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Abstract

:

In a previous study, we constructed a lung-targeting lipopolyplex containing polyethyleneimine (PEI), 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA), and N-lauroylsarcosine (LS). The lipopolyplex exhibited an extremely high gene expression in the lung after intravenous administration. Here, we optimized the lipopolyplex and used it to deliver a TGF-β1 shRNA to treat refractory pulmonary fibrosis. We constructed several lipopolyplexes with pDNA, various cationic polymers, cationic lipids, and LS to select the most effective formulation. Then, the pDNA encoding shRNA against mouse TGF-β1 was encapsulated in the lipopolyplex and injected into mice with bleomycin-induced pulmonary fibrosis. After optimizing the lipopolyplex, dendrigraft poly-L-lysine (DGL) and DOTMA were selected as the appropriate cationic polymer and lipid, respectively. The lipopolyplex was constructed with a pDNA, DGL, DOTMA, and LS charge ratio of 1:2:2:4 showed the highest gene expression. After intravenous administration of the lipopolyplex, the highest gene expression was observed in the lung. In the in vitro experiment, the lipopolyplex delivered pDNA into the cells via endocytosis. As a result, the lipopolyplex containing pDNA encoding TGF-β1 shRNA significantly decreased hydroxyproline in the pulmonary fibrosis model mice. We have successfully inhibited pulmonary fibrosis using a novel lung-targeting lipopolyplex.






Keywords:


gene delivery; shRNA; nanoparticles; pulmonary fibrosis; N-lauroylsarcosine












1. Introduction


Gene therapy to the lungs has been studied in many genetic and refractory lung diseases, such as idiopathic pulmonary fibrosis (IPF) [1], asthma [2], and several types of lung cancer [3,4].



IPF is also a progressive, fatal lung disease. Nintedanib and pirfenidone, approved by the Food and Drug Administration to treat IPF in 2014 based on a positive phase 3 trial [5], are recommended in the 2015 ATS/ERS/JRS/ALAT clinical practice guidelines. These drugs are used to suppress IPF progression; however, they are not radical treatments. Furthermore, they cause side effects, such as critical nausea and diarrhea [6,7], in many patients. Therefore, gene therapy is increasingly considered as a new treatment; because it works via a different mechanism from that of existing drugs, it can be a radical treatment.



The transforming growth factor-β (TGF-β) family and platelet-derived growth factor are factors for exacerbation in IPF [8,9]. For example, TGF-β1 is important for promoting fibroblast activation, migration, infiltration, or hyperplasia. In addition, the excess extracellular matrix produced by TGF-β1 activation significantly contributes to IPF progression [10,11,12]. Moreover, it was reported in a review that suppressing fibrosis-related genes such as TGF-β1 with small interfering RNA (siRNA) or short hairpin RNA (shRNA) administered in the respiratory route inhibits IPF in model animals [13].



However, therapeutic delivery via the respiratory route to IPF patients is challenging due to the decreased respiratory function, thickened epithelial cells in the airway and lung, and increased mucosal secretion [14,15]. Therefore, there is a need for a delivery strategy that delivers gene medicine to the lung selectively after systemic administration.



In a previous study, we found that the gene delivered by a lipopolyplex containing N-lauroylsarcosine (LS) had a high level of expression in the lung after intravenous administration [16]. LS was reported as a low-toxicity biodegradable surfactant [17]. This lipopolyplex comprised pDNA, polyethylenimine (PEI), 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA), and LS. Different components presumably affect the contribution rates to gene expression in the lung. Multivariate analysis revealed that LS had the highest contribution rate to gene expression in the lung. Still, the biocompatibility and gene expression efficiency of the lipopolyplex should be improved before clinical application.



Thus, in this study, we constructed lipopolyplexes with various cationic polymers and lipids. Then, we compared their gene expressions before selecting an appropriate lipopolyplex. Next, we tested the lipopolyplex containing pDNA encoding TGF-β1 shRNA (psh-TGF-β1) as a treatment in the mouse model of IPF.




2. Materials and Methods


2.1. Chemicals


PEI (branched form, average molecular weight (MW): 25,000 Da) and LS (Aldrich Chemical Co., Milwaukee, WI, USA); dendrigraft poly-l-lysine (DGL) (Generation 5, MW: 172,300 Da, 963 lysine groups) (COLCOM SAS, Montpellier, France); DOTMA (Avanti Polar Lipid, Inc., Alabaster, AL, USA); 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) and 1,2-dioleoyl-3-dimethylammonium-propane (DODAP) (NOF America Corporation, White Plains, NY, USA); and poly-l-lysine (PLL), poly-l-arginine (PLA), and cholesteryl 3β-N-(dimethylaminoethyl)carbamate hydrochloride (DC-chol) (Sigma-Aldrich, St. Louis, MO, USA) were purchased. In addition, fetal bovine serum (FBS) (Biological Industries Ltd., Kibbutz Beit Haemek, Israel); the 100× antibiotic solution containing penicillin G, streptomycin, and l-glutamine (Wako Pure Chemical Industries, Ltd., Osaka, Japan); and Dulbecco’s Modified Eagle Medium (DMEM) (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) were also obtained.




