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1. Supplementary experimental section 

1.1. In vitro cell cultures  

Three human epithelial cell lines were used: A549 (ATCC CCL-185), which are adenocarcinoma human alveolar basal 

epithelial cells; the human bronchial epithelial cells 16HBE-14o-; and the cystic fibrosis bronchial epithelial cells CFBE-

41o- [1]. They were grown in DMEM (A549) or EMEM (16HBE and CFBE), supplemented with 10% fetal bovine serum, 

1% antibiotic, and 1% L-glutamine (Lonza, Levallois-Perret, France). Incubations were carried out in an incubator at 37 

°C in a humidified atmosphere containing 5% CO2. Mucine isolated from porcine stomach, bovine serum albumin, and 

low-molecular weight DNA from salmon sperm (Sigma, Saint-Quentin-Fallavier, France) were used to prepare 10 

mg/mL stock solutions. 

1.2. In vitro transfection assays 

Twenty four hours before transfection, cells were seeded in 96 wellplates. Unless otherwise stated, lipoplexes were 

tested in the form of lipidic formulations as tested in animals. They were deposited dropwise into wells containing cells 

cultured under submerged condition. A further incubation for 24-48h was done before subsequent assays as described 

below. 

1.3. Luciferase and cell viability assays  

Following in vitro transfection with the luciferase-encoding pDNA (pGM144), the culture medium was removed and 

cells were lysed with Passive Lysis Buffer (Promega, Charbonnières-les-Bains, France). Luminescence and total protein 

content were quantified using the Luciferase Assay System kit (Promega) and the BC assay kit (Interchim, Montluçon, 

France), respectively. Luciferase expression was expressed as relative light units (RLU) per milligram of total proteins. 

Cell viability was determined using the Vialight Cell Proliferation & Cytotoxicity BioAssay Kit (Lonza). Results corre-

spond to means +/- SD, with n=3. 

1.4. CFTR western blot  

Following in vitro transfection with the CFTR-encoding pDNA (pCIK-CFTR), the culture medium was removed and 

cells were lysed and scraped with RIPA solution complemented with Complete Protease Inhibitor cocktail (Roche Di-

agnostics, Rotkreuz ZG, Switzerland). After dosage of total proteins following Lowry’s methodology, 150 µg were sep-

arated by SDS-PAGE (7.5%) and transferred to PVDF membranes (GE Healthcare, Tremblay-en-France, France). After 

blocking with a mixture of milk and Tris-Buffer Sulfate 1X/Tween 0.1%, the membranes were incubated first with either 

mouse monoclonal anti-CFTR antibody, clone M3A7 (1:500; Merck Millipore, Molsheim, France) or mouse monoclonal 

anti-Na+/K+ ATPase (α subunit) antibody, clone M7-PB-E9 (1:5000; Merck Millipore) then with HRP-conjugated sec-

ondary antibodies (1:20000; Santa-Cruz Biotechnologies, Heidelberg, Germany). A chemiluminescence reaction was 

performed with Illumina Forte Western HRP Substrate (Merck Millipore) and proteins of interest were visualized with 

the Chemi-Capt 5000 software (Vilber, Marne-la-Vallée, France).  

1.5. Transminase assays 

Before sacrificing, some animals were anesthetized by an intraperitoneal injection of ketamine/xylazine (100 and 10 

mg/kg body weight, respectively). Whole blood was collected via intracardiac puncture. Serum was obtained following 

overnight storage at 4 °C followed by centrifugation to collect the supernatant. Transaminase (alanine transaminase, 

ALT, and aspartate transaminase, AST) dosages were performed using the Elitech kit together with the Selectra E ap-

paratus (Elitech, Puteaux, France), according to the manufacturer's instructions and as previously reported [2,3]. Results 

were expressed as International Units per Liter (IU/L). 

1.6. In vitro antibacterial assays 

Staphylococcus aureus and Pseudomonas aeruginosa bacterial strains were used: RN4220 (ATCC 35556) [4] and Newman 

(ATCC 25904) [5] are laboratory and clinical S. aureus strains, respectively; PAL is a clinical P. aeruginosa strain that we 

have isolated from a CF patient sputum [6]. Minimal inhibitory concentrations (MIC) of lipidic formulations or amino-

glycosides were determined using a liquid broth micro-dilution method, as previously reported [6].  
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2. Supplementary Results 

2.1. Synopsis 

This study was conducted following the experimental plan depicted below, which allowed to highlight the potential of 

aminoglycoside-based cationic liposomes for aerosol mediated lung gene therapy. 

 

Synopsis. Rational experimental plan and main results obtained. 

2.2. Syntheses 

The cholesterol-based trimethylarsonium cationic lipid CholAs and the cholesterol-based imidazolium cationic lipid 

CholIm were obtained following two-step synthetic routes, as illustrated in Scheme 1 (see manuscript paper) and further 

detailed below. 

N-(2-iodoethyl) carbamoyl cholesterol (Step 1). Cholesteryl chloroformate (2.0 g, 4.50 mmol) and 2-iodoethanol (2.18 

g, 10.60 mmol) were dissolved in dry DCM (20 mL) at 0 °C (acetone/ice). Following addition of pyridine (1 mL), the 

reaction was stirred for 1 h at 0 °C and then overnight at RT. The organic solution was washed three times with 1 N HCl 

(2 × 30 mL), water (2 × 30 mL), dried with MgSO4, then filtered and concentrated. The crude was recrystallized from 

DCM/methanol to give a white powder (2.40 g, 92%). 1H NMR (400 MHz, CDCl3): δ 0.65 (s, 3H), 0.83-1.53 (m, 32H), 1.84-

1.97 (m, 5H), 2.40 (m, 2H), 3.30 (t, 2H, J= 7.0 Hz), 4.37 (t, 2H, J= 7.0 Hz), 4.49 (m, 1H), 4.57 (m, 2H), 5.39 (d, 1H) [7]. 

