviruses, characterized by more persistent gene expression, eliminated capsid-mediated potent inflammatory responses, reveal lower immunogenicity due to the lack of virally encoded genes, and the ability to effectively target airway basal cells in vivo is encouraging [326,327,328]. Although first trials with AAVs vectors demonstrate detrimental immunologic responses and toxicity [329], nowadays AAV-associated gene technology approach is currently among the most frequently used viral vectors systems, which achieved positive results in a number of clinical and preclinical settings [304,330]. AAVs have numerous benefits over the other vectors, which include efficient transduction, long-term transgene expression, and the relative lack of immune responses and toxicities in vivo [331]. Amongst the drawbacks of AAVs is the requirement of helper adenovirus for replication and difficulties in manufacturing of pure AAV stock productions.



Other factors, such as the discovery of new serotypes and the understanding of the tropism of each serotype with the subsequent generation of hybrid serotypes or capsid mutants, can greatly enhance the potential effectiveness of AAV therapy and will improve the efficacy in infecting only the specific cell type of the lung. The major disadvantage of AAV use is the limited transgene capacity of the particles (up to 4.8 kb). Hence, to overcome this limitation, novel dual‑vectors whereby a transgene is split across two separate AAV vectors, have been developed to increase the genome capacity for the AAV vector [332]. All of these trials showed the previously mentioned limitations, inefficiency, and inflammation interactions on cellular levels [142]. Due to the AAV safeties and long-term efficacy, many clinical trials report on successful delivery and transduction of AAVs across various target organs, including the eye, liver, skeletal muscle, and the central nervous system [333]. Thus, we assume that amongst the above-mentioned approaches, the administration with AAV is perhaps the most promising tool that could be safely applied to PAH patients nowadays.




4. Conclusions


Gene therapy in PH, though being extensively studied, remains a challenging task. Investigations to transfer non‑viral vectors and adeno or adeno-associated viruses to the lung by tracheal delivery via pulmonary epithelium or by vascular delivery via pulmonary endothelium are being improved to increase the low efficiency and come over the obstacles rising from of the lung-air barrier, lung-blood barrier, inflammatory response and limited duration [334]. Achieving precise delivery of genetic material to the concrete sites of the pulmonary vasculature in the multidimensional structure of the complex lung tissue is another aspect of successful gene therapy. Various innovative approaches such as encapsulation of microRNA-based therapies in nanovectors [335], endothelial progenitor cells and mesenchymal stem cells approach [336], the addition of targeted small molecules in combination with viral vectors [312], the exploitation of gene editing CRISPR-Cas for precise correction of PH-causing mutations are emerging [337]. Future research on gene therapy to develop delivery systems that potentially overcome the resistance in pulmonary vascular cells and lower the cytotoxicity in the context of PH is a need of an hour.
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Table 1. An overview of different viral gene therapy approaches in pulmonary hypertension. Angiopoietin 1 (Ang‑1); Bone morphogenetic protein receptor type 2 (BMPR2); Cluster of differentiation 40 (CD-40); Calcitonin gene-related peptide (CGRP); Galectin-3 (Gal‑3); Forkhead box O1 (FoxO1); Hypoxia inducible factor-1α (HIF‑1α); Interleukin 10, (IL‑10); Nitric Oxide (NO); Prostacyclin synthase (PGIS); Sarco‑/endoplasmic reticulum calcium‑ATPase 2a (SERCA2a); Tissue inhibitor matrix metalloproteinase 1 (TIMP‑1); Transgelin (Tagln); Tryptophan hydroxylase‑1 (Tph1); Tyrosine-protein kinase receptor (Tie2); Twist related protein 1 (Twist); Vascular endothelial growth factor (VEGF); Voltage‑gated potassium channel member 5 (Kv1.5); Mean pulmonary arterial pressure (mPAP); right ventricular systolic pressure (RVSP); ratio of right ventricular weight to left ventricle plus septum (RV/LV+S); wall thickness (WT); pulmonary arterial systolic pressure (PASP); pulmonary arterial diastolic pressure (PADP);% of muscularization of pulmonary arteries (% musc); pulmonary vascular resistance index (PVRI).






Table 1. An overview of different viral gene therapy approaches in pulmonary hypertension. Angiopoietin 1 (Ang‑1); Bone morphogenetic protein receptor type 2 (BMPR2); Cluster of differentiation 40 (CD-40); Calcitonin gene-related peptide (CGRP); Galectin-3 (Gal‑3); Forkhead box O1 (FoxO1); Hypoxia inducible factor-1α (HIF‑1α); Interleukin 10, (IL‑10); Nitric Oxide (NO); Prostacyclin synthase (PGIS); Sarco‑/endoplasmic reticulum calcium‑ATPase 2a (SERCA2a); Tissue inhibitor matrix metalloproteinase 1 (TIMP‑1); Transgelin (Tagln); Tryptophan hydroxylase‑1 (Tph1); Tyrosine-protein kinase receptor (Tie2); Twist related protein 1 (Twist); Vascular endothelial growth factor (VEGF); Voltage‑gated potassium channel member 5 (Kv1.5); Mean pulmonary arterial pressure (mPAP); right ventricular systolic pressure (RVSP); ratio of right ventricular weight to left ventricle plus septum (RV/LV+S); wall thickness (WT); pulmonary arterial systolic pressure (PASP); pulmonary arterial diastolic pressure (PADP);% of muscularization of pulmonary arteries (% musc); pulmonary vascular resistance index (PVRI).













	
	Genes
	PH models
	Mode of Delivery
	Results
	References





	Lentiviral
	Tagln
	Hypoxia

rats
	Intratracheal
	 [image: Ijms 22 01179 i001] RVSP,

 [image: Ijms 22 01179 i001] RV/LV+S
	[178]



	
	Gal-3
	MCT

rats
	Intratracheal
	OE:

 [image: Ijms 22 01179 i001] RVSP,

 [image: Ijms 22 01179 i001] RV/LV+S

KD:

 [image: Ijms 22 01179 i002] RV/LV+S
	[164,180]



	
	Twist1
	Hypoxia

mice
	Fibrin gel cell delivery
	 [image: Ijms 22 01179 i001] Endo‑MT
	[185]



	
	CD40
	MCT

rats
	Tail vein
	 [image: Ijms 22 01179 i001] mPAP,

 [image: Ijms 22 01179 i001] RVP,

 [image: Ijms 22 01179 i001] RV/LV+S

 [image: Ijms 22 01179 i001] WT
	[189]



	
	HIF-1α
	Hypoxia

rats
	Intratracheal
	 [image: Ijms 22 01179 i001] WT,

 [image: Ijms 22 01179 i001] RVSP
	[196]



	Adenoviral
	Tph1
	Hypoxia

rats
	Femoral vein
	 [image: Ijms 22 01179 i001] RVSP,

 [image: Ijms 22 01179 i001] RV/LV+S,

 [image: Ijms 22 01179 i001] PVR
	[210]



	
	CGRP
	Hypoxia

mice
	Intratracheal
	 [image: Ijms 22 01179 i001] mPAP,

 [image: Ijms 22 01179 i001] PVR,

 [image: Ijms 22 01179 i001] RV/LV+S,

 [image: Ijms 22 01179 i001] RV/BW
	[222,223]



	
	NO
	Hypoxia

rats
	Intratracheal aerosolization
	 [image: Ijms 22 01179 i001] mPAP,

 [image: Ijms 22 01179 i001] TPRI,

 [image: Ijms 22 01179 i001] RV/LV+S
	[234,235]



	
	Kv1.5
	Hypoxia

rats
	Intratracheal nebulization
	 [image: Ijms 22 01179 i002] CO,

 [image: Ijms 22 01179 i001] PVR,

 [image: Ijms 22 01179 i001] WT,

 [image: Ijms 22 01179 i001] RV/LV+S
	[239]



	
	FoxO1
	MCT

rats
	Orotracheal
	 [image: Ijms 22 01179 i001] RVSP

 [image: Ijms 22 01179 i001] PVRI
	[55]



	
	VEGF
	Hypoxia

rats
	Intratracheal
	 [image: Ijms 22 01179 i001] PAP,

 [image: Ijms 22 01179 i001] RV/BW,

 [image: Ijms 22 01179 i001] RV/LV+S
	[248]



	
	Angiostatin
	Hypoxia

mice
	Intratracheal
	 [image: Ijms 22 01179 i002] RVSP,

 [image: Ijms 22 01179 i002] RV/LV+S

 [image: Ijms 22 01179 i002] % musc
	[252]



	
	BMPR2
	Hypoxia

rats
	Tail vein
	 [image: Ijms 22 01179 i001] mPAP

 [image: Ijms 22 01179 i001] RVSP

 [image: Ijms 22 01179 i001] RV/LV+S

 [image: Ijms 22 01179 i001] %musc,

 [image: Ijms 22 01179 i001] WT
	[256]



	Adeno-associated viral
	Ang-1/Tie2
	MCT

rats
	Jugular veindelivery
	 [image: Ijms 22 01179 i001] RVSP,

 [image: Ijms 22 01179 i001] RV/LV,

 [image: Ijms 22 01179 i001] WT
	[279]



	
	PGIS
	Hypoxia

mice

MCT

rats
	Orotracheal
	 [image: Ijms 22 01179 i001] RVSP

 [image: Ijms 22 01179 i001] RV/LV+S

 [image: Ijms 22 01179 i001] WT
	[285,286,287]



	
	IL-10
	MCT-rats
	Intramuscular
	 [image: Ijms 22 01179 i001] mPAP,

 [image: Ijms 22 01179 i001] RV/LV+S,

 [image: Ijms 22 01179 i001] WT
	[292]



	
	SERCA2a
	MCT

rats,

Hypoxia

swine
	Intratracheal

aerosolization

Endotracheal

nebulization
	 [image: Ijms 22 01179 i001] PASP,

 [image: Ijms 22 01179 i001] PADP,

 [image: Ijms 22 01179 i001] mPAP

 [image: Ijms 22 01179 i001] RV/LV+S,

 [image: Ijms 22 01179 i001] Fibrosis,

 [image: Ijms 22 01179 i001] WT,

 [image: Ijms 22 01179 i001] PVRI
	[198,297,298]



	
	TIMP-1
	MCT

rats
	Intratracheal
	 [image: Ijms 22 01179 i001] PVR,

 [image: Ijms 22 01179 i001] RV/LV
	[309]












Funding


This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)-Projektnummer 268555672-SFB 1213, project B04.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Perk, J.; De Backer, G.; Gohlke, H.; Graham, I.; Reiner, Z.; Verschuren, M.; Albus, C.; Benlian, P.; Boysen, G.; Cifkova, R.; et al. European Guidelines on cardiovascular disease prevention in clinical practice (version 2012): The Fifth Joint Task Force of the European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by representatives of nine societies and by invited experts). Eur. Heart J. 2012, 33, 1635–1701. [Google Scholar] [CrossRef]

	



Chapman, M.J. Cardiovascular diseases. Introd. Atheroscler. Suppl. 2010, 11, 1–2. [Google Scholar] [CrossRef]

	



Smolders, V.F.; Zodda, E.; Quax, P.H.A.; Carini, M.; Barbera, J.A.; Thomson, T.M.; Tura-Ceide, O.; Cascante, M. Metabolic Alterations in Cardiopulmonary Vascular Dysfunction. Front Mol. Biosci. 2018, 5, 120. [Google Scholar] [CrossRef] [PubMed]

	



Sanchis-Gomar, F.; Perez-Quilis, C.; Leischik, R.; Lucia, A. Epidemiology of coronary heart disease and acute coronary syndrome. Ann. Transl. Med. 2016, 4, 256. [Google Scholar] [CrossRef] [PubMed]

	



Humbert, M.; Guignabert, C.; Bonnet, S.; Dorfmuller, P.; Klinger, J.R.; Nicolls, M.R.; Olschewski, A.J.; Pullamsetti, S.S.; Schermuly, R.T.; Stenmark, K.R.; et al. Pathology and pathobiology of pulmonary hypertension: State of the art and research perspectives. Eur. Respir. J. 2019, 53. [Google Scholar] [CrossRef] [PubMed]

	



Wilkins, M.R. Pulmonary hypertension: The science behind the disease spectrum. Eur. Respir. Rev. 2012, 21, 19–26. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Chi, L.; Kuebler, W.M.; Goldenberg, N.M. Perivascular Inflammation in Pulmonary Arterial Hypertension. Cells 2020, 9, 2338. [Google Scholar] [CrossRef] [PubMed]

	



Tuder, R.M. Pulmonary vascular remodeling in pulmonary hypertension. Cell Tissue Res. 2017, 367, 643–649. [Google Scholar] [CrossRef]

	



Sedding, D.G.; Boyle, E.C.; Demandt, J.A.F.; Sluimer, J.C.; Dutzmann, J.; Haverich, A.; Bauersachs, J. Vasa Vasorum Angiogenesis: Key Player in the Initiation and Progression of Atherosclerosis and Potential Target for the Treatment of Cardiovascular Disease. Front Immunol. 2018, 9, 706. [Google Scholar] [CrossRef]

	



Naeije, R.; Chesler, N. Pulmonary circulation at exercise. Compr. Physiol. 2012, 2, 711–741. [Google Scholar] [CrossRef]

	



Humbert, M.; Morrell, N.W.; Archer, S.L.; Stenmark, K.R.; MacLean, M.R.; Lang, I.M.; Christman, B.W.; Weir, E.K.; Eickelberg, O.; Voelkel, N.F.; et al. Cellular and molecular pathobiology of pulmonary arterial hypertension. J. Am. Coll. Cardiol. 2004, 43, 13S–24S. [Google Scholar] [CrossRef] [PubMed]

	



Savale, L.; Guignabert, C.; Weatherald, J.; Humbert, M. Precision medicine and personalising therapy in pulmonary hypertension: Seeing the light from the dawn of a new era. Eur. Respir. Rev. Off. J. Eur. Respir. Soc. 2018, 27. [Google Scholar] [CrossRef] [PubMed]

	



Lane, K.B.; Machado, R.D.; Pauciulo, M.W.; Thomson, J.R.; Phillips, J.A., 3rd; Loyd, J.E.; Nichols, W.C.; Trembath, R.C. Heterozygous germline mutations in BMPR2, encoding a TGF-beta receptor, cause familial primary pulmonary hypertension. Nat. Genet. 2000, 26, 81–84. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Z.; Morse, J.H.; Slager, S.L.; Cuervo, N.; Moore, K.J.; Venetos, G.; Kalachikov, S.; Cayanis, E.; Fischer, S.G.; Barst, R.J.; et al. Familial primary pulmonary hypertension (gene PPH1) is caused by mutations in the bone morphogenetic protein receptor-II gene. Am. J. Hum. Genet. 2000, 67, 737–744. [Google Scholar] [CrossRef] [PubMed]

	



Evans, J.D.; Girerd, B.; Montani, D.; Wang, X.J.; Galie, N.; Austin, E.D.; Elliott, G.; Asano, K.; Grunig, E.; Yan, Y.; et al. BMPR2 mutations and survival in pulmonary arterial hypertension: An individual participant data meta-analysis. Lancet Respir. Med. 2016, 4, 129–137. [Google Scholar] [CrossRef]

	



Morrell, N.W.; Aldred, M.A.; Chung, W.K.; Elliott, C.G.; Nichols, W.C.; Soubrier, F.; Trembath, R.C.; Loyd, J.E. Genetics and genomics of pulmonary arterial hypertension. Eur. Respir. J. 2019, 53. [Google Scholar] [CrossRef]