2.2. Construction of pDNA


pCMV-Luc was constructed by subcloning the HindIII/XbaI firefly luciferase cDNA fragment from pGL3-control (Promega, Madison, WI, USA) into the polylinker of pcDNA3 (Invitrogen, Carlsbad, CA, USA). The pDNA vectors encoding negative control shRNA (psh-NTC, Cat No: TR30013) and TGF-β1 shRNA (psh-TGF-β1, Cat No: TG502269; OriGene Technologies, Inc., Rockville, MD, USA) were purchased. Cy3-pDNA was prepared using the Label IT Cy3 Labeling Kit (Takara Bio Inc., Shiga, Japan).




2.3. Preparation of the Lipopolyplexes


pDNA solution (1 mg/mL) and various cationic polymer solutions (10 mg/mL) were prepared in 5% glucose solution. Cationic lipids and LS were dissolved in ethanol as 10 mg/mL. The theoretical charge ratio of the cationic polymers to pDNA complexes was calculated as the molar ratio of cationic polymer nitrogen to pDNA phosphate. An appropriate amount of a stock cationic polymer solution was thoroughly mixed with a diluted solution of 1 mg/mL pDNA to prepare polyplexes (complexes of pDNA and cationic polymer) at a charge ratio of 0.5, 1, 2, or 4. The solutions were incubated at room temperature for 15 min. When preparing the lipopolyplexes, the theoretical charge ratio of cationic lipids to pDNA was calculated as the molar ratio of cationic lipid nitrogen to pDNA phosphate. Meanwhile, the theoretical charge ratio of LS to pDNA was calculated as the molar ratio of LS carboxylate to pDNA phosphate.



After the addition of cationic lipids in ethanol to polyplexes at a charge ratio of 0.5, 1, 2, or 4, the mixtures were incubated at room temperature for 15 min. In addition, the LS ethanol solution was added to the lipopolyplex at a charge ratio of 1, 2, 4, or 6, and the mixtures were incubated at room temperature for 15 min. Then, the mixtures contained approximately 10–24% (v/v) of ethanol.



For fluorescence microscopy, a lipopolyplex was constructed with Cy3-pDNA as described above. Finally, NBD-PE was added to the lipopolyplex to stain its lipid layer.




2.4. Animals


All animal care and experimental procedures were performed according to the Guidelines for Animal Experimentation of Nagasaki University with approval from the Institutional Animal Care and Use Committee (1710191419, 19 October 2017). All animals were housed under a 12 h dark–light cycle with ad libitum food and water. Five-week-old male ddY mice (Japan SLC, Inc., Shizuoka, Japan) were acclimatized to their new environment for at least 1 day before the experiments. Three to five mice were used for each group.




2.5. Physicochemical Characteristics of Lipopolyplexes


Lipopolyplexes were diluted with water and the particle sizes, polydispersity indexes (PDI), and ζ-potentials of various lipopolyplexes were measured using a Zetasizer Nano ZS (Malvern Instruments, Ltd., Malvern, UK). The particle sizes were shown as the ζ-average particle sizes.




2.6. In Vivo Gene Expression Experiments


Lipopolyplexes containing 40 μg of pCMV-Luc were injected into the tail vein of the mice at 200 μL per mouse. Then, the mice were sacrificed 6 h after administration. Next, their livers, kidneys, spleens, hearts, and lungs were dissected and homogenized with a lysis buffer (pH 7.8 and 0.1 M Tris/HCl buffer containing 0.05% Triton X-100 and 2 mM ethylenediaminetetraacetic acid) using a homogenizer (Omni TH-115, Yamato Scientific Co., Ltd., Tokyo, Japan). After the homogenates were centrifuged at 20,600× g for 5 min, the supernatants were used for luciferase assay.




2.7. Luciferase Assay


A lysate sample (10 µL) was mixed with 50 μL of luciferase assay buffer (Picagene, Toyo Ink, Tokyo, Japan) and immediately measured using a luminometer (Lumat LB 9507, EG&G Berthold, Bad Wildbad, Germany). The luciferase activity was indicated in relative light units (RLU) per g tissue for the in vivo experiments. The luciferase activities in the liver, kidney, spleen, heart, and lung dissected from the untreated mice were below 105 RLU/g tissue.