2.3.1. Synthesis of CholAs  

N-(2-trimethylarsonium ethyl) carbamoyl cholesterol (CholAs; Step 2a). N-(2-iodoethyl) carbamoyl cholesterol (500 

mg, 0.86 mmol) was dissolved in dry THF (2 mL) and trimethylarsine (207 mg, 1.72 mmol) was added. The reaction was 

refluxed for 72 h at 60 °C. Solvent was evaporated and the residue was purified by flash column chromatography with 

0-10% methanol in DCM to afford a white powder (362 mg, 60%). 1H NMR (400 MHz, CDCl3): δ 0.65 (s, 3H), 0.83-1.53 

(m, 32H), 1.84-1.97 (m, 5H), 2.29 (s, 9H), 2.34 (m, 2H), 3.26 (t, 2H, J= 6.0 Hz), 4.50 (m, 1H), 4.57 (m, 2H), 5.36 (d, 1H). 13C 

NMR (162 MHz, CDCl3): 10.1, 11.7, 18.6, 19.1, 20.9, 22.4, 22.7, 23.7, 24.1, 26.4, 27.5, 27.9, 28.1, 31.7, 31.8, 35.7, 36.0, 36.4, 

36.6, 37.8, 39.4, 39.6, 42.2, 49.8, 56.0, 56.5, 61.7, 78.8, 123.2, 138.8, 153.3. HRMS (Maldi-TOF) m/z: calc. For C33H58AsIO3: 

704.265 [M+H]+ Found : 704.638 (Spectra 1). 

Experimental plan Main results obtained

First studies using a panel of diverse lipids

1) Selection of 11 cationic lipids and 5 colipids
 Report of 2 original cationic lipids

2) Preparation of a series of lipidic formulations at high concentration
 Selection of highly concentrated stable formulations

3) Mixture of stable lipidic formulations with DNA at high concentration
 Selection of highly concentrated stable lipid/DNA mixtures

4) Aerosol delivery in mice lungs for safety and efficacy assessments 
 Safety for every aerosol
 Demonstration of diverse abilities to transfect mice lungs
 Identification of CholP/DOPE as a lead formulation

Further studies focusing on CholP/DOPE formulation

• In vivo: longitudinal follow-up following a single aerosol treatment
 Sustained luciferase transgene expression in mice lungs 

• In vivo: histology for efficacy and safety assessments following a single aerosol treatment
Widespread safe transgene expression in lungs

• In vitro and in vivo: aerosol delivery of a CFTR-encoding pDNA
 Strong CFTR expression in CFBE cells (in vitro)
 Discrete CFTR expression in mice lungs (in vivo)

• In vitro: evaluations under conditions closer to CF airways
Moderate resistance to mucus components

• In vitro: antibacterial assays using clinical bacterial strains
 No impact on antibiotic resistance in S. aureus and P. aeruginosa
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2.3.2. Synthesis of CholIm 

N-(1-methylimidazolium ethyl) carbamoyl cholesterol (CholIm; Step 2b). N-(2-iodoethyl) carbamoyl cholesterol (1.0 

g, 1.71 mmol) was suspended in an excess of N-methylimidazole (5 mL) and the reaction was stirred at 40 °C for 20 h. 

The end of the reaction was assessed by TLC (DCM/MeOH 10%). The excess of N-methylimidazole was evaporated by 

bubble-to-bubble distillation (100 °C, 7.2 10-2 Torr, 1 h) and the residue was purified by flash column chromatography 

with DCM/MeOH 0-10% to afford a brown waxy solid (684 mg, 60%). 1H NMR (400 MHz, CDCl3): δ 0.66 (s, 3H), 0.83-

1.73 (m, 46H), 2.35 (s, 2H), 4.13 (s, 3H), 4.30 (m, 1H), 4.52 (t, 2H, J= 7.0 Hz), 4.87 (t, 2H, J= 7.0 Hz), 5.39 (s, 1H), 7.34 (s, 

1H), 7.52 (s, 1H), 10.01 (s, 1H). 13C NMR (162 MHz, CDCl3): 11.4, 18.2, 18.8, 22.1, 22.3, 27.5, 27.8, 35.3, 36.0, 36.9, 37.4, 39.0, 

41.8, 48.6, 49.5, 55.7, 56.2, 64.9, 78.3, 122.7, 123.5, 138.6, 153.1 (Spectra 2). 
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A) 

 

B) 

 

Spectra 1. 1H NMR (A) and 13C NMR (B) spectra of CholAs.  



6 
 

A) 

 

B) 

 

Spectra 2. 1H NMR (A) and 13C NMR (B) spectra of CholIm. 
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3. Supplementary Figures and Tables 

Figure S1. Aerosol experimental set-up. 

Figure S2. DNA condensation (panel A) and size/zeta measurements (Table B) before (1) and then after (2) nebulization. 

Figure S3. Relationships between features of formulations and their gene transfer capabilities. 

Figure S4. Bioluminescence imaging performed up to 390 days after treatment of mice with a single aerosol of [(CholP/DOPE 1/2 

DP5K)+pGM144] CR2 PR2. 