	



Austin, E.D.; Ma, L.; LeDuc, C.; Berman Rosenzweig, E.; Borczuk, A.; Phillips, J.A., 3rd; Palomero, T.; Sumazin, P.; Kim, H.R.; Talati, M.H.; et al. Whole exome sequencing to identify a novel gene (caveolin-1) associated with human pulmonary arterial hypertension. Circ. Cardiovasc. Genet. 2012, 5, 336–343. [Google Scholar] [CrossRef]

	



Ma, L.; Roman-Campos, D.; Austin, E.D.; Eyries, M.; Sampson, K.S.; Soubrier, F.; Germain, M.; Tregouet, D.A.; Borczuk, A.; Rosenzweig, E.B.; et al. A novel channelopathy in pulmonary arterial hypertension. N. Engl. J. Med. 2013, 369, 351–361. [Google Scholar] [CrossRef]

	



Kerstjens-Frederikse, W.S.; Bongers, E.M.; Roofthooft, M.T.; Leter, E.M.; Douwes, J.M.; Van Dijk, A.; Vonk-Noordegraaf, A.; Dijk-Bos, K.K.; Hoefsloot, L.H.; Hoendermis, E.S.; et al. TBX4 mutations (small patella syndrome) are associated with childhood-onset pulmonary arterial hypertension. J. Med. Genet. 2013, 50, 500–506. [Google Scholar] [CrossRef]

	



Levy, M.; Eyries, M.; Szezepanski, I.; Ladouceur, M.; Nadaud, S.; Bonnet, D.; Soubrier, F. Genetic analyses in a cohort of children with pulmonary hypertension. Eur. Respir. J. 2016, 48, 1118–1126. [Google Scholar] [CrossRef]

	



Graf, S.; Haimel, M.; Bleda, M.; Hadinnapola, C.; Southgate, L.; Li, W.; Hodgson, J.; Liu, B.; Salmon, R.M.; Southwood, M.; et al. Identification of rare sequence variation underlying heritable pulmonary arterial hypertension. Nat. Commun. 2018, 9, 1416. [Google Scholar] [CrossRef] [PubMed]

	



Grinnan, D.; Trankle, C.; Andruska, A.; Bloom, B.; Spiekerkoetter, E. Drug repositioning in pulmonary arterial hypertension: Challenges and opportunities. Pulm. Circ. 2019, 9, 2045894019832226. [Google Scholar] [CrossRef] [PubMed]

	



Suen, C.M.; Stewart, D.J.; Montroy, J.; Welsh, C.; Levac, B.; Wesch, N.; Zhai, A.; Fergusson, D.; McIntyre, L.; Lalu, M.M. Regenerative cell therapy for pulmonary arterial hypertension in animal models: A systematic review. Stem. Cell Res. Ther. 2019, 10, 75. [Google Scholar] [CrossRef] [PubMed]

	



Gimbrone, M.A., Jr.; Garcia-Cardena, G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 2016, 118, 620–636. [Google Scholar] [CrossRef]

	



Budhiraja, R.; Tuder, R.M.; Hassoun, P.M. Endothelial dysfunction in pulmonary hypertension. Circulation 2004, 109, 159–165. [Google Scholar] [CrossRef]

	



Stevens, T.; Phan, S.; Frid, M.G.; Alvarez, D.; Herzog, E.; Stenmark, K.R. Lung vascular cell heterogeneity: Endothelium, smooth muscle, and fibroblasts. Proc. Am. Thorac. Soc. 2008, 5, 783–791. [Google Scholar] [CrossRef]

	



Baeyens, N.; Bandyopadhyay, C.; Coon, B.G.; Yun, S.; Schwartz, M.A. Endothelial fluid shear stress sensing in vascular health and disease. J. Clin. Investig. 2016, 126, 821–828. [Google Scholar] [CrossRef]

	



Rajendran, P.; Rengarajan, T.; Thangavel, J.; Nishigaki, Y.; Sakthisekaran, D.; Sethi, G.; Nishigaki, I. The vascular endothelium and human diseases. Int. J. Biol. Sci. 2013, 9, 1057–1069. [Google Scholar] [CrossRef]

	



Vaillancourt, M.; Ruffenach, G.; Meloche, J.; Bonnet, S. Adaptation and remodelling of the pulmonary circulation in pulmonary hypertension. Can. J. Cardiol. 2015, 31, 407–415. [Google Scholar] [CrossRef]

	



Schiffrin, E.L. How Structure, Mechanics, and Function of the Vasculature Contribute to Blood Pressure Elevation in Hypertension. Can. J. Cardiol. 2020, 36, 648–658. [Google Scholar] [CrossRef]

	



Doddaballapur, A.; Michalik, K.M.; Manavski, Y.; Lucas, T.; Houtkooper, R.H.; You, X.; Chen, W.; Zeiher, A.M.; Potente, M.; Dimmeler, S.; et al. Laminar shear stress inhibits endothelial cell metabolism via KLF2-mediated repression of PFKFB3. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 137–145. [Google Scholar] [CrossRef] [PubMed]

	



Lyle, M.A.; Davis, J.P.; Brozovich, F.V. Regulation of Pulmonary Vascular Smooth Muscle Contractility in Pulmonary Arterial Hypertension: Implications for Therapy. Front. Physiol. 2017, 8, 614. [Google Scholar] [CrossRef] [PubMed]

	



Schermuly, R.T.; Ghofrani, H.A.; Wilkins, M.R.; Grimminger, F. Mechanisms of disease: Pulmonary arterial hypertension. Nat. Rev. Cardiol. 2011, 8, 443–455. [Google Scholar] [CrossRef] [PubMed]

	



Beamish, J.A.; He, P.; Kottke-Marchant, K.; Marchant, R.E. Molecular regulation of contractile smooth muscle cell phenotype: Implications for vascular tissue engineering. Tissue Eng. Part B Rev. 2010, 16, 467–491. [Google Scholar] [CrossRef]

	



Davis-Dusenbery, B.N.; Wu, C.; Hata, A. Micromanaging vascular smooth muscle cell differentiation and phenotypic modulation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 2370–2377. [Google Scholar] [CrossRef]

	



Chesler, N.C.; Roldan, A.; Vanderpool, R.R.; Naeije, R. How to measure pulmonary vascular and right ventricular function. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2009, 2009, 177–180. [Google Scholar] [CrossRef]

	



Dikalov, S.I.; Ungvari, Z. Role of mitochondrial oxidative stress in hypertension. Am. J. Physiol. Heart Circ. Physiol. 2013, 305, H1417–H1427. [Google Scholar] [CrossRef]

	



Kim, M.J.; Seo, J.; Cho, K.I.; Yoon, S.J.; Choi, J.H.; Shin, M.S. Echocardiographic Assessment of Structural and Hemodynamic Changes in Hypertension-Related Pregnancy. J. Cardiovasc. Ultrasound. 2016, 24, 28–34. [Google Scholar] [CrossRef]

	



Boehme, J.; Sun, X.; Tormos, K.V.; Gong, W.; Kellner, M.; Datar, S.A.; Kameny, R.J.; Yuan, J.X.; Raff, G.W.; Fineman, J.R.; et al. Pulmonary artery smooth muscle cell hyperproliferation and metabolic shift triggered by pulmonary overcirculation. Am. J. Physiol. Heart Circ. Physiol. 2016, 311, H944–H957. [Google Scholar] [CrossRef]

	



Culley, M.K.; Chan, S.Y. Mitochondrial metabolism in pulmonary hypertension: Beyond mountains there are mountains. J. Clin. Investig. 2018, 128, 3704–3715. [Google Scholar] [CrossRef]

	



Zhang, H.; Wang, D.; Li, M.; Plecita-Hlavata, L.; D’Alessandro, A.; Tauber, J.; Riddle, S.; Kumar, S.; Flockton, A.; McKeon, B.A.; et al. Metabolic and Proliferative State of Vascular Adventitial Fibroblasts in Pulmonary Hypertension Is Regulated Through a MicroRNA-124/PTBP1 (Polypyrimidine Tract Binding Protein 1)/Pyruvate Kinase Muscle Axis. Circulation 2017, 136, 2468–2485. [Google Scholar] [CrossRef] [PubMed]

	



Caruso, P.; Dunmore, B.J.; Schlosser, K.; Schoors, S.; Dos Santos, C.; Perez-Iratxeta, C.; Lavoie, J.R.; Zhang, H.; Long, L.; Flockton, A.R.; et al. Identification of MicroRNA-124 as a Major Regulator of Enhanced Endothelial Cell Glycolysis in Pulmonary Arterial Hypertension via PTBP1 (Polypyrimidine Tract Binding Protein) and Pyruvate Kinase M2. Circulation 2017, 136, 2451–2467. [Google Scholar] [CrossRef] [PubMed]

	



Novoyatleva, T.; Rai, N.; Weissmann, N.; Grimminger, F.; Ghofrani, H.A.; Seeger, W.; Gall, H.; Schermuly, R.T. Is PKM2 Phosphorylation a Prerequisite for Oligomer Disassembly in Pulmonary Arterial Hypertension? Am. J. Respir. Crit. Care Med. 2019, 200, 1550–1554. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, A.; Yu, F.; Yu, W.; Ye, P.; Liu, P.; Gu, Y.; Chen, S.; Zhang, H. Pyruvate kinase M2 activation protects against the proliferation and migration of pulmonary artery smooth muscle cells. Cell Tissue Res. 2020, 382, 585–598. [Google Scholar] [CrossRef] [PubMed]

	



Archer, S.L.; Marsboom, G.; Kim, G.H.; Zhang, H.J.; Toth, P.T.; Svensson, E.C.; Dyck, J.R.; Gomberg-Maitland, M.; Thebaud, B.; Husain, A.N.; et al. Epigenetic attenuation of mitochondrial superoxide dismutase 2 in pulmonary arterial hypertension: A basis for excessive cell proliferation and a new therapeutic target. Circulation 2010, 121, 2661–2671. [Google Scholar] [CrossRef]

	



Ryan, J.J.; Archer, S.L. Emerging concepts in the molecular basis of pulmonary arterial hypertension: Part I: Metabolic plasticity and mitochondrial dynamics in the pulmonary circulation and right ventricle in pulmonary arterial hypertension. Circulation 2015, 131, 1691–1702. [Google Scholar] [CrossRef]

	



D’Alessandro, A.; El Kasmi, K.C.; Plecita-Hlavata, L.; Jezek, P.; Li, M.; Zhang, H.; Gupte, S.A.; Stenmark, K.R. Hallmarks of Pulmonary Hypertension: Mesenchymal and Inflammatory Cell Metabolic Reprogramming. Antioxid. Redox Signal 2018, 28, 230–250. [Google Scholar] [CrossRef]

	



Archer, S.L. Pyruvate Kinase and Warburg Metabolism in Pulmonary Arterial Hypertension: Uncoupled Glycolysis and the Cancer-Like Phenotype of Pulmonary Arterial Hypertension. Circulation 2017, 136, 2486–2490. [Google Scholar] [CrossRef]

	



Morrell, N.W. Pulmonary hypertension due to BMPR2 mutation: A new paradigm for tissue remodeling? Proc. Am. Thorac. Soc. 2006, 3, 680–686. [Google Scholar] [CrossRef]

	



Schermuly, R.T.; Dony, E.; Ghofrani, H.A.; Pullamsetti, S.; Savai, R.; Roth, M.; Sydykov, A.; Lai, Y.J.; Weissmann, N.; Seeger, W.; et al. Reversal of experimental pulmonary hypertension by PDGF inhibition. J. Clin. Investig. 2005, 115, 2811–2821. [Google Scholar] [CrossRef]

	



Pullamsetti, S.S.; Savai, R.; Seeger, W.; Goncharova, E.A. Translational Advances in the Field of Pulmonary Hypertension. From Cancer Biology to New Pulmonary Arterial Hypertension Therapeutics. Targeting Cell Growth and Proliferation Signaling Hubs. Am. J. Respir. Crit. Care Med. 2017, 195, 425–437. [Google Scholar] [CrossRef] [PubMed]

	



Kojonazarov, B.; Novoyatleva, T.; Boehm, M.; Happe, C.; Sibinska, Z.; Tian, X.; Sajjad, A.; Luitel, H.; Kriechling, P.; Posern, G.; et al. p38 MAPK Inhibition Improves Heart Function in Pressure-Loaded Right Ventricular Hypertrophy. Am. J. Respir. Cell Mol. Biol. 2017, 57, 603–614. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, A.; Neubauer, M.C.; Yerabolu, D.; Kojonazarov, B.; Schlueter, B.C.; Neubert, L.; Jonigk, D.; Baal, N.; Ruppert, C.; Dorfmuller, P.; et al. Targeting cyclin-dependent kinases for the treatment of pulmonary arterial hypertension. Nat. Commun. 2019, 10, 2204. [Google Scholar] [CrossRef] [PubMed]

	



Ball, M.K.; Waypa, G.B.; Mungai, P.T.; Nielsen, J.M.; Czech, L.; Dudley, V.J.; Beussink, L.; Dettman, R.W.; Berkelhamer, S.K.; Steinhorn, R.H.; et al. Regulation of hypoxia-induced pulmonary hypertension by vascular smooth muscle hypoxia-inducible factor-1alpha. Am. J. Respir. Crit. Care Med. 2014, 189, 314–324. [Google Scholar] [CrossRef] [PubMed]

	



Savai, R.; Al-Tamari, H.M.; Sedding, D.; Kojonazarov, B.; Muecke, C.; Teske, R.; Capecchi, M.R.; Weissmann, N.; Grimminger, F.; Seeger, W.; et al. Pro-proliferative and inflammatory signaling converge on FoxO1 transcription factor in pulmonary hypertension. Nat. Med. 2014, 20, 1289–1300. [Google Scholar] [CrossRef] [PubMed]

	



Bonnet, S.; Rochefort, G.; Sutendra, G.; Archer, S.L.; Haromy, A.; Webster, L.; Hashimoto, K.; Bonnet, S.N.; Michelakis, E.D. The nuclear factor of activated T cells in pulmonary arterial hypertension can be therapeutically targeted. Proc. Natl. Acad. Sci. USA 2007, 104, 11418–11423. [Google Scholar] [CrossRef] [PubMed]

	



Archer, S.L.; Weir, E.K.; Wilkins, M.R. Basic science of pulmonary arterial hypertension for clinicians: New concepts and experimental therapies. Circulation 2010, 121, 2045–2066. [Google Scholar] [CrossRef]

	



Stenmark, K.R.; Nozik-Grayck, E.; Gerasimovskaya, E.; Anwar, A.; Li, M.; Riddle, S.; Frid, M. The adventitia: Essential role in pulmonary vascular remodeling. Compr. Physiol. 2011, 1, 141–161. [Google Scholar] [CrossRef]

	



Chai, X.; Sun, D.; Han, Q.; Yi, L.; Wu, Y.; Liu, X. Hypoxia induces pulmonary arterial fibroblast proliferation, migration, differentiation and vascular remodeling via the PI3K/Akt/p70S6K signaling pathway. Int. J. Mol. Med. 2018, 41, 2461–2472. [Google Scholar] [CrossRef]

	



Cussac, L.A.; Cardouat, G.; Tiruchellvam Pillai, N.; Campagnac, M.; Robillard, P.; Montillaud, A.; Guibert, C.; Gailly, P.; Marthan, R.; Quignard, J.F.; et al. TRPV4 channel mediates adventitial fibroblast activation and adventitial remodeling in pulmonary hypertension. Am. J. Physiol. Lung Cell Mol. Physiol. 2020, 318, L135–L146. [Google Scholar] [CrossRef]

