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Abstract

mRNA delivery enables the specific synthesis of proteins with therapeutic potential, representing 

a powerful strategy in diseases lacking efficacious pharmacotherapies. Idiopathic pulmonary 

fibrosis (IPF) is a chronic lung disease characterized by excessive extracellular matrix (ECM) 

deposition and subsequent alveolar remodeling. Alveolar epithelial type 2 cells (AEC2) and 

fibroblasts represent important targets in IPF given their role in initiating and driving aberrant 

wound healing responses that lead to excessive ECM deposition. Our objective was to examine a 

lipid nanoparticle (LNP)-based mRNA construct as a viable strategy to target alveolar epithelial 

cells and fibroblasts in IPF. mRNA-containing LNPs measuring ~34 nm had high encapsulation 

efficiency, protected mRNA from degradation, and exhibited sustained release kinetics. eGFP 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Corresponding author at: Department of Nanomedicine, Houston Methodist Research Institute, 6670 Bertner St., M.S. R8-116, 
Houston, TX 77030, United States, eblanco@houstonmethodist.org (E. Blanco).
†Contributed equally
Author contributions
MM designed research studies, conducted experiments, acquired and analysed data, and wrote the manuscript; SW designed research 
studies, conducted experiments, and acquired and analysed data; GB, HL, SC, HL, CS, and VS-I conducted experiments and acquired 
and analysed data; HK-Q supervised, designed research studies, and edited the manuscript; EB supervised, designed research studies, 
and wrote the manuscript.

Declaration of Competing Interest
None

Supplementary materials
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.ejps.2023.106370.

HHS Public Access
Author manuscript
Eur J Pharm Sci. Author manuscript; available in PMC 2024 February 27.

Published in final edited form as:
Eur J Pharm Sci. 2023 April 01; 183: 106370. doi:10.1016/j.ejps.2023.106370.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/
http://10.1016/j.ejps.2023.106370


mRNA LNP transfection in human primary cells proved dose- and time-dependent in vitro. In a 

bleomycin mouse model of lung fibrosis, luciferase mRNA LNPs administered intratracheally led 

to site-specific lung accumulation. Importantly, bioluminescence signal was detected in lungs as 

early as 2 h after delivery, with signal still evident at 48 h. Of note, LNPs were found associated 

with AEC2 and fibroblasts in vivo. Findings highlight the potential for pulmonary delivery of 

mRNA in IPF, opening therapeutic avenues aimed at halting and potentially reversing disease 

progression.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible, and lethal interstitial lung 

disease (ILD) with an estimated prevalence of 10-60 cases per 100,000 individuals in the US 

(Lederer and Martinez, 2018). The prognosis of IPF is particularly dismal, with a median 

survival of 2-5 years upon diagnosis (Sheng et al., 2020), a prognosis comparable to that of 

metastatic disease in several cancers. Increasing hospitalization rates point towards elevated 

cases of IPF globally (Hutchinson et al., 2015), warranting effective treatment strategies to 

combat the disease.

IPF is characterized by extensive extracellular matrix (ECM) deposition in lungs due 

to an inability to deactivate normal repair processes that respond to repetitive injury to 

the alveolar epithelium (Chen et al., 2016). Initially considered an inflammatory disease 

due to the higher number of inflammatory cells in the lungs and eventual progression 

towards established fibrosis, insights into underlying mechanisms governing IPF progression 

point towards IPF being an epithelial-driven disease (Selman and Pardo, 2020). Alveolar 

epithelial type 2 cells (AEC2) in IPF suffer from molecular-level abnormalities that 

include senescence, dysregulated cell signaling, telomere and mitochondrial dysfunction, 

apoptosis, and epithelial–mesenchymal transition (EMT) to name a few (Selman and 

Pardo, 2014). Aberrantly activated epithelial cells in IPF release a variety of factors, 

including transforming growth factor beta (TGF-β), fibroblast growth factor (FGF), and 

matrix metalloproteinases (MMPs), in addition to chemokines and cytokines, that lead 

to fibroblast migration and proliferation (King et al., 2011). These mediators contribute 

to fibroblast differentiation into myofibroblasts, the latter adopting an apoptosis-resistant 

phenotype that continuously secretes ECM components (Pedroza et al., 2016). Ultimately, 

alveolar remodeling and parenchymal fibrosis, in addition to bronchial dilatation, impairs 

gas exchange, resulting in progressive respiratory insufficiency (Raghu et al., 2011).