2.8. In Vitro Cellular Uptake of pDNA/DGL/DOTMA/LS


Lewis lung carcinoma LLC cells (Cell Resource Center for Biomedical Research, Tohoku University, Sendai, Japan) were maintained in DMEM containing 10% FBS in a humidified atmosphere with 5% CO2 at 37 °C before being plated onto four-well plates (Corning, Inc., Corning, NY, USA) at 3.0 × 10⁴ cells/well and in 500 µL medium. Then, the cells were treated with lipopolyplex containing Cy3-pDNA and NBD-PE after 24 h of preincubation to visualize the uptake of pDNA/DGL/DOTMA/LS. After 2 h of incubation, a culture medium containing 5 µg/mL Hoechst 33342 was added to the cells, and the cells were incubated at 37 °C in the dark for 15 min. The cells and fluorescence of Cy3-pDNA, NBD-PE, and Hoechst 33342 were measured by a BZ-X Analyzer (KEYENCE, Osaka, Japan) using a fixed-magnification lens (20×).




2.9. In Vivo Hydroxyproline Quantification


We established an IPF model in mice by intrabronchially administering 5 mg/kg bleomycin.



The mice were intravenously administered 5% glucose solution with pDNA/DGL/DOTMA/LS containing 40 μg of psh-TGF-β1 or psh-NTC 6 h before treatment with bleomycin. One week later, these mice were again treated with the same lipopolyplexes. Two weeks after the administration of bleomycin, the lungs were removed from the mice to measure the hydroxyproline levels using a Hydroxyproline Assay Kit (Sigma-Aldrich, St. Louis, MO, USA).




2.10. Statistical Analysis


Multiple comparisons among the groups were performed using the Fisher’s LSD test. A difference with a p-value less than 0.05 was considered statistically significant.





3. Results


3.1. Effect of Cationic Polymers on Particle Size and ζ-Potential of Lipopolyplexes


We used four kinds of cationic polymers, namely PEI, PLL, PLA, and DGL. In addition, the pDNA, a cationic polymer, DOTMA, and LS were mixed at a charge ratio of 1:2:2:4. The particle sizes of all the lipopolyplexes were around 200 nm, and the ζ-potential was around 15 mV in all cases (Table 1).




3.2. Effect of Cationic Polymers on the Lung Transfection Efficiency of Lipopolyplexes


The lipopolyplexes containing PEI, PLL, PLA, or DGL were administered to the mice to compare their gene expression in the lung. pDNA/PEI/DOTMA/LS exhibited a high luciferase activity of more than 1 × 108 RLU/g tissue (Figure 1). Contrarily, the lipopolyplexes containing PLL and PLA exhibited significantly lower luciferase activity than pDNA/PEI/DOTMA/LS (p < 0.05). pDNA/DGL/DOTMA/LS also showed a luciferase gene expression comparable to that of pDNA/PEI/DOTMA/LS. DGL is known to be a biodegradable cationic polymer and more suitable for in vivo applications than PEI. Therefore, we used DGL as a component of the lipopolyplex in the subsequent experiments.




3.3. Effect of Cationic Lipids on Particle Size and ζ-Potential of Lipopolyplexes


The sizes of the lipopolyplexes containing DOTMA, DOTAP, or DC-chol were approximately 210 nm. Contrarily, pDNA/DGL/DODAP/LS was aggregated. In addition, the ζ-potentials of the lipopolyplexes containing DOTMA and DOTAP were around 12 mV. Moreover, the ζ-potentials of the lipopolyplexes containing DODAP and DC-chol were about 3 and 29 mV, respectively (Table 2).




3.4. Effect of Cationic Lipids on the Lung Transfection Efficiency of Lipopolyplexes


The lipopolyplexes containing DOTMA, DOTAP, DODAP, or DC-chol were intravenously administered to the mice, and their respective gene expression in the lung was determined. pDNA/DGL/DOTMA/LS exhibited a significantly higher luciferase activity compared with other lipopolyplexes (p < 0.01) (Figure 2). Therefore, we used DOTMA as a component of the lipopolyplex in the subsequent experiments.




3.5. Effect of Charge Ratio on the Gene Expression of pDNA/DGL/DOTMA/LS in the Lung


pDNA/DGL/DOTMA/LS lipopolyplexes with different charge ratios were constructed, and their transfection efficiency in the lung was determined. The highest luciferase activity was observed at the charge ratio of 1:2:2:4 (in Figure 3); therefore, the pDNA/DGL/DOTMA/LS lipopolyplex with this charge ratio was used in the subsequent experiments.