Figure S5. H&E stain of trachea and lung sections. 

Figure S6. CFTR expression in human bronchial epithelial cell lines and in murine lungs following aerosol treatment with 

[(CholP/DOPE 1/2 DP5K) + pCIK-CFTR] CR2 PR2. 

Figure S7. In vitro transfection activity following deposition of lipoplexes mixed with increasing amounts of CF mucus components. 

Figure S8. Minimal inhibitory concentrations of two aminoglycosides and their cholesterol derivatives towards S. aureus and P. ae-

ruginosa. 

Figure S9. In vitro transfection activity following deposition of increasing doses of lipoplexes in the culture medium of bronchial 

epithelial cell lines. 

Table S1. Composition and physicochemical characterizations of additional liposomes performed (but not tested in animals). 

Table S2. Composition and physicochemical characterizations of additional lipoplexes performed (but not tested in animals). 

Table S3. Physicochemical follow-up during long-term storage at 4 °C of different preparations of two lipidic formulations (without 

DNA). 
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Figure S1. Aerosol experimental set-up. The schematic illustration in panel A shows the clinically-validated PARI LC PLUS nebulizer 

(https://www.pari.com/int/products/nebuliser-and-year-packs/pari-lc-plus-nebuliser/) ❶ (comprising: 1, inspiratory valve cap; 2, in-

sert; 3, semi-circle; 4, outlet; 5, reservoir; 6, air intake; 7, wing tip tubing) connected on one side to a flexible hose (supplying 2 bars 

pressurized air) ❷ and on the other side to a 55 cm tube ❸ conducting the aerosol generated to a Perspex box ❹ where mice can 

be housed. The aerosol reaches via an exit E1 a second compartment ❺ fitted over the cover of the exposure box. This second com-

partment allows exposure of other biological materials and to collect a sample of the aerosol. The aerosol finally goes out of the 

system via an exit E2. The picture in B shows the set-up placed under a hood, during aerosol treatment of 15 BALB/c mice.   
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B)    

Formulation 
Size (nm) PDI Zeta (mV) 

Mean SD Mean SD Mean SD 

F20 82 1 0.21 0.01 +37 1 

F20+L (1 -) 89 1 0.22 0.01 +15 1 

F20+L (2a -) 122 1 0.20 0.01 +10 1 

F20+L (2b -) 102 2 0.23 0.01 +15 1 

 

Formulation 
Size (nm) PDI Zeta (mV) 

Mean SD Mean SD Mean SD 

F18 294 3 0.27 0.02 +55 1 

F18+L (1 -) 262 5 0.22 0.04 +30 1 

F18+L (2a -) 265 3 0.27 0.01 +26 1 

F18+L (2b -) 332 7 0.33 0.08 +26 1 

       

Figure S2. Gel retardation (panel A) and size/zeta measurements (Table B) before (1) and then after (2) nebulization: representative 

results obtained with [(CholP/DOPE 1/2 DP5K) + pGM144] CR2 PR2 (F20+L) and [(GL67/DOPE 1/2 DP5K) + pGM144] CR2 PR1 

(F18+L). The samples of lipoplexes assayed after nebulization correspond to either an aliquot of the volume remaining in the nebu-

lizer reservoir (2a) or an aliquot of the aerosol collected in the exposure box (2b). In panel A, samples were assayed following incu-

bation with (+) dextran sulfate or (-) water; as control, naked pDNA was evaluated in parallel to show its degradation during nebu-

lization. A vertical arrow denotes the direction of the electrical field. An arrowhead indicates the position of the supercoiled pDNA 

form in the gel. Fluorescence observed above or below that form in a given lane correspond to pDNA either partly relaxed or de-

graded, respectively. In Table B, measurements are also provided for liposomes of each formulation (without pDNA). 
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Figure S3. Relationships between characteristics and gene transfer capabilities of the formulations evaluated. Panel A collates rele-

vant information characterizing the main formulations assayed in animals. In panel B, luciferase expression measured in lung ho-

mogenates are color-coded according to their intensity. In panel C, the mean luciferase expression was determined on day 1, 7, and 

14 or 28 for every formulation. The maximum was then used to calculate the ratio value for every possible two comparison. In panel 

D, pairwise comparisons of luciferase expression highlight the individual contribution of various parameters to the gene transfer 

efficiency in murine lungs. 

 

 

  

A) Characteristics of lipid+pDNA formulations B) Luciferase activity in lung homogenates C) Ratio of maximal luciferase expressions (MLE)
Each square corresponds to one animal Considering the mean of expressions on day 1, 7, and 14/28

# CL Z+a LDb LogPc Colipid(s) MRd PRe CRf

F1+L CholAs Pc(1) Chol 9.2 None Na 1 1 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F2+L CholIm Pc(1) Chol 4.5 DOPE 3/2 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F3+L DOSP Pa(4) Oleic -6.8 DOPI 1/1 1 1 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F4+L DOPIm Pc(1) Oleic 10.1 DOPE/Chol 1/1/1 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F5+L DOPAs Pc(1) Oleic 14.2 None Na 1 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F6+L DOSP Pa(4) Oleic -6.8 DOPE 1/1 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F7+L DOSP Pa(4) Oleic -6.8 Tetraether 5/1 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F8+L DOGB Pc(1) Oleic 8.5 Tetraether 10/1 1 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## Nd ## ## ## ## ## ## ## ##