Pharmacological treatments have been used in the management of IPF, yet several 

limitations exist. While the combination of the corticosteroid prednisone, the 

immunosuppressive azathioprine, and the mucolytic N-acetylcysteine was the standard of 

care for IPF patients, the 2015 American Thoracic Society, European Respiratory Society, 

Japanese Respiratory Society and Latin American Thoracic Association (ATS/ERS/JRS/
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ALAT) international guidelines strongly recommended against the combined use of these 

due to adverse side effects (Martinez et al., 2017). The 2015 ATS/ERS/JRS/ALAT 

guidelines did conditionally recommend pirfenidone (Noble et al., 2016 and nintedanib 

(Richeldi et al., 2011), with both drugs showing physiological benefits in patients. 

Importantly, while these and treatments such as pulmonary rehabilitation can alleviate 

symptoms and preserve lung function, there is no effective treatment at present available 

for IPF patients other than lung transplantation.

An enhanced understanding of IPF initiation and progression have led to the identification of 

several viable targets that prove ideal for gene therapy. The upregulation or downregulation 

of gene expression has proven to be quite promising, especially with strategies involving 

small interfering RNAs (siRNAs, (Davis et al., 2010) and more recently, the use of 

messenger RNAs (mRNAs) in vaccines against SARS-CoV-2 (Creech et al., 2021). Of 

note, nanoparticle (NP)-based platforms have emerged as suitable vehicles for gene therapy 

(Tokatlian and Segura, 2010; Zhao and Huang, 2014; Conley and Naash, 2010). NPs prove 

more suitable than adenoviral vectors due to their delivery efficiency, ease of manufacture, 

and ability to bypass the risk of creating a replication competent virus (Douglas, 2007), as 

well as avoidance of acute inflammatory responses and side effects in immunocompromised 

individuals (Wang and Zhang, 2021). NPs allow for incorporation of rational design 

considerations, including moieties for higher cell uptake and rapid endosomal escape 

(Blanco et al., 2015), as well as the potential to co-incorporate synergistic drugs and 

additional genetic material.

Herein, our objective was to develop a lipid NP (LNP)-based construct capable of efficiently 

incorporating and delivering mRNA to alveolar epithelial cells and fibroblasts in lungs 

undergoing fibrosis (Fig. 1). LNP constituent materials were principally selected on the basis 

of their contribution to NP stability and genetic material incorporation. DOTAP was selected 

based on its positive charge, making it suitable for concentrating anionic mRNA (Simberg et 

al., 2004). Similarly, DLin-MC3-DMA was chosen due to its ionizable form that can further 

increase mRNA concentration in LNPs, and for its role in enhancing endosomal escape 

(Maugeri et al., 2019). The phospholipid DPPC was chosen to fulfill a structural role given 

its high stability (Hąc-Wydro and Dynarowicz-Łątka, 2006), as well as its ability to fuse 

with cell and endosomal membranes (Li and Szoka, 2007). Cholesterol was incorporated 

to further enhance LNP stability through improved membrane rigidity and integrity (Meng 

et al., 2021; Hajj and Whitehead, 2017). Moreover, cholesterol incorporation in LNPs 

is associated with higher transfection efficiencies, likely due to enhanced endosomal 

escape owing to its crystalline form on LNP surfaces that can promote membrane fusion 