3.6. In Vivo Distribution of Gene Expression by pDNA/DGL/DOTMA/LS


The gene expression in the liver, kidney, spleen, heart, and lung was determined after the intravenous administration of pDNA/DGL/DOTMA/LS. The luciferase activity in the lungs was significantly higher than that in the liver, kidney, spleen, and heart (p < 0.01) (Figure 4a). In addition, according to in vivo bioluminescence image, the highest luminescence was observed around the lung (Figure 4b).




3.7. Intracellular Uptake Pathway of pDNA/DGL/DOTMA/LS


The intracellular uptake of the lipopolyplexes in LLC cells was observed using a fluorescence microscope (Figure 5). The nucleus was stained with Hoechst 33342 (blue), the lipid layer of pDNA/DGL/DOTMA/LS was stained with NBD-PE (green), and pDNA was labeled with Cy3 (red). Many green and red dots were observed in the cytosol, and yellow dots, indicating the complexes of the green-labeled lipid layer and red-labeled pDNA, were detected in the merged images (Figure 5e).




3.8. Effect of pDNA/DGL/DOTMA/LS Containing psh-TGF-β1 on the Mice with IPF


The mice with bleomycin-induced IPF were generated and treated with pDNA/DGL/DOTMA/LS containing psh-TGF-β1. The level of fibrosis was determined by measuring the hydroxyproline in the lung. The amount of hydroxyproline was significantly reduced in the group receiving the pDNA/DGL/DOTMA/LS containing psh-TGF-β1 as compared with the control group receiving 5% glucose solution (p < 0.05, Figure 6). Meanwhile, the pDNA/DGL/DOTMA/LS containing psh-NTC had a negligible effect on the mice with induced IPF.





4. Discussion


The lung is an essential organ as it exchanges carbon dioxide for oxygen and adjusts the blood pH. There are several intractable lung diseases, such as IPF and pulmonary arterial hypertension. Various drugs have been developed for those lung diseases; however, none of them is a radical treatment. The suppression of TGF-β1 in the lung using siRNA or shRNA was reported to be one promising treatment for IPF in a preclinical study [9]. Although the respiratory administration of siRNA and shRNA is an effective and safe delivery method, it can be physically difficult for patients with decreased lung function [14]. Therefore, there is a need for a different method of delivering siRNA and shRNA to the lung.



In a previous study, we found that a pDNA/PEI/DOTMA/LS lipopolyplex exhibited an extremely high gene expression in the lung at 6 h after administration, and LS contributed to the lung gene expression as 76.7% of the contribution index [16]. The contribution indexes of PEI and DOTMA were low; however, different kinds of cationic polymers and lipids might affect the transfection efficiency of the lipopolyplex. In this study, we constructed various lipopolyplexes with different cationic polymers and lipids and compared their transfection efficiencies in the lung.



To examine the effect of a cationic polymer on the transfection efficiency of a lipopolyplex, we constructed lipopolyplexes with PEI, PLL, PLA, or DGL. Biodegradable PLL, PLA, and DGL have been widely used for nonviral gene delivery. After intravenous administration, the lipopolyplexes containing PLL and PLA demonstrated significantly lower lung gene expressions compared with pDNA/PEI/DOTMA/LS. Meanwhile, pDNA/DGL/DOTMA/LS showed a level of gene expression in the lung comparable to that of pDNA/PEI/DOTMA/LS. However, there was a slight difference in the physicochemical properties among those lipopolyplexes.



In the in vitro experiments, pDNA/DGL/DOTMA/LS was shown to be taken by LLC cells via endocytosis, not membrane fusion, as the lipopolyplex was absorbed by the cells as a complex of pDNA and lipid. PEI destabilizes endosomal membranes with its pH buffering capacity, thus improving the cytoplasmic transfer of pDNA [18,19]. DGL also has a high pH buffering capacity because the spatial density of cations is increased by the sterically crowded structure [20]. Contrarily, PLL and PLA demonstrate low endosome escape because of their low pH buffering capacities [21]. These reports suggest that the pH buffering capacity of a cationic polymer is important for the transfection efficiencies of the lipopolyplexes.