	



Leonard-Duke, J.; Evans, S.; Hannan, R.T.; Barker, T.H.; Bates, J.H.T.; Bonham, C.A.; Moore, B.B.; Kirschner, D.E.; Peirce, S.M. Multi-scale Models of Lung Fibrosis. Matrix. Biol. 2020, 91, 35–50. [Google Scholar] [CrossRef] [PubMed]

	



Tallquist, M.D. Cardiac Fibroblast Diversity. Annu. Rev. Physiol. 2020, 82, 63–78. [Google Scholar] [CrossRef] [PubMed]

	



DeLeon-Pennell, K.Y.; Barker, T.H.; Lindsey, M.L. Fibroblasts: The arbiters of extracellular matrix remodeling. Matrix Biol. 2020, 91, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Stenmark, K.R.; Yeager, M.E.; El Kasmi, K.C.; Nozik-Grayck, E.; Gerasimovskaya, E.V.; Li, M.; Riddle, S.R.; Frid, M.G. The adventitia: Essential regulator of vascular wall structure and function. Annu. Rev. Physiol. 2013, 75, 23–47. [Google Scholar] [CrossRef] [PubMed]

	



Sartore, S.; Chiavegato, A.; Faggin, E.; Franch, R.; Puato, M.; Ausoni, S.; Pauletto, P. Contribution of adventitial fibroblasts to neointima formation and vascular remodeling: From innocent bystander to active participant. Circ. Res. 2001, 89, 1111–1121. [Google Scholar] [CrossRef] [PubMed]

	



McGrath, J.C.; Deighan, C.; Briones, A.M.; Shafaroudi, M.M.; McBride, M.; Adler, J.; Arribas, S.M.; Vila, E.; Daly, C.J. New aspects of vascular remodelling: The involvement of all vascular cell types. Exp. Physiol. 2005, 90, 469–475. [Google Scholar] [CrossRef]

	



Wang, Z.; Lakes, R.S.; Eickhoff, J.C.; Chesler, N.C. Effects of collagen deposition on passive and active mechanical properties of large pulmonary arteries in hypoxic pulmonary hypertension. Biomech. Model. Mechanobiol. 2013, 12, 1115–1125. [Google Scholar] [CrossRef] [PubMed]

	



Belknap, J.K.; Orton, E.C.; Ensley, B.; Tucker, A.; Stenmark, K.R. Hypoxia increases bromodeoxyuridine labeling indices in bovine neonatal pulmonary arteries. Am. J. Respir. Cell Mol. Biol. 1997, 16, 366–371. [Google Scholar] [CrossRef]

	



Meyrick, B.; Reid, L. Hypoxia and incorporation of 3H-thymidine by cells of the rat pulmonary arteries and alveolar wall. Am. J. Pathol. 1979, 96, 51–70. [Google Scholar]

	



Leopold, J.A.; Maron, B.A. Molecular Mechanisms of Pulmonary Vascular Remodeling in Pulmonary Arterial Hypertension. Int. J. Mol. Sci. 2016, 17, 761. [Google Scholar] [CrossRef]

	



Fang, Y.L.; Chen, X.G.; Godbey, W.T. Gene delivery in tissue engineering and regenerative medicine. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 103, 1679–1699. [Google Scholar] [CrossRef] [PubMed]

	



Pezzoli, D.; Chiesa, R.; De Nardo, L.; Candiani, G. We still have a long way to go to effectively deliver genes! J. Appl. Biomater. Funct. Mater. 2012, 10, 82–91. [Google Scholar] [CrossRef] [PubMed]

	



Shabani, M.; Hemmati, S.; Hadavi, R.; Amirghofran, Z.; Jeddi-Tehrani, M.; Rabbani, H.; Shokri, F. Optimization of Gene Transfection in Murine Myeloma Cell Lines using Different Transfection Reagents. Avicenna J. Med. Biotechnol. 2010, 2, 123–130. [Google Scholar] [PubMed]

	



Walker, T.; Siegel, J.; Nolte, A.; Hartmann, S.; Kornberger, A.; Steger, V.; Wendel, H.P. Small interfering RNA efficiently suppresses adhesion molecule expression on pulmonary microvascular endothelium. J. Nucleic Acids 2011, 2011, 694789. [Google Scholar] [CrossRef] [PubMed]

	



Dabral, S.; Muecke, C.; Valasarajan, C.; Schmoranzer, M.; Wietelmann, A.; Semenza, G.L.; Meister, M.; Muley, T.; Seeger-Nukpezah, T.; Samakovlis, C.; et al. A RASSF1A-HIF1alpha loop drives Warburg effect in cancer and pulmonary hypertension. Nat. Commun. 2019, 10, 2130. [Google Scholar] [CrossRef] [PubMed]

	



Dabral, S.; Tian, X.; Kojonazarov, B.; Savai, R.; Ghofrani, H.A.; Weissmann, N.; Florio, M.; Sun, J.; Jonigk, D.; Maegel, L.; et al. Notch1 signalling regulates endothelial proliferation and apoptosis in pulmonary arterial hypertension. Eur. Respir. J. 2016, 48, 1137–1149. [Google Scholar] [CrossRef] [PubMed]

	



Alieva, I.B.; Zemskov, E.A.; Kireev, I.I.; Gorshkov, B.A.; Wiseman, D.A.; Black, S.M.; Verin, A.D. Microtubules growth rate alteration in human endothelial cells. J. Biomed. Biotechnol. 2010, 2010, 671536. [Google Scholar] [CrossRef]

	



Qin, S.; Predescu, D.N.; Patel, M.; Drazkowski, P.; Ganesh, B.; Predescu, S.A. Sex differences in the proliferation of pulmonary artery endothelial cells: Implications for plexiform arteriopathy. J. Cell Sci. 2020, 133. [Google Scholar] [CrossRef]

	



Thiel, C.; Nix, M. Efficient transfection of primary cells relevant for cardiovascular research by nucleofection. Methods Mol. Med. 2006, 129, 255–266. [Google Scholar] [CrossRef]

	



McCutchan, J.H.; Pagano, J.S. Enchancement of the infectivity of simian virus 40 deoxyribonucleic acid with diethylaminoethyl-dextran. J. Natl. Cancer Inst. 1968, 41, 351–357. [Google Scholar]

	



Kawai, S.; Nishizawa, M. New procedure for DNA transfection with polycation and dimethyl sulfoxide. Mol. Cell Biol. 1984, 4, 1172–1174. [Google Scholar] [CrossRef] [PubMed]

	



Boussif, O.; Lezoualc’h, F.; Zanta, M.A.; Mergny, M.D.; Scherman, D.; Demeneix, B.; Behr, J.P. A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: Polyethylenimine. Proc. Natl. Acad. Sci. USA 1995, 92, 7297–7301. [Google Scholar] [CrossRef] [PubMed]

	



Kukowska-Latallo, J.F.; Bielinska, A.U.; Johnson, J.; Spindler, R.; Tomalia, D.A.; Baker, J.R., Jr. Efficient transfer of genetic material into mammalian cells using Starburst polyamidoamine dendrimers. Proc. Natl. Acad. Sci. USA 1996, 93, 4897–4902. [Google Scholar] [CrossRef] [PubMed]

	



Barua, S.; Ramos, J.; Potta, T.; Taylor, D.; Huang, H.C.; Montanez, G.; Rege, K. Discovery of cationic polymers for non-viral gene delivery using combinatorial approaches. Comb. Chem. High Throughput Screen 2011, 14, 908–924. [Google Scholar] [CrossRef] [PubMed]

	



Florea, B.I.; Meaney, C.; Junginger, H.E.; Borchard, G. Transfection efficiency and toxicity of polyethylenimine in differentiated Calu-3 and nondifferentiated COS-1 cell cultures. AAPS PharmSci 2002, 4, E12. [Google Scholar] [CrossRef] [PubMed]

	



Di Gioia, S.; Conese, M. Polyethylenimine-mediated gene delivery to the lung and therapeutic applications. Drug Des. Devel. Ther. 2009, 2, 163–188. [Google Scholar] [CrossRef] [PubMed]

	



Forcato, D.O.; Fili, A.E.; Alustiza, F.E.; Lazaro Martinez, J.M.; Bongiovanni Abel, S.; Olmos Nicotra, M.F.; Alessio, A.P.; Rodriguez, N.; Barbero, C.; Bosch, P. Transfection of bovine fetal fibroblast with polyethylenimine (PEI) nanoparticles: Effect of particle size and presence of fetal bovine serum on transgene delivery and cytotoxicity. Cytotechnology 2017, 69, 655–665. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.; Kim, D.; Ku, S.H.; Kim, K.; Kim, S.H.; Kwon, I.C. MicroRNA-mediated non-viral direct conversion of embryonic fibroblasts to cardiomyocytes: Comparison of commercial and synthetic non-viral vectors. J. Biomater. Sci. Polym. Ed. 2017, 28, 1070–1085. [Google Scholar] [CrossRef]

	



Feng, Y.; Guo, M.; Liu, W.; Hao, X.; Lu, W.; Ren, X.; Shi, C.; Zhang, W. Co-self-assembly of cationic microparticles to deliver pEGFP-ZNF580 for promoting the transfection and migration of endothelial cells. Int. J. Nanomed. 2017, 12, 137–149. [Google Scholar] [CrossRef]

	



Wang, G.D.; Tan, Y.Z.; Wang, H.J.; Zhou, P. Autophagy promotes degradation of polyethyleneimine-alginate nanoparticles in endothelial progenitor cells. Int. J. Nanomed. 2017, 12, 6661–6675. [Google Scholar] [CrossRef]

	



Yamanouchi, D.; Wu, J.; Lazar, A.N.; Kent, K.C.; Chu, C.C.; Liu, B. Biodegradable arginine-based poly(ester-amide)s as non-viral gene delivery reagents. Biomaterials 2008, 29, 3269–3277. [Google Scholar] [CrossRef] [PubMed]

	



Obara, H.; Takayanagi, A.; Hirahashi, J.; Tanaka, K.; Wakabayashi, G.; Matsumoto, K.; Shimazu, M.; Shimizu, N.; Kitajima, M. Overexpression of truncated IkappaBalpha induces TNF-alpha-dependent apoptosis in human vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 2198–2204. [Google Scholar] [CrossRef] [PubMed]

	



Bragonzi, A.; Dina, G.; Villa, A.; Calori, G.; Biffi, A.; Bordignon, C.; Assael, B.M.; Conese, M. Biodistribution and transgene expression with nonviral cationic vector/DNA complexes in the lungs. Gene Ther. 2000, 7, 1753–1760. [Google Scholar] [CrossRef] [PubMed]

	



Bragonzi, A.; Boletta, A.; Biffi, A.; Muggia, A.; Sersale, G.; Cheng, S.H.; Bordignon, C.; Assael, B.M.; Conese, M. Comparison between cationic polymers and lipids in mediating systemic gene delivery to the lungs. Gene Ther. 1999, 6, 1995–2004. [Google Scholar] [CrossRef]

	



Thomas, M.; Lu, J.J.; Ge, Q.; Zhang, C.; Chen, J.; Klibanov, A.M. Full deacylation of polyethylenimine dramatically boosts its gene delivery efficiency and specificity to mouse lung. Proc. Natl. Acad. Sci. USA 2005, 102, 5679–5684. [Google Scholar] [CrossRef]

	



McLachlan, G.; Baker, A.; Tennant, P.; Gordon, C.; Vrettou, C.; Renwick, L.; Blundell, R.; Cheng, S.H.; Scheule, R.K.; Davies, L.; et al. Optimizing aerosol gene delivery and expression in the ovine lung. Mol. Ther. 2007, 15, 348–354. [Google Scholar] [CrossRef]

	



Goula, D.; Becker, N.; Lemkine, G.F.; Normandie, P.; Rodrigues, J.; Mantero, S.; Levi, G.; Demeneix, B.A. Rapid crossing of the pulmonary endothelial barrier by polyethylenimine/DNA complexes. Gene Ther. 2000, 7, 499–504. [Google Scholar] [CrossRef]

	



Felgner, P.L.; Gadek, T.R.; Holm, M.; Roman, R.; Chan, H.W.; Wenz, M.; Northrop, J.P.; Ringold, G.M.; Danielsen, M. Lipofection: A highly efficient, lipid-mediated DNA-transfection procedure. Proc. Natl. Acad. Sci. USA 1987, 84, 7413–7417. [Google Scholar] [CrossRef]

	



Sakoda, T.; Kasahara, N.; Kedes, L.; Ohyanagi, M. Calcium phosphate coprecipitation greatly enhances transduction of cardiac myocytes and vascular smooth muscle cells by lentivirus vectors. Exp. Clin. Cardiol. 2007, 12, 133–138. [Google Scholar]

	



Jin, L.; Zeng, X.; Liu, M.; Deng, Y.; He, N. Current progress in gene delivery technology based on chemical methods and nano-carriers. Theranostics 2014, 4, 240–255. [Google Scholar] [CrossRef]

	



Tenkumo, T.; Vanegas Saenz, J.R.; Nakamura, K.; Shimizu, Y.; Sokolova, V.; Epple, M.; Kamano, Y.; Egusa, H.; Sugaya, T.; Sasaki, K. Prolonged release of bone morphogenetic protein-2 in vivo by gene transfection with DNA-functionalized calcium phosphate nanoparticle-loaded collagen scaffolds. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 92, 172–183. [Google Scholar] [CrossRef] [PubMed]

	



Bisso, S.; Mura, S.; Castagner, B.; Couvreur, P.; Leroux, J.C. Dual delivery of nucleic acids and PEGylated-bisphosphonates via calcium phosphate nanoparticles. Eur. J. Pharm. Biopharm. 2019, 142, 142–152. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, M.P.; Sharei, A.; Ding, X.; Sahay, G.; Langer, R.; Jensen, K.F. In vitro and ex vivo strategies for intracellular delivery. Nature 2016, 538, 183–192. [Google Scholar] [CrossRef] [PubMed]

	



Felgner, P.L.; Tsai, Y.J.; Sukhu, L.; Wheeler, C.J.; Manthorpe, M.; Marshall, J.; Cheng, S.H. Improved cationic lipid formulations for in vivo gene therapy. Ann. N. Y. Acad. Sci. 1995, 772, 126–139. [Google Scholar] [CrossRef] [PubMed]

	



Kim, T.K.; Eberwine, J.H. Mammalian cell transfection: The present and the future. Anal. Bioanal. Chem. 2010, 397, 3173–3178. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Larcher, L.M.; Ma, L.; Veedu, R.N. Systematic Screening of Commonly Used Commercial Transfection Reagents towards Efficient Transfection of Single-Stranded Oligonucleotides. Molecules 2018, 23, 2564. [Google Scholar] [CrossRef]

	



Li, Q.; Zhou, X.; Zhou, X. Downregulation of miR98 contributes to hypoxic pulmonary hypertension by targeting ALK1. Mol. Med. Rep. 2019, 20, 2167–2176. [Google Scholar] [CrossRef]

	



Vattulainen-Collanus, S.; Southwood, M.; Yang, X.D.; Moore, S.; Ghatpande, P.; Morrell, N.W.; Lagna, G.; Hata, A. Bone morphogenetic protein signaling is required for RAD51-mediated maintenance of genome integrity in vascular endothelial cells. Commun. Biol. 2018, 1, 149. [Google Scholar] [CrossRef]