F9+L DOSP Pa(4) Oleic -6.8 DOPI 1/1 2 4 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F10+L DOSP Pa(4) Oleic -6.8 DOPI 1/1 1 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F11+L CholP Pa(4) Chol -12.4 Diether 1/2 2 2 ## ## ## ## ## Nd Nd Nd Nd Nd ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F12+L DOPIm Pc(1) Oleic 10.1 DOPI 1/1 1 2 ## ## ## ## ## Nd Nd Nd Nd Nd ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F13+L CholRi Pa(3) Chol -7.5 DOPE 1/2 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F14+L CholKB Pa(4) Chol -11.2 DOPE 1/2 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F15+L CholP Pa(4) Chol -12.4 DOPE 1/1 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F16+L CholP Pa(4) Chol -12.4 DOPI 1/1 2 2 ## ## ## ## ## Nd Nd Nd Nd Nd ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F17+L CholK Pa(3) Chol -8.1 DOPE 1/2 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F18+L GL67 Pa(2) Chol 0.9 DOPE 1/2 1 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F19+L CholT Pa(4) Chol -10.5 DOPE 1/2 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

F20+L CholP Pa(4) Chol -12.4 DOPE 1/2 2 2 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

## [1E+1; 1E+2[ RLU/mg prot. Nd Nd ## <1

## [1E+2; 1E+3[ RLU/mg prot. ## [1; 2[

## [1E+3; 1E+4[ RLU/mg prot. ## [2; 10[

## [1E+4; 1E+5[ RLU/mg prot. ## [10; 100[

## [1E+5; 1E+6[ RLU/mg prot. ## >100

D) Pairwise comparisons for highlighting the individual effect of formulation features on gene delivery efficiency in murine lungs

Day 1 Day 7 Day14/28

Ratio p -value Ratio p -value Ratio p -value

a) CL with protonatable amines versus  CL with a permanent cation All / all1 11 <0.0001 49 <0.0001 38 <0.0001

b) CL with a cholesterol moiety versus  CL with two oleic chains F5+L (DOPAs) / F1+L (CholAs) 1 0.8016 3 0.0952 1 0.5317

F12+L (DOPIm) / F2+L (CholIm) 30 0.0079 Na Na 10 0.0952

F16+L (CholP) / F10+L (DOSP) 10 0.0079 Na Na 5 0.0079

F20+L (CholP) / F6+L (DOSP) 403 0.0079 112 0.0079 171 0.0079

c) CL with LogP <1 versus  CL with LogP >1 All / all2 10 <0.0001 40 <0.0001 34 <0.0001

d) CholP/DOPE 1/2 versus  GL67A F20+L (CholP) / F18+L (GL67) 5 0.0079 2 0.0079 3 0.0079

e) Charge ratio of lipid/DNA mixture F10+L (CR2) / F9+L (CR4) 5 0.0159 2 0.0952 3 0.0317

F10+L (CR2) / F3+L (CR1) 10 0.0079 22 0.0079 68 0.0079

f) CL/DOPE molar ratio 1/1 versus  1/2 F20+L (1/2) / F15+L (1/1) 4 0.0079 6 0.0079 11 0.0079

g) Colipid combined to the CL F20+L (DOPE) / F11+L (Diether) 43 0.0079 Na Na 32 0.0079

F20+L (DOPE) / F16+L (DOPI) 3 0.0079 Na Na 10 0.0079

F10+L (DOPI) / F6+L (DOPE) 14 0.0079 3 0.0317 4 0.0317

F10+L (DOPE) / F7+L (Tetraether) 8 0.0079 2 0.0317 6 0.0079

h) Aminoglycoside headgroup in CL F20+L (Paromomycin) / F19+L (Tobramycin) 9 0.0079 3 0.0079 3 0.0079

F19+L (Tobramycin) / F17+L (Kanamycin) 1 0.5317 1 0.6667 2 0.3095

F17+L (Kanamycin) / F14+L (Kanamyine B) 2 0.8016 2 0.2222 5 0.0079

F14+L (Kanamycin B) / F13+L (Ribostamycin) 3 0.0556 1 0.3095 1 0.8016

Ratio are calculated considering the mean of luciferase expressions in the two groups compared (max/min). Statistically significant differences ( p -value<0.05) are shown in red.

1, (F6+L, F7+L, F3+L, F9+L, F10+L, F11+L, F13+L, F14+L, F15+L, F16+L, F17+L, F18+L, F19+L, F20+L) / (F1+L, F2+L, F4+L, F5+L, F8+L, F12+L)

2, (F3+L, F6+L, F7+L, F9+L, F10+L, F11+L, F13+L, F14+L, F15+L, F16+L, F17+L, F19+L, F20+L) / (F1+L, F2+L, F4+L, F5+L, F8+L, F12+L)
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Figure S4. Bioluminescence imaging performed up to 390 days after treatment of mice with a single aerosol of [(CholP/DOPE 1/2 

DP5K)+pGM144] CR2 PR2. BLI was done from the 7th day after treatment and then repeated approximately every week. At each time 

point, three animals were imaged (seventeen in total being considered). Panel A shows representative pictures captured 7, 58, 102, 

200, 305, and 390 days post-aerosol. Panel B illustrates the procedure used to quantify luminescence in minimal surface areas. This 

allowed specific consideration of transgene expression likely originating from the right and/or left lungs. In panel C, luminescence 

signals are reported over time. Each dot corresponds to a distinct patch of a given animal at one time point after aerosol. The dashed 

line refers to the trend of luminescence emission in all animals. 