We constructed four kinds of lipopolyplexes containing DOTMA, DOTAP, DODAP, and DC-chol. pDNA/DGL/DODAP/LS was aggregated and PDI of the lipopolyplex was over 0.7; however, other lipopolyplexes were stably constructed. Particles with a strong charge repel each other. Meanwhile, particles with a nearly neutral charge have a weak repulsive force, and the bonding between these particles is considered to be induced by hydrophobic interactions. The cationic charge of DODAP due to the secondary amine is insufficient for constructing stable nanoparticles at pH 7.4. The lipopolyplexes containing DOTMA or DOTAP had lower ζ-potentials than pDNA/DGL/DC-chol/LS, likely due to the formation of lipid bilayers of the cationic lipids. After intravenous administration, pDNA/DGL/DODAP/LS exhibited low gene expressions in the lung. The low gene expression of pDNA/DGL/DODAP/LS was likely caused by aggregation. Meanwhile, lipopolyplexes containing DOTMA or DOTAP showed high gene expressions, and pDNA/DGL/DOTMA/LS showed the highest gene expression. The uptake mechanism of pDNA/DGL/DOTMA/LS was demonstrated to be endocytosis, not membrane fusion. DOTMA and DOTAP destabilize membranes by acidulation after endocytosis [22,23,24]. Contrarily, pDNA/DGL/DC-chol/LS was found to have low gene expression despite its strong ζ-potential. The minimal membrane destabilizing effect of DC-chol [25] likely caused the low gene expression of pDNA/DGL/DC-chol/LS. Cationic lipids with high membrane fusion efficiency could show different results, and we would like to determine the effect of membrane fusion lipids on the transfection efficiency of the lipopolyplexes in the future. The difference in gene expression between the lipopolyplexes containing DOTMA and DOTAP might be due to their different chemical structures. DOTMA has ether bonds, whereas DOTAP has ester bonds. Ester bonds are susceptible to hydrolysis inside the body [26]. Thus, the stability of DOTMA might contribute to the high transfection efficiency of pDNA/DGL/DOTMA/LS in the lung.



Then, the optimal charge ratio for the components of pDNA/DGL/DOTMA/LS was determined. In a previous study, we demonstrated that the pDNA/PEI/DOTMA/LS ratio of 1:2:2:4 was the optimal charge ratio for pDNA/PEI/DOTMA/LS [16]. Next, we found that the charge ratio of 1:2:2:4 for pDNA/DGL/DOTMA/LS was also optimal. After optimizing the lipopolyplexes, we determined the detailed in vivo transfection efficiency of pDNA/DGL/DOTMA/LS. After intravenous administration of pDNA/DGL/DOTMA/LS, the gene expression in the lung was significantly higher than that in other organs, such as the liver, kidney, spleen, and heart. The highest gene expression in the lung was also observed using an in vivo imaging system.



Next, we tested a novel therapeutic method by applying pDNA/DGL/DOTMA/LS containing pDNA encoding shRNA against TGF-β1 (psh-TGF-β1) to mice with induced IPF. shRNA sequences are usually encoded in a pDNA vector, and shRNA is transcribed from the pDNA into the transfected cells. After transcription, shRNA is incorporated into the RNA-induced silencing complex and cleaves targeted mRNA for a long period [27,28,29]. Therefore, pDNA/DGL/DOTMA/LS containing psh-TGF-β1 could decrease the TGF-β1 protein expression in the lungs of mice with induced IPF. Here, we successfully decreased the amount of hydroxyproline in the lung via intravenous administration of the pDNA/DGL/DOTMA/LS containing psh-TGF-β1. The decrease in collagen accumulation suggests that fibrosis can be inhibited in the lung. In addition, pDNA/DGL/DOTMA/LS containing psh-NTC showed little effect on the hydroxyproline levels in the lung, indicating that the components of the lipopolyplex did not affect IPF. In the previous studies, nintedanib and pirfenidone were reported to decrease the lung hydroxyproline level in the IPF model mice by approximately two-thirds in certain conditions [30,31]. In this experiment, pDNA/DGL/DOTMA/LS containing psh-TGF-β1 showed an effect comparable to that of those medicines. These results indicate that pDNA/DGL/DOTMA/LS containing psh-TGF-β1 is suitable for treating IPF. However, further studies should be conducted to investigate the mechanisms and side effects of pDNA/DGL/DOTMA/LS containing psh-TGF-β1 in detail.







Author Contributions


Conceptualization, T.K., H.K., Y.K. and H.S.; methodology, T.K., J.H., K.S., H.H. and H.S.; formal analysis, T.K., T.N., K.S. and Y.K.; investigation, T.K. and H.K.; writing—original draft preparation, T.K. and H.K.; writing—review and editing, J.H., H.H., T.N., Y.K. and H.S.; supervision, H.S. and Y.K.; project administration, H.S. and Y.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Uehara Memorial Foundation and the Japan Society for the Promotion of Science (JSPS) KAKENHI grant number JP20K12649.