	



Senavirathna, L.K.; Huang, C.; Yang, X.; Munteanu, M.C.; Sathiaseelan, R.; Xu, D.; Henke, C.A.; Liu, L. Hypoxia induces pulmonary fibroblast proliferation through NFAT signaling. Sci. Rep. 2018, 8, 2709. [Google Scholar] [CrossRef]

	



Brevnova, E.E.; Platoshyn, O.; Zhang, S.; Yuan, J.X. Overexpression of human KCNA5 increases IK V and enhances apoptosis. Am. J. Physiol. Cell Physiol. 2004, 287, C715–C722. [Google Scholar] [CrossRef]

	



Novoyatleva, T.; Kojonazarov, B.; Owczarek, A.; Veeroju, S.; Rai, N.; Henneke, I.; Bohm, M.; Grimminger, F.; Ghofrani, H.A.; Seeger, W.; et al. Evidence for the Fucoidan/P-Selectin Axis as a Therapeutic Target in Hypoxia-induced Pulmonary Hypertension. Am. J. Respir. Crit. Care Med. 2019, 199, 1407–1420. [Google Scholar] [CrossRef] [PubMed]

	



Chen, T.; Zhou, Q.; Tang, H.; Bozkanat, M.; Yuan, J.X.; Raj, J.U.; Zhou, G. miR-17/20 Controls Prolyl Hydroxylase 2 (PHD2)/Hypoxia-Inducible Factor 1 (HIF1) to Regulate Pulmonary Artery Smooth Muscle Cell Proliferation. J. Am. Heart Assoc. 2016, 5. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Lin, Y.; Ma, Y.; Zhang, J.; Wang, C.; Zhang, H. Protective effect of hydrogen sulfide on monocrotalineinduced pulmonary arterial hypertension via inhibition of the endothelial mesenchymal transition. Int. J. Mol. Med. 2019, 44, 2091–2102. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, Y.J.; Nagase, H.; Wong, C.M.; Kumar, S.V.; Jain, V.; Park, A.M.; Day, R.M. Regulation of Bcl-xL expression in lung vascular smooth muscle. Am. J. Respir. Cell. Mol. Biol. 2007, 36, 678–687. [Google Scholar] [CrossRef]

	



Bai, H.; Lester, G.M.S.; Petishnok, L.C.; Dean, D.A. Cytoplasmic transport and nuclear import of plasmid DNA. Biosci. Rep. 2017, 37. [Google Scholar] [CrossRef]

	



Nakamura, K.; Akagi, S.; Ejiri, K.; Yoshida, M.; Miyoshi, T.; Toh, N.; Nakagawa, K.; Takaya, Y.; Matsubara, H.; Ito, H. Current Treatment Strategies and Nanoparticle-Mediated Drug Delivery Systems for Pulmonary Arterial Hypertension. Int. J. Mol. Sci. 2019, 20, 5885. [Google Scholar] [CrossRef]

	



Kimura, S.; Egashira, K.; Chen, L.; Nakano, K.; Iwata, E.; Miyagawa, M.; Tsujimoto, H.; Hara, K.; Morishita, R.; Sueishi, K.; et al. Nanoparticle-mediated delivery of nuclear factor kappaB decoy into lungs ameliorates monocrotaline-induced pulmonary arterial hypertension. Hypertension 2009, 53, 877–883. [Google Scholar] [CrossRef]

	



McLendon, J.M.; Joshi, S.R.; Sparks, J.; Matar, M.; Fewell, J.G.; Abe, K.; Oka, M.; McMurtry, I.F.; Gerthoffer, W.T. Lipid nanoparticle delivery of a microRNA-145 inhibitor improves experimental pulmonary hypertension. J. Control Release 2015, 210, 67–75. [Google Scholar] [CrossRef]

	



Haller, H.; Lindschau, C.; Erdmann, B.; Quass, P.; Luft, F.C. Effects of intracellular angiotensin II in vascular smooth muscle cells. Circ. Res. 1996, 79, 765–772. [Google Scholar] [CrossRef]

	



Chou, T.H.; Biswas, S.; Lu, S. Gene delivery using physical methods: An overview. Methods Mol. Biol. 2004, 245, 147–166. [Google Scholar] [CrossRef]

	



Xu, W. Microinjection and Micromanipulation: A Historical Perspective. Methods Mol. Biol. 2019, 1874, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Moody, S.A. Microinjection of mRNAs and Oligonucleotides. Cold Spring Harb. Protoc. 2018, 2018. [Google Scholar] [CrossRef] [PubMed]

	



Yaguchi, J. Microinjection methods for sea urchin eggs and blastomeres. Methods Cell Biol. 2019, 150, 173–188. [Google Scholar] [CrossRef] [PubMed]

	



Wall, R.J. Pronuclear microinjection. Cloning Stem Cells 2001, 3, 209–220. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yu, L.C. Microinjection as a tool of mechanical delivery. Curr. Opin. Biotechnol. 2008, 19, 506–510. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yu, L.C. Single-cell microinjection technology in cell biology. Bioessays 2008, 30, 606–610. [Google Scholar] [CrossRef]

	



Jain, K.K. Current status and future prospects of drug delivery systems. Methods Mol. Biol. 2014, 1141, 1–56. [Google Scholar] [CrossRef]

	



Wang, F.; Wang, H.; Wang, J.; Wang, H.Y.; Rummel, P.L.; Garimella, S.V.; Lu, C. Microfluidic delivery of small molecules into mammalian cells based on hydrodynamic focusing. Biotechnol. Bioeng. 2008, 100, 150–158. [Google Scholar] [CrossRef]

	



Zabihihesari, A.; Hilliker, A.J.; Rezai, P. Localized microinjection of intact Drosophila melanogaster larva to investigate the effect of serotonin on heart rate. Lab Chip 2020, 20, 343–355. [Google Scholar] [CrossRef]

	



Gurumurthy, C.B.; Lloyd, K.C.K. Generating mouse models for biomedical research: Technological advances. Dis. Model. Mech. 2019, 12. [Google Scholar] [CrossRef]

	



Delerue, F.; Ittner, L.M. Generation of Genetically Modified Mice through the Microinjection of Oocytes. J. Vis. Exp. 2017, 124, 55765. [Google Scholar] [CrossRef] [PubMed]

	



Ranchoux, B.; Antigny, F.; Rucker-Martin, C.; Hautefort, A.; Pechoux, C.; Bogaard, H.J.; Dorfmuller, P.; Remy, S.; Lecerf, F.; Plante, S.; et al. Endothelial-to-mesenchymal transition in pulmonary hypertension. Circulation 2015, 131, 1006–1018. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, T.; Fukumoto, Y.; Tanaka, S.; Satoh, K.; Ikeda, S.; Shimokawa, H. Crucial role of ROCK2 in vascular smooth muscle cells for hypoxia-induced pulmonary hypertension in mice. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2780–2791. [Google Scholar] [CrossRef] [PubMed]

	



George, J.; D’Armiento, J. Transgenic expression of human matrix metalloproteinase-9 augments monocrotaline-induced pulmonary arterial hypertension in mice. J. Hypertens. 2011, 29, 299–308. [Google Scholar] [CrossRef] [PubMed]

	



Goncharova, E.A.; Ammit, A.J.; Irani, C.; Carroll, R.G.; Eszterhas, A.J.; Panettieri, R.A.; Krymskaya, V.P. PI3K is required for proliferation and migration of human pulmonary vascular smooth muscle cells. Am. J. Physiol. Lung Cell Mol. Physiol. 2002, 283, L354–L363. [Google Scholar] [CrossRef] [PubMed]

	



Goldthorpe, H.; Jiang, J.Y.; Taha, M.; Deng, Y.; Sinclair, T.; Ge, C.X.; Jurasz, P.; Turksen, K.; Mei, S.H.; Stewart, D.J. Occlusive lung arterial lesions in endothelial-targeted, fas-induced apoptosis transgenic mice. Am. J. Respir. Cell Mol. Biol. 2015, 53, 712–718. [Google Scholar] [CrossRef]

	



Brough, G.H.; Wu, S.; Cioffi, D.; Moore, T.M.; Li, M.; Dean, N.; Stevens, T. Contribution of endogenously expressed Trp1 to a Ca2+-selective, store-operated Ca2+ entry pathway. FASEB J. 2001, 15, 1704–1710. [Google Scholar] [CrossRef]

	



Nelson, P.R.; Kent, K.C. Microinjection of DNA into the nuclei of human vascular smooth muscle cells. J. Surg. Res. 2002, 106, 202–208. [Google Scholar] [CrossRef]

	



Tiefenboeck, P.; Kim, J.A.; Trunk, F.; Eicher, T.; Russo, E.; Teijeira, A.; Halin, C.; Leroux, J.C. Microinjection for the ex Vivo Modification of Cells with Artificial Organelles. ACS Nano 2017, 11, 7758–7769. [Google Scholar] [CrossRef]

	



Komarova, Y.; Peloquin, J.; Borisy, G. Microinjection of protein samples. CSH Protoc. 2007, 2007. [Google Scholar] [CrossRef]

	



Inoue, S.; Egashira, K.; Ni, W.; Kitamoto, S.; Usui, M.; Otani, K.; Ishibashi, M.; Hiasa, K.; Nishida, K.; Takeshita, A. Anti-monocyte chemoattractant protein-1 gene therapy limits progression and destabilization of established atherosclerosis in apolipoprotein E-knockout mice. Circulation 2002, 106, 2700–2706. [Google Scholar] [CrossRef] [PubMed]

	



Dean, D.A.; Machado-Aranda, D.; Blair-Parks, K.; Yeldandi, A.V.; Young, J.L. Electroporation as a method for high-level nonviral gene transfer to the lung. Gene Ther. 2003, 10, 1608–1615. [Google Scholar] [CrossRef]

	



Dean, D.A. Electroporation of the vasculature and the lung. DNA Cell Biol. 2003, 22, 797–806. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, R.; Norton, J.E.; Dean, D.A. Electroporation-mediated gene delivery to the lungs. Methods Mol. Biol. 2008, 423, 233–247. [Google Scholar] [CrossRef] [PubMed]

	



Gunnett, C.A.; Heistad, D.D. Virally mediated gene transfer to the vasculature. Microcirculation 2002, 9, 23–33. [Google Scholar] [CrossRef] [PubMed]

	



Hayakawa, K.; Sato, N.; Obinata, T. Dynamic reorientation of cultured cells and stress fibers under mechanical stress from periodic stretching. Exp. Cell Res. 2001, 268, 104–114. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Xu, Q. Mechanical stress-initiated signal transductions in vascular smooth muscle cells. Cell Signal 2000, 12, 435–445. [Google Scholar] [CrossRef]

	



Liu, M.; Post, M. Invited review: Mechanochemical signal transduction in the fetal lung. J. Appl. Physiol. 2000, 89, 2078–2084. [Google Scholar] [CrossRef]

	



Putnam, A.J.; Cunningham, J.J.; Dennis, R.G.; Linderman, J.J.; Mooney, D.J. Microtubule assembly is regulated by externally applied strain in cultured smooth muscle cells. J. Cell Sci. 1998, 111 Pt 22, 3379–3387. [Google Scholar]

	



Kaufman, C.D.; Geiger, R.C.; Dean, D.A. Electroporation- and mechanical ventilation-mediated gene transfer to the lung. Gene Ther. 2010, 17, 1098–1104. [Google Scholar] [CrossRef]

	



Impellizeri, J.A.; Ciliberto, G.; Aurisicchio, L. Electro-gene-transfer as a new tool for cancer immunotherapy in animals. Vet. Comp. Oncol. 2014, 12, 310–318. [Google Scholar] [CrossRef] [PubMed]

	



Thalmensi, J.; Pliquet, E.; Liard, C.; Chamel, G.; Kreuz, C.; Bestetti, T.; Escande, M.; Kostrzak, A.; Pailhes-Jimenez, A.S.; Bourges, E.; et al. A DNA telomerase vaccine for canine cancer immunotherapy. Oncotarget 2019, 10, 3361–3372. [Google Scholar] [CrossRef] [PubMed]

	



Campana, L.G.; Edhemovic, I.; Soden, D.; Perrone, A.M.; Scarpa, M.; Campanacci, L.; Cemazar, M.; Valpione, S.; Miklavcic, D.; Mocellin, S.; et al. Electrochemotherapy - Emerging applications technical advances, new indications, combined approaches, and multi-institutional collaboration. Eur. J. Surg. Oncol. 2019, 45, 92–102. [Google Scholar] [CrossRef] [PubMed]

	



Gothelf, A.; Mir, L.M.; Gehl, J. Electrochemotherapy: Results of cancer treatment using enhanced delivery of bleomycin by electroporation. Cancer Treat Rev. 2003, 29, 371–387. [Google Scholar] [CrossRef]

	



Ricke, J.; Jurgens, J.H.; Deschamps, F.; Tselikas, L.; Uhde, K.; Kosiek, O.; De Baere, T. Irreversible electroporation (IRE) fails to demonstrate efficacy in a prospective multicenter phase II trial on lung malignancies: The ALICE trial. Cardiovasc. Intervent. Radiol. 2015, 38, 401–408. [Google Scholar] [CrossRef]

	



Emr, B.M.; Roy, S.; Kollisch-Singule, M.; Gatto, L.A.; Barravecchia, M.; Lin, X.; Young, J.L.; Wang, G.; Liu, J.; Satalin, J.; et al. Electroporation-mediated gene delivery of Na+,K+ -ATPase, and ENaC subunits to the lung attenuates acute respiratory distress syndrome in a two-hit porcine model. Shock 2015, 43, 16–23. [Google Scholar] [CrossRef]

	



Gazdhar, A.; Fachinger, P.; van Leer, C.; Pierog, J.; Gugger, M.; Friis, R.; Schmid, R.A.; Geiser, T. Gene transfer of hepatocyte growth factor by electroporation reduces bleomycin-induced lung fibrosis. Am. J. Physiol. Lung Cell Mol. Physiol. 2007, 292, L529–L536. [Google Scholar] [CrossRef]

	



Yu, L.; Hales, C.A. Effect of chemokine receptor CXCR4 on hypoxia-induced pulmonary hypertension and vascular remodeling in rats. Respir. Res. 2011, 12, 21. [Google Scholar] [CrossRef]

	



Ikeda, Y.; Yonemitsu, Y.; Kataoka, C.; Kitamoto, S.; Yamaoka, T.; Nishida, K.; Takeshita, A.; Egashira, K.; Sueishi, K. Anti-monocyte chemoattractant protein-1 gene therapy attenuates pulmonary hypertension in rats. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H2021–H2028. [Google Scholar] [CrossRef]

	



Baliga, U.K.; Dean, D.A. Pulmonary gene delivery-Realities and possibilities. Exp. Biol. Med. 2020. [Google Scholar] [CrossRef]

	



Weiss, D.J. Delivery of gene transfer vectors to lung: Obstacles and the role of adjunct techniques for airway administration. Mol. Ther. 2002, 6, 148–152. [Google Scholar] [CrossRef] [PubMed]

	



Kiefer, K.; Clement, J.; Garidel, P.; Peschka-Suss, R. Transfection efficiency and cytotoxicity of nonviral gene transfer reagents in human smooth muscle and endothelial cells. Pharm. Res. 2004, 21, 1009–1017. [Google Scholar] [CrossRef] [PubMed]

	