Additional comments: At all the time points considered after aerosol treatment, luminescence could be detected only 

from treated animals, appearing as one or two distinct patches at the surface of the chest area. In most cases, lumines-

cence collected from the right side was stronger than that from the left side of animals; this was likely due to the smaller 

size of the left lung lobes as well as photon absorption by the heart. 
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Figure S5. H&E stain of trachea and lung sections. Images correspond to mice treated with a single aerosol of [(CholP/DOPE 1/2 

DP5K)+pGM144] CR2 PR2 (A) or untreated mice (B). The scale bar is 100 µm.  

B)A)
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Figure S6. CFTR expression in human bronchial epithelial cell lines and in murine lungs following aerosol treatment with 

[(CholP/DOPE 1/2 DP5K) + pCIK-CFTR] CR2 PR2. Panel A shows the aerosol experimental set-up used for hosting both Cftr−/− mice 

(in the transparent box) and human bronchial epithelial cells (in the second compartment fitted over the cover of the latter). In panel 

B, pDNA condensation was assayed in lipoplexes before (1) and after (2) nebulization (in samples collected from the volume remain-

ing in the nebulizer reservoir (2a) or collected in the exposure box (2b)), and following incubation with (+) dextran sulfate or (-) water. 

A vertical arrow denotes the direction of the electrical field and an arrowhead indicates the position of the supercoiled form of pDNA. 

Panel C illustrates immunoblot-detection of hCFTR protein in CFBE cells exposed to the aerosol (Ae) or not (Nt); 16HBE cells were 

used as positive (hCFTR-expressing) control. Panel D provides representative immunohistochemistry pictures showing hCFTR pro-

tein detection in untreated (a) or treated (b, c, d) murine lungs. Squared areas in (a), (b), (c), and (d) are magnified in (a’), (b’), (c’), 

and (d’), respectively. The scale bar is 100 µm in every case. Black arrowheads point to hCFTR-positive cells. 

Additional comments: Compared to pGM144, pCIK-CFTR was not as optimized for in vivo studies since it notably 

features numerous CpG dinucleotides. Taking into account this limitation, mice were sacrificed early – i.e. 24 h – after 

aerosol treatment, in order to limit the effect of some inflammatory response against both pDNA CpG motifs and the 

transgene delivered [3,8]. Cells positive for the hCFTR deriving from the pCIK-CFTR was specifically detected in the 

lungs of almost all treated animals. Under these experimental conditions, CFTR expression levels were similar in ani-

mals that were treated with either GL67A or CholP-based formulation. 
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Figure S7. In vitro transfection activity following deposition of lipoplexes mixed with increasing amounts of CF mucus components. 

CholP and GL67A were tested in the form of lipidic formulations as tested in animals, i.e. [(CholP/DOPE 1/2 DP5K) + pGM144] CR2 

PR2 (F20+L) and [(GL67/DOPE 1/2 DP5K) + pGM144] CR2 PR1 (F18+L), respectively. In addition, other lipoplexes were formed at 

CR1 (i.e. [(CholP/DOPE 1/2 DP5K) + pGM144] CR1 PR1 and [(GL67/DOPE 1/2 DP5K) + pGM144] CR1 PR0.5) or CR4 (i.e. 

[(CholP/DOPE 1/2 DP5K) + pGM144] CR4 PR4 and [(GL67/DOPE 1/2 DP5K) + pGM144] CR4 PR2). In every case, 50 µL incorporating 

2 µg of complexed pDNA mixed with a given dose of either linear DNA, albumin or mucine (up to 400 µg per well) were deposited 

per well previously seeded with CFBE cells. By doing so, CF mucus component to pDNA mass ratios from 0 to 200 were assayed. 

Transfection activity (i.e. reporter gene expression, A, and cell viability, B) was determined 24 h later. In panel B, the upper and lower 

dashed lines specify 100 and 75% cell viability, respectively. Results correspond to means +/- SD, with n=3.  
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Figure S8. Minimal inhibitory concentrations of two aminoglycosides and their cholesterol derivatives towards S. aureus and P. ae-

ruginosa. RN4220 [4] and Newman [5] are laboratory and clinical S. aureus strains, respectively. PAL is a clinical P. aeruginosa strain 

isolated from a CF patient sputum [6]. CholP and CholK were tested in the form of lipidic formulations as tested in animals, i.e. 

CholP/DOPE 1/2 DP5K (F20) and CholK/DOPE 1/2 DP5K (F17), respectively. Panel A shows the evolution of susceptibility during 

ten successive passages of bacteria to subinhibitory concentrations of either Kanamycin (left) or Paromomycin (right). MIC were 

determined every day (red lines), considering concentrations from 4 to 2048 µM. As controls (single black dots), MIC of wild type 

(i.e. naïve non-exposed to Kanamycin or Paromomycin) bacteria were checked at several time points. Panels B and C provide MIC 

values determined after repeated incubations (during five successive passages) of bacteria to either water, CholP (100 µM), CholK 

(100 µM), or sub-inhibitory concentrations (MIC/2) of Kanamycin or Paromomycin. MIC, minimal inhibitory concentration; Nd, not 

determined. 
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B)  Repeated exposure to 

 Water (no drug) CholK (100 µM) Kana (MIC/2) 