Institutional Review Board Statement


All animal care and experimental procedures were performed according to the Guidelines for Animal Experimentation of Nagasaki University with approval from the Institutional Animal Care and Use Committee (1710191419, 19 October 2017).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Skibba, M.; Drelich, A.; Poellmann, M.; Hong, S.; Brasier, A.R. Nanoapproaches to modifying epigenetics of epithelial mesenchymal transition for treatment of pulmonary fibrosis. Front. Pharmacol. 2020, 11, 607689. [Google Scholar] [CrossRef] [PubMed]

	



Factor, P. Gene therapy for asthma. Mol. Ther. 2003, 7, 148–152. [Google Scholar] [CrossRef]

	



Keedy, V.; Wang, W.; Schiller, J.; Chada, S.; Slovis, B.; Coffee, K.; Worrell, J.; Thet, L.A.; Johnson, D.H.; Carbone, D.P. Phase I study of adenovirus p53 administered by bronchoalveolar lavage in patients with bronchioloalveolar cell lung carcinoma: ECOG 6597. J. Clin. Oncol. 2008, 26, 4166–4171. [Google Scholar] [CrossRef] [PubMed]

	



Itani, R.; Al Faraj, A. siRNA Conjugated nanoparticles-a next generation strategy to treat lung cancer. Int. J. Mol. Sci. 2019, 20, 6088. [Google Scholar] [CrossRef]

	



Raghu, G.; Collard, H.R.; Egan, J.J.; Martinez, F.J.; Behr, J.; Brown, K.K.; Colby, T.V.; Cordier, J.F.; Flaherty, K.R.; Lasky, J.A.; et al. An official ATS/ERS/JRS/ALAT statement: Idiopathic pulmonary fibrosis: Evidence-based guidelines for diagnosis and management. Am. J. Respir. Crit. Care Med. 2011, 183, 788–824. [Google Scholar] [CrossRef]

	



Lancaster, L.H.; de Andrade, J.A.; Zibrak, J.D.; Padilla, M.L.; Albera, C.; Nathan, S.D.; Wijsenbeek, M.S.; Stauffer, J.L.; Kirchgaessler, K.U.; Costabel, U. Pirfenidone safety and adverse event management in idiopathic pulmonary fibrosis. Eur. Respir. Rev. 2017, 26. [Google Scholar] [CrossRef]

	



Distler, O.; Highland, K.B.; Gahlemann, M.; Azuma, A.; Fischer, A.; Mayes, M.D.; Raghu, G.; Sauter, W.; Girard, M.; Alves, M.; et al. Nintedanib for systemic sclerosis-associated interstitial lung disease. N. Engl. J. Med. 2019, 380, 2518–2528. [Google Scholar] [CrossRef]

	



Ong, C.H.; Tham, C.L.; Harith, H.H.; Firdaus, N.; Israf, D.A. TGF-beta-induced fibrosis: A review on the underlying mechanism and potential therapeutic strategies. Eur. J. Pharmacol. 2021, 911, 174510. [Google Scholar] [CrossRef]

	



D’Alessandro-Gabazza, C.N.; Kobayashi, T.; Boveda-Ruiz, D.; Takagi, T.; Toda, M.; Gil-Bernabe, P.; Miyake, Y.; Yasukawa, A.; Matsuda, Y.; Suzuki, N.; et al. Development and preclinical efficacy of novel transforming growth factor-beta1 short interfering RNAs for pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2012, 46, 397–406. [Google Scholar] [CrossRef]

	



Wynn, T.A. Cellular and molecular mechanisms of fibrosis. J. Pathol. 2008, 214, 199–210. [Google Scholar] [CrossRef]

	



Munger, J.S.; Huang, X.; Kawakatsu, H.; Griffiths, M.J.; Dalton, S.L.; Wu, J.; Pittet, J.F.; Kaminski, N.; Garat, C.; Matthay, M.A.; et al. The integrin alpha v beta 6 binds and activates latent TGF beta 1: A mechanism for regulating pulmonary inflammation and fibrosis. Cell 1999, 96, 319–328. [Google Scholar] [CrossRef]

	



Annes, J.P.; Munger, J.S.; Rifkin, D.B. Making sense of latent TGFbeta activation. J. Cell Sci. 2003, 116, 217–224. [Google Scholar] [CrossRef]

	



Ruigrok, M.J.R.; Frijlink, H.W.; Melgert, B.N.; Olinga, P.; Hinrichs, W.L.J. Gene therapy strategies for idiopathic pulmonary fibrosis: Recent advances, current challenges, and future directions. Mol. Ther. Methods Clin. Dev. 2021, 20, 483–496. [Google Scholar] [CrossRef]

	



Kukowska-Latallo, J.F.; Raczka, E.; Quintana, A.; Chen, C.; Rymaszewski, M.; Baker, J.R., Jr. Intravascular and endobronchial DNA delivery to murine lung tissue using a novel, nonviral vector. Hum. Gene Ther. 2000, 11, 1385–1395. [Google Scholar] [CrossRef]