Gandara, C.; Affleck, V.; Stoll, E.A. Manufacture of Third-Generation Lentivirus for Preclinical Use, with Process Development Considerations for Translation to Good Manufacturing Practice. Hum. Gene Ther. Methods 2018, 29, 1–15. [Google Scholar] [CrossRef]

	



Li, T.; Zha, L.; Luo, H.; Li, S.; Zhao, L.; He, J.; Li, X.; Qi, Q.; Liu, Y.; Yu, Z. Galectin-3 Mediates Endothelial-to-Mesenchymal Transition in Pulmonary Arterial Hypertension. Aging Dis. 2019, 10, 731–745. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Jiang, G.; Sauler, M.; Lee, P.J. Lung endothelial HO-1 targeting in vivo using lentiviral miRNA regulates apoptosis and autophagy during oxidant injury. FASEB J. 2013, 27, 4041–4058. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, B.; Hu, Z.; Chen, J.; Zhu, R.; Zhao, H.; Yang, J.; Zhang, Z.; Nie, R. KLF15 Overexpression Protects beta-Aminopropionitrile-Induced Aortic Rupture in Rodent Model via Inhibiting Connective Tissue Growth Factor. Thorac. Cardiovasc. Surg. 2017, 65, 120–125. [Google Scholar] [CrossRef] [PubMed]

	



Esteban, V.; Mendez-Barbero, N.; Jimenez-Borreguero, L.J.; Roque, M.; Novensa, L.; Garcia-Redondo, A.B.; Salaices, M.; Vila, L.; Arbones, M.L.; Campanero, M.R.; et al. Regulator of calcineurin 1 mediates pathological vascular wall remodeling. J. Exp. Med. 2011, 208, 2125–2139. [Google Scholar] [CrossRef]

	



Oller, J.; Mendez-Barbero, N.; Ruiz, E.J.; Villahoz, S.; Renard, M.; Canelas, L.I.; Briones, A.M.; Alberca, R.; Lozano-Vidal, N.; Hurle, M.A.; et al. Nitric oxide mediates aortic disease in mice deficient in the metalloprotease Adamts1 and in a mouse model of Marfan syndrome. Nat. Med. 2017, 23, 200–212. [Google Scholar] [CrossRef]

	



Kim, J.; Kang, Y.; Kojima, Y.; Lighthouse, J.K.; Hu, X.; Aldred, M.A.; McLean, D.L.; Park, H.; Comhair, S.A.; Greif, D.M.; et al. An endothelial apelin-FGF link mediated by miR-424 and miR-503 is disrupted in pulmonary arterial hypertension. Nat. Med. 2013, 19, 74–82. [Google Scholar] [CrossRef]

	



Bahudhanapati, H.; Tan, J.; Dutta, J.A.; Strock, S.B.; Sembrat, J.; Alvarez, D.; Rojas, M.; Jager, B.; Prasse, A.; Zhang, Y.; et al. MicroRNA-144-3p targets relaxin/insulin-like family peptide receptor 1 (RXFP1) expression in lung fibroblasts from patients with idiopathic pulmonary fibrosis. J. Biol. Chem. 2019, 294, 5008–5022. [Google Scholar] [CrossRef]

	



Sakuma, T.; Barry, M.A.; Ikeda, Y. Lentiviral vectors: Basic to translational. Biochem. J. 2012, 443, 603–618. [Google Scholar] [CrossRef] [PubMed]

	



Park, F. Lentiviral vectors: Are they the future of animal transgenesis? Physiol. Genom. 2007, 31, 159–173. [Google Scholar] [CrossRef] [PubMed]

	



Martin-Alonso, M.; Garcia-Redondo, A.B.; Guo, D.; Camafeita, E.; Martinez, F.; Alfranca, A.; Mendez-Barbero, N.; Pollan, A.; Sanchez-Camacho, C.; Denhardt, D.T.; et al. Deficiency of MMP17/MT4-MMP proteolytic activity predisposes to aortic aneurysm in mice. Circ. Res. 2015, 117, e13–e26. [Google Scholar] [CrossRef] [PubMed]

	



Conte, M.R.; Presbitero, P.; Gaita, F.; Tanga, M.; Massobrio, N.; Orzan, F.; Brusca, A. Angiographic findings in arrhythmogenic dysplasia of the right ventricle. G Ital. Cardiol. 1989, 19, 580–584. [Google Scholar] [PubMed]

	



Elsafadi, M.; Manikandan, M.; Dawud, R.A.; Alajez, N.M.; Hamam, R.; Alfayez, M.; Kassem, M.; Aldahmash, A.; Mahmood, A. Transgelin is a TGFbeta-inducible gene that regulates osteoblastic and adipogenic differentiation of human skeletal stem cells through actin cytoskeleston organization. Cell Death Dis. 2016, 7, e2321. [Google Scholar] [CrossRef]

	



Feil, S.; Hofmann, F.; Feil, R. SM22alpha modulates vascular smooth muscle cell phenotype during atherogenesis. Circ. Res. 2004, 94, 863–865. [Google Scholar] [CrossRef] [PubMed]

	



Assinder, S.J.; Stanton, J.A.; Prasad, P.D. Transgelin: An actin-binding protein and tumour suppressor. Int. J. Biochem. Cell Biol. 2009, 41, 482–486. [Google Scholar] [CrossRef]

	



Zhang, R.; Shi, L.; Zhou, L.; Zhang, G.; Wu, X.; Shao, F.; Ma, G.; Ying, K. Transgelin as a therapeutic target to prevent hypoxic pulmonary hypertension. Am. J. Physiol. Lung Cell Mol Physiol. 2014, 306, L574–L583. [Google Scholar] [CrossRef]

	



Ho, J.E.; Liu, C.; Lyass, A.; Courchesne, P.; Pencina, M.J.; Vasan, R.S.; Larson, M.G.; Levy, D. Galectin-3, a marker of cardiac fibrosis, predicts incident heart failure in the community. J. Am. Coll. Cardiol. 2012, 60, 1249–1256. [Google Scholar] [CrossRef]

	



Zhang, L.; Li, Y.M.; Zeng, X.X.; Wang, X.Y.; Chen, S.K.; Gui, L.X.; Lin, M.J. Galectin-3- Mediated Transdifferentiation of Pulmonary Artery Endothelial Cells Contributes to Hypoxic Pulmonary Vascular Remodeling. Cell Physiol. Biochem. 2018, 51, 763–777. [Google Scholar] [CrossRef]

	



Mammoto, T.; Jiang, E.; Jiang, A.; Lu, Y.; Juan, A.M.; Chen, J.; Mammoto, A. Twist1 controls lung vascular permeability and endotoxin-induced pulmonary edema by altering Tie2 expression. PLoS ONE 2013, 8, e73407. [Google Scholar] [CrossRef] [PubMed]

	



Mahmoud, M.M.; Kim, H.R.; Xing, R.; Hsiao, S.; Mammoto, A.; Chen, J.; Serbanovic-Canic, J.; Feng, S.; Bowden, N.P.; Maguire, R.; et al. TWIST1 Integrates Endothelial Responses to Flow in Vascular Dysfunction and Atherosclerosis. Circ. Res. 2016, 119, 450–462. [Google Scholar] [CrossRef] [PubMed]

	



Mammoto, T.; Jiang, A.; Jiang, E.; Mammoto, A. Role of Twist1 Phosphorylation in Angiogenesis and Pulmonary Fibrosis. Am. J. Respir. Cell Mol. Biol. 2016, 55, 633–644. [Google Scholar] [CrossRef] [PubMed]

	



Good, R.B.; Gilbane, A.J.; Trinder, S.L.; Denton, C.P.; Coghlan, G.; Abraham, D.J.; Holmes, A.M. Endothelial to Mesenchymal Transition Contributes to Endothelial Dysfunction in Pulmonary Arterial Hypertension. Am. J. Pathol. 2015, 185, 1850–1858. [Google Scholar] [CrossRef]

	



Mammoto, A.; Hendee, K.; Muyleart, M.; Mammoto, T. Endothelial Twist1-PDGFB signaling mediates hypoxia-induced proliferation and migration of alphaSMA-positive cells. Sci. Rep. 2020, 10, 7563. [Google Scholar] [CrossRef]

	



Foy, T.M.; Aruffo, A.; Bajorath, J.; Buhlmann, J.E.; Noelle, R.J. Immune regulation by CD40 and its ligand GP39. Annu. Rev. Immunol. 1996, 14, 591–617. [Google Scholar] [CrossRef]

	



Hassan, G.S.; Merhi, Y.; Mourad, W. CD40 ligand: A neo-inflammatory molecule in vascular diseases. Immunobiology 2012, 217, 521–532. [Google Scholar] [CrossRef]

	



Li, M.; Riddle, S.R.; Frid, M.G.; El Kasmi, K.C.; McKinsey, T.A.; Sokol, R.J.; Strassheim, D.; Meyrick, B.; Yeager, M.E.; Flockton, A.R.; et al. Emergence of fibroblasts with a proinflammatory epigenetically altered phenotype in severe hypoxic pulmonary hypertension. J. Immunol. 2011, 187, 2711–2722. [Google Scholar] [CrossRef]

	



YanYun, P.; Wang, S.; Yang, J.; Chen, B.; Sun, Z.; Ye, L.; Zhu, J.; Wang, X. Interruption of CD40 Pathway Improves Efficacy of Transplanted Endothelial Progenitor Cells in Monocrotaline Induced Pulmonary Arterial Hypertension. Cell. Physiol. Biochem. 2015, 36, 683–696. [Google Scholar] [CrossRef]

	



Semenza, G.L. Oxygen homeostasis. Wiley Interdiscip. Rev. Syst. Biol. Med. 2010, 2, 336–361. [Google Scholar] [CrossRef]

	



Frump, A.L.; Selej, M.; Wood, J.A.; Albrecht, M.; Yakubov, B.; Petrache, I.; Lahm, T. Hypoxia Upregulates Estrogen Receptor beta in Pulmonary Artery Endothelial Cells in a HIF-1alpha-Dependent Manner. Am. J. Respir. Cell Mol. Biol. 2018, 59, 114–126. [Google Scholar] [CrossRef] [PubMed]

	



Cowburn, A.S.; Crosby, A.; Macias, D.; Branco, C.; Colaco, R.D.; Southwood, M.; Toshner, M.; Crotty Alexander, L.E.; Morrell, N.W.; Chilvers, E.R.; et al. HIF2alpha-arginase axis is essential for the development of pulmonary hypertension. Proc. Natl. Acad. Sci. USA 2016, 113, 8801–8806. [Google Scholar] [CrossRef] [PubMed]

	



Shimoda, L.A. Let’s Talk about Sex: A Novel Mechanism by Which Estrogen Receptor beta Limits Hypoxia-Inducible Factor Expression in Pulmonary Endothelial Cells. Am. J. Respir. Cell Mol. Biol. 2018, 59, 11–12. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, A.; Ahmad, S.; Malcolm, K.C.; Miller, S.M.; Hendry-Hofer, T.; Schaack, J.B.; White, C.W. Differential regulation of pulmonary vascular cell growth by hypoxia-inducible transcription factor-1alpha and hypoxia-inducible transcription factor-2alpha. Am. J. Respir. Cell Mol. Biol. 2013, 49, 78–85. [Google Scholar] [CrossRef] [PubMed]

	



Hu, C.J.; Poth, J.M.; Zhang, H.; Flockton, A.; Laux, A.; Kumar, S.; McKeon, B.; Mouradian, G.; Li, M.; Riddle, S.; et al. Suppression of HIF2 signalling attenuates the initiation of hypoxia-induced pulmonary hypertension. Eur. Respir. J. 2019, 54. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Shi, B.; Huang, L.; Wang, X.; Yu, X.; Guo, B.; Ren, W. Suppression of the expression of hypoxia-inducible factor-1alpha by RNA interference alleviates hypoxia-induced pulmonary hypertension in adult rats. Int. J. Mol. Med. 2016, 38, 1786–1794. [Google Scholar] [CrossRef]

	



Russell, W.C. Adenoviruses: Update on structure and function. J. Gen. Virol. 2009, 90, 1–20. [Google Scholar] [CrossRef]

	



Hadri, L.; Kratlian, R.G.; Benard, L.; Maron, B.A.; Dorfmuller, P.; Ladage, D.; Guignabert, C.; Ishikawa, K.; Aguero, J.; Ibanez, B.; et al. Therapeutic efficacy of AAV1.SERCA2a in monocrotaline-induced pulmonary arterial hypertension. Circulation 2013, 128, 512–523. [Google Scholar] [CrossRef]

	



Rosewell, A.; Vetrini, F.; Ng, P. Helper-Dependent Adenoviral Vectors. J. Genet. Syndr. Gene Ther. 2011, 1 (Suppl S5). [Google Scholar] [CrossRef]

	



Bergelson, J.M.; Cunningham, J.A.; Droguett, G.; Kurt-Jones, E.A.; Krithivas, A.; Hong, J.S.; Horwitz, M.S.; Crowell, R.L.; Finberg, R.W. Isolation of a common receptor for Coxsackie B viruses and adenoviruses 2 and 5. Science 1997, 275, 1320–1323. [Google Scholar] [CrossRef]

	



Wang, K.; Guan, T.; Cheresh, D.A.; Nemerow, G.R. Regulation of adenovirus membrane penetration by the cytoplasmic tail of integrin beta5. J. Virol. 2000, 74, 2731–2739. [Google Scholar] [CrossRef] [PubMed]

	



Wickham, T.J.; Mathias, P.; Cheresh, D.A.; Nemerow, G.R. Integrins alpha v beta 3 and alpha v beta 5 promote adenovirus internalization but not virus attachment. Cell 1993, 73, 309–319. [Google Scholar] [CrossRef]

	



Dechecchi, M.C.; Melotti, P.; Bonizzato, A.; Santacatterina, M.; Chilosi, M.; Cabrini, G. Heparan sulfate glycosaminoglycans are receptors sufficient to mediate the initial binding of adenovirus types 2 and 5. J. Virol. 2001, 75, 8772–8780. [Google Scholar] [CrossRef]

	



Hong, S.S.; Karayan, L.; Tournier, J.; Curiel, D.T.; Boulanger, P.A. Adenovirus type 5 fiber knob binds to MHC class I alpha2 domain at the surface of human epithelial and B lymphoblastoid cells. EMBO J. 1997, 16, 2294–2306. [Google Scholar] [CrossRef] [PubMed]

	



Gressier, M.; du Gres, B.; Benveniste, E.; Estanove, S. Immediate postoperative surveillance and care following cardiac surgery with extracorporeal circulation in the adult. Ann. Anesthesiol. Fr. 1980, 21, 579–586. [Google Scholar]

	



Carson, S.D.; Hobbs, J.T.; Tracy, S.M.; Chapman, N.M. Expression of the coxsackievirus and adenovirus receptor in cultured human umbilical vein endothelial cells: Regulation in response to cell density. J. Virol. 1999, 73, 7077–7079. [Google Scholar] [CrossRef]

	



Raschperger, E.; Thyberg, J.; Pettersson, S.; Philipson, L.; Fuxe, J.; Pettersson, R.F. The coxsackie- and adenovirus receptor (CAR) is an in vivo marker for epithelial tight junctions, with a potential role in regulating permeability and tissue homeostasis. Exp. Cell Res. 2006, 312, 1566–1580. [Google Scholar] [CrossRef]

	



Havenga, M.J.; Lemckert, A.A.; Grimbergen, J.M.; Vogels, R.; Huisman, L.G.; Valerio, D.; Bout, A.; Quax, P.H. Improved adenovirus vectors for infection of cardiovascular tissues. J. Virol. 2001, 75, 3335–3342. [Google Scholar] [CrossRef]