RN4220 
Kanamycin MIC (µM) 8-16 8-16 256 

CholK MIC (µM) >1024 >1024 >1024 

Newman 
Kanamycin MIC (µM) 8-16 8-16 64 

CholK MIC (µM) >1024 >1024 >1024 

PAL 
Kanamycin MIC (µM) 128 128 512 

CholK MIC (µM) >1024 >1024 >1024 

     

C)  Repeated exposure to 

 Water (no drug) CholP (100 µM) Paro (MIC/2) 

RN4220 
Paromomycin MIC (µM) 8-16 8-16 64 

CholP MIC (µM) >1024 >1024 >1024 

Newman 
Paromomycin MIC (µM) 4-16 4-16 128 

CholP MIC (CholP) >1024 >1024 >1024 

PAL 
Paromomycin MIC (µM) 512 512 2048 

CholP MIC (CholP) >1024 >1024 >1024 
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Figure S9. In vitro transfection activity following deposition of increasing doses of lipoplexes in the culture medium of bronchial 

epithelial cell lines. DOPAs, CholP, CholK and GL67A were tested in the form of lipidic formulations as tested in animals, i.e. [(DO-

PAs DP5K) + pGM144] CR2 PR1 (F5+L), [(CholP/DOPE 1/2 DP5K) + pGM144] CR2 PR2 (F20+L), [(CholK/DOPE 1/2 DP5K) + pGM144] 

CR2 PR2 (F17+L), and [(GL67/DOPE 1/2 DP5K) + pGM144] CR2 PR1 (F18+L), respectively. Increasing amounts of lipoplexes (corre-

sponding to 0.125, 0.25, 0.5, 1 or 2 µg of complexed pDNA) were added dropwise into the culture medium of A549, 16HBE, and 

CFBE. Transfection activity (i.e. reporter gene expression and cell viability) was determined 24 h later. Results correspond to means 

+/- SD, with n=3. 

Additional comments: Although CholP-based formulation (F20+L) is the most efficient to perform aerosol gene transfer 

in lungs (Figure 4), it is clearly not the best system for DNA transfection in cell lines (Figure S9). This finding is in 

accordance with results obtained in another in vitro study that compared cholesterol paromomycin with other amino-

glycoside derived cationic lipids [9]. By contrast, DOPAs-based formulation (F5+L) is quite efficient for cell transfection 
in vitro (Figure S9) but ineffective for lung transfection via aerosol (Figure 4). Altogether, these results clearly show the 

discrepancy that can be found between in vitro and in vivo conditions. It emphasizes the importance of experimental 

conditions that approach as closely as possible the clinical settings to assess the potential of a gene delivery system for 

therapeutic application. 
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Table S1. Composition and physicochemical characterizations of additional liposomes performed (but not tested in animals). 

 

Lipidic formulation composition Physicochemistry 

CL [CL]a Colipid(s)b MRc [DP5K]d Sizee PdIf Zetag 

DOPAs 30 DOPE 1/1 5 217 0.33 +59 
CholAs 15 DOPE 3/2 5 325 0.37 +27 
DOSP 7.5 Chol 1/1 10 Nm Nm Nm 
DOSP 7.5 DOPI 1/1 2.5 75 0.45 +55 
DOSP 7.5 DOPI 1/1 5 77 0.55 +55 
DOSP 7.5 DOPI 1/1 10 121 0.33 +53 
DOSP 7.5 DOPI 1/1 15 81 0.47 +54 
DOSP 7.5 DOPE 1/1 2.5 426 0.43 Nd 
DOSP 7.5 DOPE 1/1 5 388 0.47 Nd 

DOSP 7.5 DOPE 1/1 10 344 0.51 Nd 
DOSP 7.5 DOPE 1/1 15 286 0.42 Nd 
DOSP 7.5 Tetraether 5/1 2.5 95 0.27 +61 
DOSP 7.5 Tetraether 5/1 5 95 0.27 +63 
DOSP 7.5 Tetraether 5/1 10 93 0.27 +50 
DOSP 7.5 Tetraether 5/1 15 92 0.36 +45 
DOSP 7.5 Tetraether 2.5/1 2.5 207 0.27 +76 
DOSP 7.5 Tetraether 2.5/1 5 202 0.27 +68 
DOSP 7.5 Tetraether 2.5/1 10 203 0.25 +72 
DOSP 7.5 Tetraether 2.5/1 15 203 0.23 +62 
CholP 7.5 DOPI 1/1 2.5 147 0.15 Nd 
CholP 7.5 DOPI 1/1 5 151 0.15 Nd 
CholP 7.5 DOPI 1/1 10 165 0.17 Nd 
CholP 7.5 DOPI 1/1 15 173 0.20 Nd 
CholP 7.5 DOPE 1/1 2.5 141 0.29 +62 
CholP 7.5 DOPE 1/1 5 144 0.27 +58 
CholP 7.5 DOPE 1/1 10 143 0.29 +53 
CholP 7.5 DOPE 1/1 15 146 0.28 +52 
CholP 7.5 DOPE 1/2 2.5 248 0.20 Nd 
CholP 7.5 DOPE 1/2 5 248 0.14 Nd 
CholP 7.5 DOPE 1/2 10 257 0.12 Nd 
CholP 7.5 DOPE 1/2 15 232 0.16 Nd 
CholP 7.5 Tetraether 2.5/1 2.5 229 0.52 +73 
CholP 7.5 Tetraether 2.5/1 5 241 0.52 +66 
CholP 7.5 Tetraether 2.5/1 10 214 0.74 +57 
CholP 7.5 Tetraether 2.5/1 15 176 0.55 +53 
CholP 7.5 Diether 1/1 2.5 445 0.40 Nd 
CholP 7.5 Diether 1/1 5 439 0.27 Nd 
CholP 7.5 Diether 1/1 10 399 0.48 Nd 
CholP 7.5 Diether 1/1 15 377 0.39 Nd 
CholP 7.5 Diether 1/2 2.5 363 0.42 Nd 
CholP 7.5 Diether 1/2 5 340 0.43 Nd 
CholP 7.5 Diether 1/2 10 339 0.39 Nd 
CholP 7.5 Diether 1/2 15 333 0.51 Nd 