	



Qiu, Y.; Lam, J.K.; Leung, S.W.; Liang, W. Delivery of RNAi therapeutics to the airways-from bench to bedside. Molecules 2016, 21, 1249. [Google Scholar] [CrossRef]

	



Kurosaki, T.; Kishikawa, R.; Matsumoto, M.; Kodama, Y.; Hamamoto, T.; To, H.; Niidome, T.; Takayama, K.; Kitahara, T.; Sasaki, H. Pulmonary gene delivery of hybrid vector, lipopolyplex containing N-lauroylsarcosine, via the systemic route. J. Control. Release 2009, 136, 213–219. [Google Scholar] [CrossRef]

	



Abraham, J.; Bhat, S.G. Permeabilization of baker’s yeast with N-lauroyl sarcosine. J. Ind. Microbiol. Biotechnol. 2008, 35, 799–804. [Google Scholar] [CrossRef]

	



Benjaminsen, R.V.; Mattebjerg, M.A.; Henriksen, J.R.; Moghimi, S.M.; Andresen, T.L. The possible “proton sponge” effect of polyethylenimine (PEI) does not include change in lysosomal pH. Mol. Ther. 2013, 21, 149–157. [Google Scholar] [CrossRef]

	



Vancha, A.R.; Govindaraju, S.; Parsa, K.V.; Jasti, M.; Gonzalez-Garcia, M.; Ballestero, R.P. Use of polyethyleneimine polymer in cell culture as attachment factor and lipofection enhancer. BMC Biotechnol. 2004, 4, 23. [Google Scholar] [CrossRef]

	



Kodama, Y.; Nishigaki, W.; Nakamura, T.; Fumoto, S.; Nishida, K.; Kurosaki, T.; Nakagawa, H.; Kitahara, T.; Muro, T.; Sasaki, H. Splenic delivery system of pDNA through complexes electrostatically constructed with protamine and chondroitin sulfate. Biol. Pharm. Bull. 2018, 41, 342–349. [Google Scholar] [CrossRef]

	



Yamagata, M.; Kawano, T.; Shiba, K.; Mori, T.; Katayama, Y.; Niidome, T. Structural advantage of dendritic poly(L-lysine) for gene delivery into cells. Bioorg. Med. Chem. 2007, 15, 526–532. [Google Scholar] [CrossRef]

	



Kodama, Y.; Nakamura, T.; Kurosaki, T.; Egashira, K.; Mine, T.; Nakagawa, H.; Muro, T.; Kitahara, T.; Higuchi, N.; Sasaki, H. Biodegradable nanoparticles composed of dendrigraft poly-L-lysine for gene delivery. Eur. J. Pharm. Biopharm. 2014, 87, 472–479. [Google Scholar] [CrossRef]

	



Stamatatos, L.; Leventis, R.; Zuckermann, M.J.; Silvius, J.R. Interactions of cationic lipid vesicles with negatively charged phospholipid vesicles and biological membranes. Biochemistry 1988, 27, 3917–3925. [Google Scholar] [CrossRef]

	



Hafez, I.M.; Maurer, N.; Cullis, P.R. On the mechanism whereby cationic lipids promote intracellular delivery of polynucleic acids. Gene Ther. 2001, 8, 1188–1196. [Google Scholar] [CrossRef]

	



Gao, X.; Huang, L. A novel cationic liposome reagent for efficient transfection of mammalian cells. Biochem. Biophys. Res. Commun. 1991, 179, 280–285. [Google Scholar] [CrossRef]

	



Mu, J.; Lin, J.; Huang, P.; Chen, X. Development of endogenous enzyme-responsive nanomaterials for theranostics. Chem. Soc. Rev. 2018, 47, 5554–5573. [Google Scholar] [CrossRef]

	



Moore, C.B.; Guthrie, E.H.; Huang, M.T.; Taxman, D.J. Short hairpin RNA (shRNA): Design, delivery, and assessment of gene knockdown. Methods Mol. Biol. 2010, 629, 141–158. [Google Scholar] [CrossRef]

	



Grimm, D.; Streetz, K.L.; Jopling, C.L.; Storm, T.A.; Pandey, K.; Davis, C.R.; Marion, P.; Salazar, F.; Kay, M.A. Fatality in mice due to oversaturation of cellular microRNA/short hairpin RNA pathways. Nature 2006, 441, 537–541. [Google Scholar] [CrossRef]

	