	



Preuss, M.A.; Glasgow, J.N.; Everts, M.; Stoff-Khalili, M.A.; Wu, H.; Curiel, D.T. Enhanced Gene Delivery to Human Primary Endothelial Cells Using Tropism-Modified Adenovirus Vectors. Open Gene Ther. J. 2008, 1, 7–11. [Google Scholar] [CrossRef]

	



Morecroft, I.; White, K.; Caruso, P.; Nilsen, M.; Loughlin, L.; Alba, R.; Reynolds, P.N.; Danilov, S.M.; Baker, A.H.; Maclean, M.R. Gene therapy by targeted adenovirus-mediated knockdown of pulmonary endothelial Tph1 attenuates hypoxia-induced pulmonary hypertension. Mol. Ther. 2012, 20, 1516–1528. [Google Scholar] [CrossRef]

	



Parker, A.L.; White, K.M.; Lavery, C.A.; Custers, J.; Waddington, S.N.; Baker, A.H. Pseudotyping the adenovirus serotype 5 capsid with both the fibre and penton of serotype 35 enhances vascular smooth muscle cell transduction. Gene Ther. 2013, 20, 1158–1164. [Google Scholar] [CrossRef] [PubMed]

	



Green, D.E.; Murphy, T.C.; Kang, B.Y.; Bedi, B.; Yuan, Z.; Sadikot, R.T.; Hart, C.M. Peroxisome proliferator-activated receptor-gamma enhances human pulmonary artery smooth muscle cell apoptosis through microRNA-21 and programmed cell death 4. Am. J. Physiol. Lung Cell Mol. Physiol. 2017, 313, L371–L383. [Google Scholar] [CrossRef] [PubMed]

	



Chattergoon, N.N.; D’Souza, F.M.; Deng, W.; Chen, H.; Hyman, A.L.; Kadowitz, P.J.; Jeter, J.R., Jr. Antiproliferative effects of calcitonin gene-related peptide in aortic and pulmonary artery smooth muscle cells. Am. J. Physiol. Lung Cell Mol. Physiol. 2005, 288, L202–L211. [Google Scholar] [CrossRef] [PubMed]

	



Chicoine, L.G.; Tzeng, E.; Bryan, R.; Saenz, S.; Paffett, M.L.; Jones, J.; Lyons, C.R.; Resta, T.C.; Nelin, L.D.; Walker, B.R. Intratracheal adenoviral-mediated delivery of iNOS decreases pulmonary vasoconstrictor responses in rats. J. Appl. Physiol. 2004, 97, 1814–1822. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Tian, X.Y.; Mao, G.; Fang, X.; Fung, M.L.; Shyy, J.Y.; Huang, Y.; Wang, N. Peroxisome proliferator-activated receptor-gamma ameliorates pulmonary arterial hypertension by inhibiting 5-hydroxytryptamine 2B receptor. Hypertension 2012, 60, 1471–1478. [Google Scholar] [CrossRef]

	



Mannan, M.M.; Springall, D.R.; Enard, C.; Moradoghli-Haftvani, A.; Eddahibi, S.; Adnot, S.; Polak, J.M. Decreased endothelium-dependent pulmonary vasodilator effect of calcitonin gene-related peptide in hypoxic rats contrasts with increased binding sites. Eur. Respir. J. 1995, 8, 2029–2037. [Google Scholar] [CrossRef] [PubMed]

	



Keith, I.M.; Ekman, R. Dynamic aspects of regulatory lung peptides in chronic hypoxic pulmonary hypertension. Exp. Lung Res. 1992, 18, 205–224. [Google Scholar] [CrossRef]

	



Kwan, Y.W.; Wadsworth, R.M.; Kane, K.A. Effects of neuropeptide Y and calcitonin gene-related peptide on sheep coronary artery rings under oxygenated, hypoxic and simulated myocardial ischaemic conditions. Br. J. Pharmacol. 1990, 99, 774–778. [Google Scholar] [CrossRef]

	



Preibisz, J.J. Calcitonin gene-related peptide and regulation of human cardiovascular homeostasis. Am. J. Hypertens. 1993, 6, 434–450. [Google Scholar] [CrossRef]

	



Telli, G.; Banu Cahide, T.E.L.; GÜmÜŞel, B. The Cardiopulmonary Effects of the Calcitonin Gene-related Peptide Family. Turk. J. Pharm. Sci. 2020, 17, 349–356. [Google Scholar] [CrossRef]

	



Russell, F.A.; King, R.; Smillie, S.J.; Kodji, X.; Brain, S.D. Calcitonin gene-related peptide: Physiology and pathophysiology. Physiol. Rev. 2014, 94, 1099–1142. [Google Scholar] [CrossRef] [PubMed]

	



Bivalacqua, T.J.; Hyman, A.L.; Kadowitz, P.J.; Paolocci, N.; Kass, D.A.; Champion, H.C. Role of calcitonin gene-related peptide (CGRP) in chronic hypoxia-induced pulmonary hypertension in the mouse: Influence of gene transfer in vivo. Regul. Pept. 2002, 108, 129–133. [Google Scholar] [CrossRef]

	



Champion, H.C.; Bivalacqua, T.J.; Toyoda, K.; Heistad, D.D.; Hyman, A.L.; Kadowitz, P.J. In vivo gene transfer of prepro-calcitonin gene-related peptide to the lung attenuates chronic hypoxia-induced pulmonary hypertension in the mouse. Circulation 2000, 101, 923–930. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, C.G.; Najjar, S.F.; Kapadia, M.R.; Murar, J.; Eng, J.; Lyle, B.; Aalami, O.O.; Jiang, Q.; Hrabie, J.A.; Saavedra, J.E.; et al. Beneficial effect of a short-acting NO donor for the prevention of neointimal hyperplasia. Free Radic. Biol. Med. 2008, 44, 73–81. [Google Scholar] [CrossRef]

	



Shears, L.L., 2nd; Kibbe, M.R.; Murdock, A.D.; Billiar, T.R.; Lizonova, A.; Kovesdi, I.; Watkins, S.C.; Tzeng, E. Efficient inhibition of intimal hyperplasia by adenovirus-mediated inducible nitric oxide synthase gene transfer to rats and pigs in vivo. J. Am. Coll. Surg. 1998, 187, 295–306. [Google Scholar] [CrossRef]

	



Sarkar, R.; Meinberg, E.G.; Stanley, J.C.; Gordon, D.; Webb, R.C. Nitric oxide reversibly inhibits the migration of cultured vascular smooth muscle cells. Circ. Res. 1996, 78, 225–230. [Google Scholar] [CrossRef]

	



Tsihlis, N.D.; Oustwani, C.S.; Vavra, A.K.; Jiang, Q.; Keefer, L.K.; Kibbe, M.R. Nitric oxide inhibits vascular smooth muscle cell proliferation and neointimal hyperplasia by increasing the ubiquitination and degradation of UbcH10. Cell Biochem. Biophys. 2011, 60, 89–97. [Google Scholar] [CrossRef]

	



Moncada, S.; Palmer, R.M.; Higgs, E.A. Nitric oxide: Physiology, pathophysiology, and pharmacology. Pharmacol. Rev. 1991, 43, 109–142. [Google Scholar]

	



Tonelli, A.R.; Haserodt, S.; Aytekin, M.; Dweik, R.A. Nitric oxide deficiency in pulmonary hypertension: Pathobiology and implications for therapy. Pulm. Circ. 2013, 3, 20–30. [Google Scholar] [CrossRef]

	



Coggins, M.P.; Bloch, K.D. Nitric oxide in the pulmonary vasculature. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 1877–1885. [Google Scholar] [CrossRef]

	



Barnes, P.J.; Dweik, R.A.; Gelb, A.F.; Gibson, P.G.; George, S.C.; Grasemann, H.; Pavord, I.D.; Ratjen, F.; Silkoff, P.E.; Taylor, D.R.; et al. Exhaled nitric oxide in pulmonary diseases: A comprehensive review. Chest 2010, 138, 682–692. [Google Scholar] [CrossRef] [PubMed]

	



Janssens, S.; Flaherty, D.; Nong, Z.; Varenne, O.; van Pelt, N.; Haustermans, C.; Zoldhelyi, P.; Gerard, R.; Collen, D. Human endothelial nitric oxide synthase gene transfer inhibits vascular smooth muscle cell proliferation and neointima formation after balloon injury in rats. Circulation 1998, 97, 1274–1281. [Google Scholar] [CrossRef] [PubMed]

	



Ozaki, M.; Kawashima, S.; Yamashita, T.; Ohashi, Y.; Rikitake, Y.; Inoue, N.; Hirata, K.I.; Hayashi, Y.; Itoh, H.; Yokoyama, M. Reduced hypoxic pulmonary vascular remodeling by nitric oxide from the endothelium. Hypertension 2001, 37, 322–327. [Google Scholar] [CrossRef] [PubMed]

	



Janssens, S.P.; Bloch, K.D.; Nong, Z.; Gerard, R.D.; Zoldhelyi, P.; Collen, D. Adenoviral-mediated transfer of the human endothelial nitric oxide synthase gene reduces acute hypoxic pulmonary vasoconstriction in rats. J. Clin. Investig. 1996, 98, 317–324. [Google Scholar] [CrossRef] [PubMed]

	



Budts, W.; Pokreisz, P.; Nong, Z.; Van Pelt, N.; Gillijns, H.; Gerard, R.; Lyons, R.; Collen, D.; Bloch, K.D.; Janssens, S. Aerosol gene transfer with inducible nitric oxide synthase reduces hypoxic pulmonary hypertension and pulmonary vascular remodeling in rats. Circulation 2000, 102, 2880–2885. [Google Scholar] [CrossRef]

	



Moudgil, R.; Michelakis, E.D.; Archer, S.L. The role of k+ channels in determining pulmonary vascular tone, oxygen sensing, cell proliferation, and apoptosis: Implications in hypoxic pulmonary vasoconstriction and pulmonary arterial hypertension. Microcirculation 2006, 13, 615–632. [Google Scholar] [CrossRef]

	



Firth, A.L.; Platoshyn, O.; Brevnova, E.E.; Burg, E.D.; Powell, F.; Haddad, G.H.; Yuan, J.X. Hypoxia selectively inhibits KCNA5 channels in pulmonary artery smooth muscle cells. Ann. N. Y. Acad. Sci. 2009, 1177, 101–111. [Google Scholar] [CrossRef] [PubMed]

	



Platoshyn, O.; Brevnova, E.E.; Burg, E.D.; Yu, Y.; Remillard, C.V.; Yuan, J.X. Acute hypoxia selectively inhibits KCNA5 channels in pulmonary artery smooth muscle cells. Am. J. Physiol. Cell Physiol. 2006, 290, C907–C916. [Google Scholar] [CrossRef]

	



Pozeg, Z.I.; Michelakis, E.D.; McMurtry, M.S.; Thebaud, B.; Wu, X.C.; Dyck, J.R.; Hashimoto, K.; Wang, S.; Moudgil, R.; Harry, G.; et al. In vivo gene transfer of the O2-sensitive potassium channel Kv1.5 reduces pulmonary hypertension and restores hypoxic pulmonary vasoconstriction in chronically hypoxic rats. Circulation 2003, 107, 2037–2044. [Google Scholar] [CrossRef]

	



Schmidt, M.; Fernandez de Mattos, S.; van der Horst, A.; Klompmaker, R.; Kops, G.J.; Lam, E.W.; Burgering, B.M.; Medema, R.H. Cell cycle inhibition by FoxO forkhead transcription factors involves downregulation of cyclin D. Mol. Cell Biol. 2002, 22, 7842–7852. [Google Scholar] [CrossRef]

	



Lam, E.W.; Brosens, J.J.; Gomes, A.R.; Koo, C.Y. Forkhead box proteins: Tuning forks for transcriptional harmony. Nat. Rev. Cancer 2013, 13, 482–495. [Google Scholar] [CrossRef] [PubMed]

	



Stenmark, K.R.; Hu, C.J.; Pullamsetti, S.S. How Many FOXs Are There on The Road to Pulmonary Hypertension? Am. J. Respir. Crit. Care Med. 2018, 198, 704–707. [Google Scholar] [CrossRef] [PubMed]

	



Melincovici, C.S.; Bosca, A.B.; Susman, S.; Marginean, M.; Mihu, C.; Istrate, M.; Moldovan, I.M.; Roman, A.L.; Mihu, C.M. Vascular endothelial growth factor (VEGF)—Key factor in normal and pathological angiogenesis. Rom. J. Morphol. Embryol. 2018, 59, 455–467. [Google Scholar] [PubMed]

	



Bates, D.O.; Hillman, N.J.; Williams, B.; Neal, C.R.; Pocock, T.M. Regulation of microvascular permeability by vascular endothelial growth factors. J. Anat. 2002, 200, 581–597. [Google Scholar] [CrossRef] [PubMed]

	



Ferrara, N.; Gerber, H.P.; LeCouter, J. The biology of VEGF and its receptors. Nat. Med. 2003, 9, 669–676. [Google Scholar] [CrossRef] [PubMed]

	



Benjamin, L.E.; Keshet, E. Conditional switching of vascular endothelial growth factor (VEGF) expression in tumors: Induction of endothelial cell shedding and regression of hemangioblastoma-like vessels by VEGF withdrawal. Proc. Natl. Acad. Sci. USA 1997, 94, 8761–8766. [Google Scholar] [CrossRef]

	



Gerber, H.P.; Dixit, V.; Ferrara, N. Vascular endothelial growth factor induces expression of the antiapoptotic proteins Bcl-2 and A1 in vascular endothelial cells. J. Biol. Chem. 1998, 273, 13313–13316. [Google Scholar] [CrossRef]

	



Partovian, C.; Adnot, S.; Raffestin, B.; Louzier, V.; Levame, M.; Mavier, I.M.; Lemarchand, P.; Eddahibi, S. Adenovirus-mediated lung vascular endothelial growth factor overexpression protects against hypoxic pulmonary hypertension in rats. Am. J. Respir. Cell. Mol. Biol. 2000, 23, 762–771. [Google Scholar] [CrossRef]

	



O’Reilly, M.S.; Holmgren, L.; Shing, Y.; Chen, C.; Rosenthal, R.A.; Moses, M.; Lane, W.S.; Cao, Y.; Sage, E.H.; Folkman, J. Angiostatin: A novel angiogenesis inhibitor that mediates the suppression of metastases by a Lewis lung carcinoma. Cell 1994, 79, 315–328. [Google Scholar] [CrossRef]

	



Griscelli, F.; Li, H.; Bennaceur-Griscelli, A.; Soria, J.; Opolon, P.; Soria, C.; Perricaudet, M.; Yeh, P.; Lu, H. Angiostatin gene transfer: Inhibition of tumor growth in vivo by blockage of endothelial cell proliferation associated with a mitosis arrest. Proc. Natl. Acad. Sci. USA 1998, 95, 6367–6372. [Google Scholar] [CrossRef]

	



Cao, Y.; Ji, R.W.; Davidson, D.; Schaller, J.; Marti, D.; Sohndel, S.; McCance, S.G.; O’Reilly, M.S.; Llinas, M.; Folkman, J. Kringle domains of human angiostatin. Characterization of the anti-proliferative activity on endothelial cells. J. Biol. Chem. 1996, 271, 29461–29467. [Google Scholar] [CrossRef] [PubMed]

	