a) in mM; b), in addition to DP5K; c) Cationic lipid/colipid(s) molar ratio; d) in mg/mL; 

e) in nm; f) Polydispersity index; g) in mV; *, DP5K pre-insertion (all lipidic com-

pounds were mixed together before the film hydration step); Nd, not determined; Na, 

not applicable; Nm, non-measurable (due to precipitation and/or aggregation). 
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Table S2. Composition and physicochemical characterizations of additional lipoplexes performed (but not tested in animals). 

Lipid+pDNA formulation composition Physicochemistry 

CL Colipid(s)a MRb PRc CRd Sizee  PdIf Zetag 

DOPAs DOPE 1/1 1 2 245 0.50 +38 
DOGB Tetraether 10/0.5 1 2 190 0.32 +28 
DOSP DOPI 1/1 0.5 2 Nm Nm Nm 
DOSP DOPI 1/1 1 2 112 0.43 +5 
DOSP DOPI 1/1 2 2 190 0.38 -1 
DOSP DOPI 1/1 3 2 104 0.31 +4 
DOSP DOPI 1/1 0.5 1 Nm Nm Nm 
DOSP DOPI 1/1 1 1 516 0.58 Nd 
DOSP DOPI 1/1 2 1 309 0.52 Nd 
DOSP DOPI 1/1 3 1 258 0.48 Nd 
DOSP DOPE 1/1 0.5 2 Nm Nm Nm 
DOSP DOPE 1/1 1 2 Nm Nm Nm 
DOSP DOPE 1/1 2 2 222 0.44 Nd 
DOSP DOPE 1/1 3 2 204 0.46 Nd 
DOSP Tetraether 10/1 1 2 Nm Nm Nm 
DOSP Tetraether 5/1 0.5 2 Nm Nm Nm 
DOSP Tetraether 5/1 1 2 Nm Nm Nm 
DOSP Tetraether 5/1 2 2 224 0.63 +3 
DOSP Tetraether 5/1 3 2 228 0.50 -1 
DOSP Tetraether 2.5/1 0.5 2 Nm Nm Nm 
DOSP Tetraether 2.5/1 1 2 322 0.36 -2 
DOSP Tetraether 2.5/1 2 2 463 0.45 -9 
DOSP Tetraether 2.5/1 3 2 270 0.41 -2 
CholP DOPI 1/1 0.5 2 Nm Nm Nm 
CholP DOPI 1/1 1 2 Nm Nm Nm 
CholP DOPI 1/1 2 2 243 0.35 Nd 
CholP DOPI 1/1 3 2 170 0.23 Nd 
CholP DOPE 1/1 0.5 2 Nm Nm Nm 
CholP DOPE 1/1 1 2 Nm Nm Nm 
CholP DOPE 1/1 2 2 525 0.73 -4 
CholP DOPE 1/1 3 2 278 0.50 -3 
CholP DOPE 1/2 0.5 2 Nm Nm Nm 
CholP DOPE 1/2 1 2 Nm Nm Nm 
CholP DOPE 1/2 2 2 447 0.23 Nd 
CholP DOPE 1/2 3 2 240 0.22 Nd 
CholP Tetraether 10/1 1 2 Nm Nm Nm 
CholP Tetraether 5/1 1 2 Nm Nm Nm 
CholP Tetraether 2.5/1 0.5 2 Nm Nm Nm 
CholP Tetraether 2.5/1 1 2 Nm Nm Nm 
CholP Tetraether 2.5/1 2 2 527 1.00 -2 
CholP Tetraether 2.5/1 3 2 275 0.83 -1 
CholP Diether 1/1 2 2 498 0.33 Nd 
CholP Diether 1/1 3 2 377 0.29 Nd 
CholP Diether 1/2 1 2 440 0.25 Nd 
CholP Diether 1/2 2 2 377 0.25 Nd 
CholP Diether 1/2 3 2 362 0.17 Nd 

a), in addition to DP5K; b) Cationic lipid/colipid(s) molar ratio; c) 

DP5K/pDNA mass ratio; d) Cationic lipid/pDNA charge ratio; e) in nm; 

f) Polydispersity index; g) in mV; Nd, not determined; Na, not applica-

ble; Nm, non-measurable (due to precipitation and/or aggregation). 
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Table S3. Physicochemical follow-up during long-term storage at 4 °C of different preparations of two lipidic formulations (without 

DNA). 