Suhy, D.A.; Kao, S.C.; Mao, T.; Whiteley, L.; Denise, H.; Souberbielle, B.; Burdick, A.D.; Hayes, K.; Wright, J.F.; Lavender, H.; et al. Safe, long-term hepatic expression of anti-HCV shRNA in a nonhuman primate model. Mol. Ther. 2012, 20, 1737–1749. [Google Scholar] [CrossRef]

	



Ruscitti, F.; Ravanetti, F.; Bertani, V.; Ragionieri, L.; Mecozzi, L.; Sverzellati, N.; Silva, M.; Ruffini, L.; Menozzi, V.; Civelli, M.; et al. Quantification of Lung Fibrosis in IPF-Like Mouse Model and Pharmacological Response to Treatment by Micro-Computed Tomography. Front. Pharmacol. 2020, 11, 1117. [Google Scholar] [CrossRef]

	



Bondue, B.; Castiaux, A.; Van Simaeys, G.; Mathey, C.; Sherer, F.; Egrise, D.; Lacroix, S.; Huaux, F.; Doumont, G.; Goldman, S. Absence of early metabolic response assessed by 18F-FDG PET/CT after initiation of antifibrotic drugs in IPF patients. Respir. Res. 2019, 20, 10. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 13 01983 g001 550] 





Figure 1. Effect of cationic polymers on the luciferase gene expression in the lung after the intravenous administration of various lipopolyplexes. Each value is expressed as mean ± S.E. (n = 4). * p < 0.05, comparison with pDNA/PEI/DOTMA/LS; # p < 0.05. 
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Figure 2. Effect of cationic lipids on the luciferase gene expression in the lung after the intravenous administration of various lipopolyplexes. Each value is expressed as mean ± S.E. (n = 4). ** p < 0.01. 
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Figure 3. Effect of charge ratios of DGL (a), DOTMA (b), or LS (c) on the luciferase gene expression in the lung after the intravenous administration of the pDNA/DGL/DOTMA/LS. Each value is expressed as mean ± S.E. (n = 3–4). * p < 0.05; ** p < 0.01. 
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Figure 4. In vivo distribution of gene expression by pDNA/DGL/DOTMA/LS. pDNA/DGL/DOTMA/LS was intravenously administered to the mice. Six hours after the administration, in vivo bioluminescence images were taken, and five organs were removed. (a) The luciferase activity in the organs was measured. (b) Bioluminescence imaging of a mouse was performed using an in vivo imaging system. Each value is expressed as mean ± S.E. (n = 4). ** p < 0.01. 
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Figure 5. Intracellular distribution of pDNA/DGL/DOTMA/LS. A phase-contrast image (a), nuclei staining with Hoechst 33342 (b), lipid layer stained with NBD-PE (c), Cy3-pDNA (d), and merged image (e) were taken at 20× magnification. Red scale bar, 50 µm. 
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Figure 6. Effect of pDNA/DGL/DOTMA/LS containing psh-TGF-β1 on the amount of hydroxyproline in the lung of the mice with bleomycin-induced IPF. Each value is expressed as mean ± S.E. (n = 4–5); * p < 0.05. 
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Table 1. Effect of cationic polymers on the particle size and ζ-potential of the lipopolyplexes.
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	Complex
	Size (nm)
	PDI
	ζ-Potential (mV)





	pDNA/PEI/DOTMA/LS
	185.1 ± 5.87
	0.24 ± 0.01
	16.7 ± 0.50



	pDNA/PLL/DOTMA/LS
	169.7 ± 4.71
	0.23 ± 0.01
	14.5 ± 0.10



	pDNA/PLA/DOTMA/LS
	179.5 ± 2.50
	0.21 ± 0.01
	17.8 ± 0.46



	pDNA/DGL/DOTMA/LS
	211.6 ± 2.20
	0.26 ± 0.01
	11.3 ± 0.36







Data are expressed as mean ± S.D.
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Table 2. Effect of cationic lipids on particle size and ζ-potential of lipopolyplexes.






Table 2. Effect of cationic lipids on particle size and ζ-potential of lipopolyplexes.





	Complex
	Size (nm)
	PDI
	ζ-Potential (mV)





	pDNA/DGL/DOTMA/LS
	211.6 ± 2.20
	0.25 ± 0.02
	11.3 ± 0.36



	pDNA/DGL/DOTAP/LS
	221.5 ± 10.97
	0.25 ± 0.03
	12.3 ± 0.70



	pDNA/DGL/DODAP/LS
	Aggregated
	0.74 ± 0.04
	2.93 ± 0.70



	pDNA/DGL/DC-chol/LS
	202.7 ± 10.17
	0.33 ± 0.03
	28.9 ± 0.42







Data are expressed as mean ± S.D.
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