Pascaud, M.A.; Griscelli, F.; Raoul, W.; Marcos, E.; Opolon, P.; Raffestin, B.; Perricaudet, M.; Adnot, S.; Eddahibi, S. Lung overexpression of angiostatin aggravates pulmonary hypertension in chronically hypoxic mice. Am. J. Respir. Cell Mol. Biol. 2003, 29, 449–457. [Google Scholar] [CrossRef] [PubMed]

	



Fessel, J.P.; Loyd, J.E.; Austin, E.D. The genetics of pulmonary arterial hypertension in the post-BMPR2 era. Pulm. Circ. 2011, 1, 305–319. [Google Scholar] [CrossRef] [PubMed]

	



Austin, E.D.; Loyd, J.E. The genetics of pulmonary arterial hypertension. Circ. Res. 2014, 115, 189–202. [Google Scholar] [CrossRef] [PubMed]

	



Reynolds, A.M.; Holmes, M.D.; Danilov, S.M.; Reynolds, P.N. Targeted gene delivery of BMPR2 attenuates pulmonary hypertension. Eur. Respir. J. 2012, 39, 329–343. [Google Scholar] [CrossRef] [PubMed]

	



Reynolds, A.M.; Xia, W.; Holmes, M.D.; Hodge, S.J.; Danilov, S.; Curiel, D.T.; Morrell, N.W.; Reynolds, P.N. Bone morphogenetic protein type 2 receptor gene therapy attenuates hypoxic pulmonary hypertension. Am. J. Physiol. Lung Cell Mol. Physiol. 2007, 292, L1182–L1192. [Google Scholar] [CrossRef] [PubMed]

	



Hastie, E.; Samulski, R.J. Adeno-associated virus at 50: A golden anniversary of discovery, research, and gene therapy success--a personal perspective. Hum. Gene Ther. 2015, 26, 257–265. [Google Scholar] [CrossRef]

	



Hernandez, Y.J.; Wang, J.; Kearns, W.G.; Loiler, S.; Poirier, A.; Flotte, T.R. Latent adeno-associated virus infection elicits humoral but not cell-mediated immune responses in a nonhuman primate model. J. Virol. 1999, 73, 8549–8558. [Google Scholar] [CrossRef]

	



Wu, Z.; Asokan, A.; Samulski, R.J. Adeno-associated virus serotypes: Vector toolkit for human gene therapy. Mol. Ther. 2006, 14, 316–327. [Google Scholar] [CrossRef]

	



Naso, M.F.; Tomkowicz, B.; Perry, W.L., 3rd; Strohl, W.R. Adeno-Associated Virus (AAV) as a Vector for Gene Therapy. BioDrugs 2017, 31, 317–334. [Google Scholar] [CrossRef]

	



Weitzman, M.D.; Linden, R.M. Adeno-associated virus biology. Methods Mol. Biol. 2011, 807, 1–23. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, A. In vivo tissue-tropism of adeno-associated viral vectors. Curr. Opin. Virol. 2016, 21, 75–80. [Google Scholar] [CrossRef] [PubMed]

	



Samulski, R.J.; Berns, K.I.; Tan, M.; Muzyczka, N. Cloning of adeno-associated virus into pBR322: Rescue of intact virus from the recombinant plasmid in human cells. Proc. Natl. Acad. Sci. USA 1982, 79, 2077–2081. [Google Scholar] [CrossRef] [PubMed]

	



Hermonat, P.L.; Muzyczka, N. Use of adeno-associated virus as a mammalian DNA cloning vector: Transduction of neomycin resistance into mammalian tissue culture cells. Proc. Natl. Acad. Sci. USA 1984, 81, 6466–6470. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, Y.; Ikeda, U.; Ogasawara, Y.; Urabe, M.; Takizawa, T.; Saito, T.; Colosi, P.; Kurtzman, G.; Shimada, K.; Ozawa, K. Gene transfer into vascular cells using adeno-associated virus (AAV) vectors. Cardiovasc. Res. 1997, 35, 514–521. [Google Scholar] [CrossRef]

	



Teramoto, S.; Ishii, T.; Matsuse, T. Variables pertinent to the efficiency of adeno-associated virus (AAV) vectors mediated gene transfer to human vascular endothelial cells. Hypertens. Res. 2001, 24, 437–443. [Google Scholar] [CrossRef]

	



Sen, S.; Conroy, S.; Hynes, S.O.; McMahon, J.; O’Doherty, A.; Bartlett, J.S.; Akhtar, Y.; Adegbola, T.; Connolly, C.E.; Sultan, S.; et al. Gene delivery to the vasculature mediated by low-titre adeno-associated virus serotypes 1 and 5. J. Gene Med. 2008, 10, 143–151. [Google Scholar] [CrossRef]

	



Gnatenko, D.; Arnold, T.E.; Zolotukhin, S.; Nuovo, G.J.; Muzyczka, N.; Bahou, W.F. Characterization of recombinant adeno-associated virus-2 as a vehicle for gene delivery and expression into vascular cells. J. Investig. Med. 1997, 45, 87–98. [Google Scholar]

	



Chen, S.; Kapturczak, M.; Loiler, S.A.; Zolotukhin, S.; Glushakova, O.Y.; Madsen, K.M.; Samulski, R.J.; Hauswirth, W.W.; Campbell-Thompson, M.; Berns, K.I.; et al. Efficient transduction of vascular endothelial cells with recombinant adeno-associated virus serotype 1 and 5 vectors. Hum. Gene Ther. 2005, 16, 235–247. [Google Scholar] [CrossRef]

	



Zabner, J.; Seiler, M.; Walters, R.; Kotin, R.M.; Fulgeras, W.; Davidson, B.L.; Chiorini, J.A. Adeno-associated virus type 5 (AAV5) but not AAV2 binds to the apical surfaces of airway epithelia and facilitates gene transfer. J. Virol. 2000, 74, 3852–3858. [Google Scholar] [CrossRef]

	



Bowles, D.E.; McPhee, S.W.; Li, C.; Gray, S.J.; Samulski, J.J.; Camp, A.S.; Li, J.; Wang, B.; Monahan, P.E.; Rabinowitz, J.E.; et al. Phase 1 gene therapy for Duchenne muscular dystrophy using a translational optimized AAV vector. Mol. Ther. 2012, 20, 443–455. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, J.S.; Li, C.; DiPrimio, N.; Weinberg, M.S.; McCown, T.J.; Samulski, R.J. Mutagenesis of adeno-associated virus type 2 capsid protein VP1 uncovers new roles for basic amino acids in trafficking and cell-specific transduction. J. Virol. 2010, 84, 8888–8902. [Google Scholar] [CrossRef] [PubMed]

	



Lompre, A.M.; Hadri, L.; Merlet, E.; Keuylian, Z.; Mougenot, N.; Karakikes, I.; Chen, J.; Atassi, F.; Marchand, A.; Blaise, R.; et al. Efficient transduction of vascular smooth muscle cells with a translational AAV2.5 vector: A new perspective for in-stent restenosis gene therapy. Gene Ther. 2013, 20, 901–912. [Google Scholar] [CrossRef]

	



Korbelin, J.; Sieber, T.; Michelfelder, S.; Lunding, L.; Spies, E.; Hunger, A.; Alawi, M.; Rapti, K.; Indenbirken, D.; Muller, O.J.; et al. Pulmonary Targeting of Adeno-associated Viral Vectors by Next-generation Sequencing-guided Screening of Random Capsid Displayed Peptide Libraries. Mol. Ther. 2016, 24, 1050–1061. [Google Scholar] [CrossRef] [PubMed]

	



Hayes, A.J.; Huang, W.Q.; Mallah, J.; Yang, D.; Lippman, M.E.; Li, L.Y. Angiopoietin-1 and its receptor Tie-2 participate in the regulation of capillary-like tubule formation and survival of endothelial cells. Microvasc. Res. 1999, 58, 224–237. [Google Scholar] [CrossRef] [PubMed]

	



Davis, S.; Aldrich, T.H.; Jones, P.F.; Acheson, A.; Compton, D.L.; Jain, V.; Ryan, T.E.; Bruno, J.; Radziejewski, C.; Maisonpierre, P.C.; et al. Isolation of angiopoietin-1, a ligand for the TIE2 receptor, by secretion-trap expression cloning. Cell 1996, 87, 1161–1169. [Google Scholar] [CrossRef]

	



Dewachter, L.; Adnot, S.; Fadel, E.; Humbert, M.; Maitre, B.; Barlier-Mur, A.M.; Simonneau, G.; Hamon, M.; Naeije, R.; Eddahibi, S. Angiopoietin/Tie2 pathway influences smooth muscle hyperplasia in idiopathic pulmonary hypertension. Am. J. Respir. Crit. Care Med. 2006, 174, 1025–1033. [Google Scholar] [CrossRef]

	



Sullivan, C.C.; Du, L.; Chu, D.; Cho, A.J.; Kido, M.; Wolf, P.L.; Jamieson, S.W.; Thistlethwaite, P.A. Induction of pulmonary hypertension by an angiopoietin 1/TIE2/serotonin pathway. Proc. Natl. Acad. Sci. USA 2003, 100, 12331–12336. [Google Scholar] [CrossRef]

	



Kido, M.; Du, L.; Sullivan, C.C.; Deutsch, R.; Jamieson, S.W.; Thistlethwaite, P.A. Gene transfer of a TIE2 receptor antagonist prevents pulmonary hypertension in rodents. J. Thorac. Cardiovasc. Surg. 2005, 129, 268–276. [Google Scholar] [CrossRef]

	



Zhao, Y.D.; Campbell, A.I.; Robb, M.; Ng, D.; Stewart, D.J. Protective role of angiopoietin-1 in experimental pulmonary hypertension. Circ. Res. 2003, 92, 984–991. [Google Scholar] [CrossRef]

	



Peacock, A. Vasodilators in pulmonary hypertension. Thorax 1993, 48, 1196–1199. [Google Scholar] [CrossRef] [PubMed]

	



Majed, B.H.; Khalil, R.A. Molecular mechanisms regulating the vascular prostacyclin pathways and their adaptation during pregnancy and in the newborn. Pharmacol. Rev. 2012, 64, 540–582. [Google Scholar] [CrossRef] [PubMed]

	



Tuder, R.M.; Cool, C.D.; Geraci, M.W.; Wang, J.; Abman, S.H.; Wright, L.; Badesch, D.; Voelkel, N.F. Prostacyclin synthase expression is decreased in lungs from patients with severe pulmonary hypertension. Am. J. Respir. Crit. Care Med. 1999, 159, 1925–1932. [Google Scholar] [CrossRef] [PubMed]

	



Takemiya, K.; Kai, H.; Yasukawa, H.; Tahara, N.; Kato, S.; Imaizumi, T. Mesenchymal stem cell-based prostacyclin synthase gene therapy for pulmonary hypertension rats. Basic Res. Cardiol. 2010, 105, 409–417. [Google Scholar] [CrossRef] [PubMed]

	



Kawakami, T.; Kanazawa, H.; Satoh, T.; Ieda, M.; Ieda, Y.; Kimura, K.; Mochizuki, H.; Shimada, T.; Yokoyama, C.; Ogawa, S.; et al. AAV-PGIS gene transfer improves hypoxia-induced pulmonary hypertension in mice. Biochem. Biophys. Res. Commun. 2007, 363, 656–661. [Google Scholar] [CrossRef] [PubMed]

	



Kataoka, M.; Kawakami, T.; Tamura, Y.; Yoshino, H.; Satoh, T.; Tanabe, T.; Fukuda, K. Gene transfer therapy by either type 1 or type 2 adeno-associated virus expressing human prostaglandin I2 synthase gene is effective for treatment of pulmonary arterial hypertension. J. Cardiovasc. Pharmacol. Ther. 2013, 18, 54–59. [Google Scholar] [CrossRef]

	



Ito, T.; Okada, T.; Mimuro, J.; Miyashita, H.; Uchibori, R.; Urabe, M.; Mizukami, H.; Kume, A.; Takahashi, M.; Ikeda, U.; et al. Adenoassociated virus-mediated prostacyclin synthase expression prevents pulmonary arterial hypertension in rats. Hypertension 2007, 50, 531–536. [Google Scholar] [CrossRef]

	



Gubrij, I.B.; Martin, S.R.; Pangle, A.K.; Kurten, R.; Johnson, L.G. Attenuation of monocrotaline-induced pulmonary hypertension by luminal adeno-associated virus serotype 9 gene transfer of prostacyclin synthase. Hum. Gene Ther. 2014, 25, 498–505. [Google Scholar] [CrossRef]

	



Ito, T.; Ikeda, U. Inflammatory cytokines and cardiovascular disease. Curr. Drug Targets Inflamm. Allergy 2003, 2, 257–265. [Google Scholar] [CrossRef]

	



Mazighi, M.; Pelle, A.; Gonzalez, W.; Mtairag el, M.; Philippe, M.; Henin, D.; Michel, J.B.; Feldman, L.J. IL-10 inhibits vascular smooth muscle cell activation in vitro and in vivo. Am. J. Physiol. Heart Circ. Physiol. 2004, 287, H866–H871. [Google Scholar] [CrossRef]

	



Chen, S.; Kapturczak, M.H.; Wasserfall, C.; Glushakova, O.Y.; Campbell-Thompson, M.; Deshane, J.S.; Joseph, R.; Cruz, P.E.; Hauswirth, W.W.; Madsen, K.M.; et al. Interleukin 10 attenuates neointimal proliferation and inflammation in aortic allografts by a heme oxygenase-dependent pathway. Proc. Natl. Acad. Sci. USA 2005, 102, 7251–7256. [Google Scholar] [CrossRef] [PubMed]

	



Ito, T.; Okada, T.; Miyashita, H.; Nomoto, T.; Nonaka-Sarukawa, M.; Uchibori, R.; Maeda, Y.; Urabe, M.; Mizukami, H.; Kume, A.; et al. Interleukin-10 expression mediated by an adeno-associated virus vector prevents monocrotaline-induced pulmonary arterial hypertension in rats. Circ. Res. 2007, 101, 734–741. [Google Scholar] [CrossRef] [PubMed]

	



Yoshioka, T.; Okada, T.; Maeda, Y.; Ikeda, U.; Shimpo, M.; Nomoto, T.; Takeuchi, K.; Nonaka-Sarukawa, M.; Ito, T.; Takahashi, M.; et al. Adeno-associated virus vector-mediated interleukin-10 gene transfer inhibits atherosclerosis in apolipoprotein E-deficient mice. Gene Ther. 2004, 11, 1772–1779. [Google Scholar] [CrossRef]

	



Harvey, L.D.; Chan, S.Y. Emerging Metabolic Therapies in Pulmonary Arterial Hypertension. J. Clin. Med. 2017, 6, 43. [Google Scholar] [CrossRef] [PubMed]

	



Chemaly, E.R.; Troncone, L.; Lebeche, D. SERCA control of cell death and survival. Cell Calcium 2018, 69, 46–61. [Google Scholar] [CrossRef] [PubMed]

	



Lipskaia, L.; del Monte, F.; Capiod, T.; Yacoubi, S.; Hadri, L.; Hours, M.; Hajjar, R.J.; Lompre, A.M. Sarco/endoplasmic reticulum Ca2+-ATPase gene transfer reduces vascular smooth muscle cell proliferation and neointima formation in the rat. Circ. Res. 2005, 97, 488–495. [Google Scholar] [CrossRef] [PubMed]

	