 

GL67/DOPE 1/2 DP5K ([GL67]=15 mM, DP5K=3.75 mg/mL) 

# Timea 
Size PDI Zeta 

Mean SD Mean SD Mean SD 

#1 
 

Day 0 294 3 0.27 0.02 +55 1 

15 days 298 5 0.24 0.02 +53 1 

1 month 304 7 0.21 0.06 +50 4 

5 months 281 7 0.25 0.03 +49 1 

8 months 275 3 0.27 0.02 +51 1 

#2 
 

Day 0 Nd Nd Nd Nd Nd Nd 

4 months 277 11 0.40 0.01 +50 1 

6 months 221 4 0.25 0.01 +49 1 

 
 
 
CholP/DOPE 1/2 DP5K ([CholP]=7.5 mM, DP5K=10 mg/mL) 

# Timea 
Size PDI Zeta 

Mean SD Mean SD Mean SD 

#1 
 

Day 0 64 1 0.18 0.01 Nd Nd 

6 months 46 1 0.24 0.01 +39 1 

10 months 44 1 0.23 0.01 +39 2 

15 months 89 2 0.21 0.01 +40 1 

18 months 89 1 0.21 0.01 +49 2 

#2 
 

Day 0 145 1 0.35 0.05 Nd Nd 

2 months 154 2 0.42 0.01 +41 1 

5 months 147 2 0.36 0.04 +42 1 

a) Elapsed time after preparation of liposomes; Nd, not determined. 
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4. Supplementary discussion 

The high quantities of materials needed for conducting aerosol experiment in mice is a hurdle to the development 

of new formulations. Beside production of high amounts of pDNA, chemical syntheses of all the cationic lipids and 

colipids included in this study (Figures 1 and 2) were optimized, using protocols either previously reported [2,9–19] or 

modified for this study (see Supplementary results, section 2.2). This facilitated the production of all the compounds 

needed in gram-scale quantities with high purity levels. 

The strategy to conceive formulations for testing via aerosol in animals was basically threefold. First, we chose to 

evaluate formulations involving lipidic compounds encompassing a wide chemical diversity (Figures 1 and 2, and Table 

1). Second, the various lipidic formulations performed were selected on the basis of physicochemical criteria, especially 

homogeneity and colloidal stability, for before as well as after mixing with pDNA. Third, for the vectors yielding inter-

esting results in preliminary aerosol experiments, variations of their formulation were made by modifying parameters 

such as the type of colipid used, the cationic lipid/colipid molar ratio, the DP5K/pDNA mass ratio, and the cationic 

lipid/pDNA charge ratio. Hence, starting with quite empirical investigations, we moved towards a more rational strat-

egy resulting in a significant improvement between initially inefficient formulations to some that were as efficient as, 

or more efficient than, GL67A in terms of luciferase expression intensity. As for physicochemical examinations prior to 

testing in animals, we hypothesized that homogeneous, well-characterized formulations (i.e. featuring small size, 

slightly positive zeta potential, low polydispersity index (PdI), and colloidal stability) should be preferred as they would 

be both easier to handle and more compliant with pharmaceutical-grade requirements. As regards liposomes, we arbi-

trarily considered formulations yielding PdI<0.5 and size<300 nm (Tables 2 and S1). They were supplemented with 

DP5K, for both improving lipidic mixing and avoiding aggregation/precipitation when blended with a high dose of 

pDNA. Provided this steric stabilizer was used at a sufficient amount (i.e. for PR≥1), most lipidic formulations could be 

mixed with pDNA to form homogenous solutions (Tables 3 and S2). However, no relationship was found between 

homogeneity or colloidal stability of a given lipid+pDNA formulation and its ability to perform gene transfer to the 

lungs (p-value>0.05). When considering different lipidic formulations, heterogeneous mixtures could indeed yield high 

gene transfection of the lungs, whereas others featuring both homogeneity and stability demonstrated poor or no effects. 

Similarly, as for the zeta potential, no relationship was found with transfection efficiency via aerosol in lungs (p-

value>0.05). Furthermore, all formulations demonstrated a good ability to condense and protect pDNA during nebuli-

zation (Figure S2), effectively ruling out pDNA degradation/inactivation as a possible reason for the inefficiency ob-

served with some formulations. Altogether, these results suggest that for a given formulation, the physicochemical 

profile is not predictive of the aerosol lung gene transfer efficiency; hence, it alone cannot be considered for selecting 

formulations to be tested in animals. Furthermore, mixtures containing single populations of lipid/pDNA complexes 

may be unsuitable for reaching the successive stages of the lung airways [20]. Furthermore, it should be stressed that 

the size of lipid/pDNA complexes must be distinguished from the size of aerosol droplets, the latter depending mainly 

on the nebulizer used (according to the manufacturer, the PARI LC PLUS generates 5 µm droplets). Finally, these find-

ings suggest that aerosol lung gene delivery was primarily related to intrinsic properties of the lipidic compounds con-

sidered. 
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6. List of abbreviations 

BLI  bioluminescence imaging 

CF  cystic fibrosis 

Chol  cholesterol 

CholAs  cholesterol arsonium 

CholIm  cholesterol imidazolium 

CholK  cholesterol kanamycin A 

CholKB  cholesterol kanamycin B 

CholP  cholesterol paromomycin 

CholRi  cholesterol ribostamycin 

CholT  cholesterol tobramycin 

CL  cationic lipid 

CR  charge ratio 

DOGB  dioleyl glycine betaine 

DOPAs  dioleyl phosphoramide arsonium 

DOPE  dioleyl phosphatidylethanolamine 

DOPI  dioleyl phosphoramide imidazole 

DOPIm  dioleyl phosphoramide imidazolium 

DOSP  dioleyl-succinyl paromomycin 

DP5K  1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine conjugated polyethylene glycol 5000 

GL67  Genzyme lipid 67 

PdI  polydispersity index 

MLE  maximal luciferase expression 

RT  room temperature 

 

 

 