Strauss, B.; Sassi, Y.; Bueno-Beti, C.; Ilkan, Z.; Raad, N.; Cacheux, M.; Bisserier, M.; Turnbull, I.C.; Kohlbrenner, E.; Hajjar, R.J.; et al. Intra-tracheal gene delivery of aerosolized SERCA2a to the lung suppresses ventricular arrhythmias in a model of pulmonary arterial hypertension. J. Mol. Cell Cardiol. 2019, 127, 20–30. [Google Scholar] [CrossRef]

	



Watanabe, S.; Ishikawa, K.; Plataki, M.; Bikou, O.; Kohlbrenner, E.; Aguero, J.; Hadri, L.; Zarragoikoetxea, I.; Fish, K.; Leopold, J.A.; et al. Safety and long-term efficacy of AAV1.SERCA2a using nebulizer delivery in a pig model of pulmonary hypertension. Pulm. Circ. 2018, 8, 2045894018799738. [Google Scholar] [CrossRef]

	



Champion, H.C.; Bivalacqua, T.J.; Greenberg, S.S.; Giles, T.D.; Hyman, A.L.; Kadowitz, P.J. Adenoviral gene transfer of endothelial nitric-oxide synthase (eNOS) partially restores normal pulmonary arterial pressure in eNOS-deficient mice. Proc. Natl. Acad. Sci. USA 2002, 99, 13248–13253. [Google Scholar] [CrossRef]

	



Zhao, Y.D.; Courtman, D.W.; Deng, Y.; Kugathasan, L.; Zhang, Q.; Stewart, D.J. Rescue of monocrotaline-induced pulmonary arterial hypertension using bone marrow-derived endothelial-like progenitor cells: Efficacy of combined cell and eNOS gene therapy in established disease. Circ. Res. 2005, 96, 442–450. [Google Scholar] [CrossRef]

	



Zhao, Y.D.; Courtman, D.W.; Ng, D.S.; Robb, M.J.; Deng, Y.P.; Trogadis, J.; Han, R.N.; Stewart, D.J. Microvascular regeneration in established pulmonary hypertension by angiogenic gene transfer. Am. J. Respir. Cell Mol. Biol. 2006, 35, 182–189. [Google Scholar] [CrossRef] [PubMed]

	



Ono, M.; Sawa, Y.; Matsumoto, K.; Nakamura, T.; Kaneda, Y.; Matsuda, H. In vivo gene transfection with hepatocyte growth factor via the pulmonary artery induces angiogenesis in the rat lung. Circulation 2002, 106, I264–I269. [Google Scholar] [PubMed]

	



Reynolds, P.N. Gene therapy for pulmonary hypertension: Prospects and challenges. Expert Opin. Biol. Ther. 2011, 11, 133–143. [Google Scholar] [CrossRef] [PubMed]

	



Katz, M.G.; Fargnoli, A.S.; Gubara, S.M.; Fish, K.; Weber, T.; Bridges, C.R.; Hajjar, R.J.; Ishikawa, K. Targeted Gene Delivery through the Respiratory System: Rationale for Intratracheal Gene Transfer. J. Cardiovasc. Dev. Dis. 2019, 6, 8. [Google Scholar] [CrossRef] [PubMed]

	



Auricchio, A.; O’Connor, E.; Weiner, D.; Gao, G.P.; Hildinger, M.; Wang, L.; Calcedo, R.; Wilson, J.M. Noninvasive gene transfer to the lung for systemic delivery of therapeutic proteins. J. Clin. Investig. 2002, 110, 499–504. [Google Scholar] [CrossRef] [PubMed]

	



Henning, A.; Hein, S.; Schneider, M.; Bur, M.; Lehr, C.M. Pulmonary drug delivery: Medicines for inhalation. Handb. Exp. Pharmacol. 2010, 197, 171–192. [Google Scholar] [CrossRef]

	



Gauldie, J.; Graham, F.; Xing, Z.; Braciak, T.; Foley, R.; Sime, P.J. Adenovirus-vector-mediated cytokine gene transfer to lung tissue. Ann. N. Y. Acad. Sci. 1996, 796, 235–244. [Google Scholar] [CrossRef]

	



Danel, C.; Erzurum, S.C.; Prayssac, P.; Eissa, N.T.; Crystal, R.G.; Herve, P.; Baudet, B.; Mazmanian, M.; Lemarchand, P. Gene therapy for oxidant injury-related diseases: Adenovirus-mediated transfer of superoxide dismutase and catalase cDNAs protects against hyperoxia but not against ischemia-reperfusion lung injury. Hum. Gene Ther. 1998, 9, 1487–1496. [Google Scholar] [CrossRef]

	



Vieillard-Baron, A.; Frisdal, E.; Raffestin, B.; Baker, A.H.; Eddahibi, S.; Adnot, S.; D’Ortho, M.P. Inhibition of matrix metalloproteinases by lung TIMP-1 gene transfer limits monocrotaline-induced pulmonary vascular remodeling in rats. Hum. Gene Ther. 2003, 14, 861–869. [Google Scholar] [CrossRef]

	



Song, Y.K.; Liu, F.; Liu, D. Enhanced gene expression in mouse lung by prolonging the retention time of intravenously injected plasmid DNA. Gene Ther 1998, 5, 1531–1537. [Google Scholar] [CrossRef]

	



Li, S.; Tseng, W.C.; Stolz, D.B.; Wu, S.P.; Watkins, S.C.; Huang, L. Dynamic changes in the characteristics of cationic lipidic vectors after exposure to mouse serum: Implications for intravenous lipofection. Gene Ther. 1999, 6, 585–594. [Google Scholar] [CrossRef] [PubMed]

	



van Haasteren, J.; Hyde, S.C.; Gill, D.R. Lessons learned from lung and liver in-vivo gene therapy: Implications for the future. Expert Opin. Biol. Ther. 2018, 18, 959–972. [Google Scholar] [CrossRef] [PubMed]

	



Ramamoorth, M.; Narvekar, A. Non viral vectors in gene therapy- an overview. J. Clin. Diagn. Res. 2015, 9, GE01–GE06. [Google Scholar] [CrossRef] [PubMed]

	



Alton, E.; Armstrong, D.K.; Ashby, D.; Bayfield, K.J.; Bilton, D.; Bloomfield, E.V.; Boyd, A.C.; Brand, J.; Buchan, R.; Calcedo, R.; et al. Repeated nebulisation of non-viral CFTR gene therapy in patients with cystic fibrosis: A randomised, double-blind, placebo-controlled, phase 2b trial. Lancet Respir. Med. 2015, 3, 684–691. [Google Scholar] [CrossRef]

	



Degiulio, J.V.; Kaufman, C.D.; Dean, D.A. The SP-C promoter facilitates alveolar type II epithelial cell-specific plasmid nuclear import and gene expression. Gene Ther. 2010, 17, 541–549. [Google Scholar] [CrossRef]

	



Manunta, M.D.I.; Tagalakis, A.D.; Attwood, M.; Aldossary, A.M.; Barnes, J.L.; Munye, M.M.; Weng, A.; McAnulty, R.J.; Hart, S.L. Delivery of ENaC siRNA to epithelial cells mediated by a targeted nanocomplex: A therapeutic strategy for cystic fibrosis. Sci. Rep. 2017, 7, 700. [Google Scholar] [CrossRef]

	



Stenmark, K.R.; Fagan, K.A.; Frid, M.G. Hypoxia-induced pulmonary vascular remodeling: Cellular and molecular mechanisms. Circ. Res. 2006, 99, 675–691. [Google Scholar] [CrossRef]

	



Ishihara, T.; Hayashi, E.; Yamamoto, S.; Kobayashi, C.; Tamura, Y.; Sawazaki, R.; Tamura, F.; Tahara, K.; Kasahara, T.; Ishihara, T.; et al. Encapsulation of beraprost sodium in nanoparticles: Analysis of sustained release properties, targeting abilities and pharmacological activities in animal models of pulmonary arterial hypertension. J. Control Release 2015, 197, 97–104. [Google Scholar] [CrossRef]

	



Milone, M.C.; O’Doherty, U. Clinical use of lentiviral vectors. Leukemia 2018, 32, 1529–1541. [Google Scholar] [CrossRef]

	



Dishart, K.L.; Denby, L.; George, S.J.; Nicklin, S.A.; Yendluri, S.; Tuerk, M.J.; Kelley, M.P.; Donahue, B.A.; Newby, A.C.; Harding, T.; et al. Third-generation lentivirus vectors efficiently transduce and phenotypically modify vascular cells: Implications for gene therapy. J. Mol. Cell Cardiol. 2003, 35, 739–748. [Google Scholar] [CrossRef]

	



Tan, P.H.; Xue, S.A.; Manunta, M.; Beutelspacher, S.C.; Fazekasova, H.; Alam, A.K.; McClure, M.O.; George, A.J. Effect of vectors on human endothelial cell signal transduction: Implications for cardiovascular gene therapy. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 462–467. [Google Scholar] [CrossRef] [PubMed]

	



Malmgaard, L. Induction and regulation of IFNs during viral infections. J. Interferon Cytokine Res. 2004, 24, 439–454. [Google Scholar] [CrossRef] [PubMed]

	



Philpott, N.J.; Nociari, M.; Elkon, K.B.; Falck-Pedersen, E. Adenovirus-induced maturation of dendritic cells through a PI3 kinase-mediated TNF-alpha induction pathway. Proc. Natl. Acad. Sci. USA 2004, 101, 6200–6205. [Google Scholar] [CrossRef] [PubMed]

	



Tan, P.H.; Beutelspacher, S.C.; Xue, S.A.; Wang, Y.H.; Mitchell, P.; McAlister, J.C.; Larkin, D.F.; McClure, M.O.; Stauss, H.J.; Ritter, M.A.; et al. Modulation of human dendritic-cell function following transduction with viral vectors: Implications for gene therapy. Blood 2005, 105, 3824–3832. [Google Scholar] [CrossRef]

	



Murata, T.; Hori, M.; Lee, S.; Nakamura, A.; Kohama, K.; Karaki, H.; Ozaki, H. Vascular endothelium has a local anti-adenovirus vector system and glucocorticoid optimizes its gene transduction. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 1796–1803. [Google Scholar] [CrossRef]

	



Brunetti-Pierri, N.; Ng, P. Progress towards the clinical application of helper-dependent adenoviral vectors for liver and lung gene therapy. Curr. Opin. Mol. Ther. 2006, 8, 446–454. [Google Scholar]

	



Sinn, P.L.; Burnight, E.R.; McCray, P.B., Jr. Progress and prospects: Prospects of repeated pulmonary administration of viral vectors. Gene Ther. 2009, 16, 1059–1065. [Google Scholar] [CrossRef]

	



Cao, H.; Ouyang, H.; Grasemann, H.; Bartlett, C.; Du, K.; Duan, R.; Shi, F.; Estrada, M.; Seigel, K.E.; Coates, A.L.; et al. Transducing Airway Basal Cells with a Helper-Dependent Adenoviral Vector for Lung Gene Therapy. Hum. Gene Ther. 2018, 29, 643–652. [Google Scholar] [CrossRef]

	



Moss, R.B.; Milla, C.; Colombo, J.; Accurso, F.; Zeitlin, P.L.; Clancy, J.P.; Spencer, L.T.; Pilewski, J.; Waltz, D.A.; Dorkin, H.L.; et al. Repeated aerosolized AAV-CFTR for treatment of cystic fibrosis: A randomized placebo-controlled phase 2B trial. Hum. Gene Ther. 2007, 18, 726–732. [Google Scholar] [CrossRef]

	



Katz, M.G.; Fargnoli, A.S.; Weber, T.; Hajjar, R.J.; Bridges, C.R. Use of Adeno-Associated Virus Vector for Cardiac Gene Delivery in Large-Animal Surgical Models of Heart Failure. Hum. Gene Ther. Clin. Dev. 2017, 28, 157–164. [Google Scholar] [CrossRef]

	



Daya, S.; Berns, K.I. Gene therapy using adeno-associated virus vectors. Clin. Microbiol. Rev. 2008, 21, 583–593. [Google Scholar] [CrossRef] [PubMed]

	



Chamberlain, K.; Riyad, J.M.; Weber, T. Expressing Transgenes That Exceed the Packaging Capacity of Adeno-Associated Virus Capsids. Hum. Gene Ther. Methods 2016, 27, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Verdera, H.C.; Kuranda, K.; Mingozzi, F. AAV Vector Immunogenicity in Humans: A Long Journey to Successful Gene Transfer. Mol. Ther. J. Am. Soc. Gene Ther. 2020, 28, 723–746. [Google Scholar] [CrossRef] [PubMed]

	



West, J.; Rodman, D.M. Gene therapy for pulmonary diseases. Chest 2001, 119, 613–617. [Google Scholar] [CrossRef] [PubMed]

	



Carregal-Romero, S.; Fadon, L.; Berra, E.; Ruiz-Cabello, J. MicroRNA Nanotherapeutics for Lung Targeting. Insights into Pulmonary Hypertension. Int. J. Mol. Sci. 2020, 21, 3253. [Google Scholar] [CrossRef] [PubMed]

	



Suen, C.M.; Mei, S.H.; Kugathasan, L.; Stewart, D.J. Targeted delivery of genes to endothelial cells and cell- and gene-based therapy in pulmonary vascular diseases. Compr. Physiol. 2013, 3, 1749–1779. [Google Scholar] [CrossRef] [PubMed]

	



Villiger, L.; Grisch-Chan, H.M.; Lindsay, H.; Ringnalda, F.; Pogliano, C.B.; Allegri, G.; Fingerhut, R.; Haberle, J.; Matos, J.; Robinson, M.D.; et al. Treatment of a metabolic liver disease by in vivo genome base editing in adult mice. Nat. Med. 2018, 24, 1519–1525. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 01179 g001 550] 





Figure 1. Non-viral and viral delivery systems in pulmonary vascular cells. 7‑NH2terminus-deleted dominant negative inhibitor of the MCP-1 (7ND MCP‑1); Angiopoietin 1 (Ang‑1); Angiotensin II (Ang II); Bone morphogenetic protein receptor type 2 (BMPR2); Cluster of differentiation 40 (CD‑40); Calcitonin gene-related peptide (CGRP); C‑X‑C chemokine receptor type 4 (CXCR-4); Galectin‑3 (Gal‑3); Fas-induced apoptosis (FIA); Forkhead box O1 (FoxO1); Hypoxia inducible factor‑1α (HIF‑1α); Inhibitor of kappa B mutant (IκBΔN); Intercellular adhesion molecule-1 (ICAM-1); Interleukin 10, (IL‑10); Monocyte chemoattractant protein-1 (MCP‑1); Nitric Oxide (NO); Nuclear factor κB (NF‑κB); Phosphatidylinositol 3-kinase (PI3K); Prolyl hydroxylase domain (PHD); Prostacyclin synthase (PGIS); Ras association domain family 1A (RASSF1A); Sarco‑/endoplasmic reticulum calcium-ATPase 2a (SERCA2a); SMC-specific Rho-associated coiled-coil containing protein kinase 2 (SM22α/ROCK2); Tissue inhibitor matrix metalloproteinase 1 (TIMP‑1); Transgelin (Tagln); Transient receptor potential-1 (Trp1); Tryptophan hydroxylase-1 (Tph1); Tyrosine-protein kinase receptor (Tie2); Twist related protein 1 (Twist); Vascular endothelial growth factor (VEGF); Voltage-gated potassium channel member 5 (Kv1.5); Zinc Finger Protein 580 (ZNF580). 
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