(Patel et al., 2020). Lastly, the phospholipid-polymer conjugate DSPE-PEG, well known 

for its biocompatibility and biodegradability (Che et al., 2015), was included in LNPs, 

with PEGylation of NPs proving advantageous for lung-specific drug and gene delivery 

applications (Osman et al., 2018; Schuster et al., 2013; Shen et al., 2015). LNPs capable 

of effectively encapsulating mRNA were fabricated and characterized for size and surface 

charge, as well as mRNA loading efficiency and release. mRNA-containing LNPs were 

small (~34 nm), and effectively protected mRNA, which was released in a sustained fashion 

over time. Following administration to human primary alveolar epithelial cells and lung 

fibroblasts, mRNA-containing LNPs demonstrated high transfection efficiencies in a time- 
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and dose-dependent manner. Upon intratracheal delivery in a bleomycin mouse model of 

lung fibrosis, luciferase mRNA LNPs demonstrated efficacious, site-specific transfection 

in diseased lungs, as evidenced by robust and prolonged bioluminescent signal in vivo. 

Importantly, fluorescently-tagged mRNA was found co-localized with alveolar epithelial 

cells, including AEC2, and fibroblasts. Findings from this study demonstrate the potential 

for nanotherapeutic gene delivery specifically to alveolar epithelial cells and fibroblasts in 

lungs undergoing fibrosis, opening several avenues for novel treatments in IPF and other 

ILDs.

2. Materials and Methods

2.1. Materials

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)-2000] (DSPE-PEG), and cholesterol were purchased from 

Avanti Polar Lipids (Alabaster, AL). (6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-

yl 4-(dimethylamino)butanoate (DLin-MC3-DMA) was purchased from Cayman Chemicals 

(Ann Arbor, MI). Enhanced green fluorescent protein (eGFP) and Cy5-labeled Luciferase 

(Cy5-Luc) mRNA were obtained from TriLink BioTechnologies (San Diego, CA). Fetal 

Bovine Serum (FBS) was obtained from Thermo Fisher Scientific (Waltham, MA). Human 

A549 alveolar epithelial cells, human MRC-5 fibroblast cells, human primary small airway 

epithelial cells, and human primary lung fibroblasts were purchased from American Type 

Culture Collection (ATCC, Manassas, VA). Cells were cultured in F12-K and EMEM 

medium, respectively, and supplemented with 1% (v:v) penicillin/streptomycin (Thermo 

Fisher Scientific) in a humidified incubator with 5% CO2 at 37° C. Bleomycin was obtained 

from Vizient, Inc. (Irving, TX). Unless otherwise specified, all other chemicals and reagents 

were obtained from Sigma-Aldrich (St. Louis, MO).

2.2. mRNA-containing LNP fabrication and characterization

DOTAP, DLin-MC3-DMA, DPPC, and cholesterol were dissolved in ethanol at a final 

concentration of 10 mg/mL, DSPE-PEG at a concentration of 5 mg/mL, and final molar 

ratios established as shown in Table 1. eGFP and Cy5-Luc mRNA were dissolved in 

nuclease free water prior to LNP fabrication. mRNA-containing LNPs were prepared by 

combining the lipid and mRNA solutions in a NanoAssemblr™ microfluidic cartridge 

(Precision NanoSystems, Vancouver, BC) at a speed of 12 mL/min and volumetric ratio 

of 3:1, followed by removal of ethanol via dialysis (Mw cut-off 3,500 Da). LNPs were then 

concentrated with Amicon centrifugal filter units (10 kDa cutoff, Sigma-Aldrich).

Physicochemical properties of size, zeta potential, and polydispersity index (PDI) were 

examined by dynamic light scattering (DLS, Malvern Zetasizer, Worcestershire, UK). 

mRNA concentration in LNPs and encapsulation efficiency of LNPs were determined by 

modified fluorescent Quant-iT™ RiboGreen™ RNA Assay (Thermo Fisher Scientific) (Jones 

et al., 1998). Encapsulation efficiency was determined using the following equation:
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encapsulation % = total mRNA − free mRNA
total mRNA

2.3. Cryo-electron microscopy imaging of LNPs

Cryogenic-transmission electron microscopy (Cryo-TEM) analysis of empty and eGFP 

mRNA LNPs was performed by the Baylor College of Medicine Cryo-Electron Microscopy 

Core Facility (Houston, TX). A PELCO easiGlow™ Glow Discharge Cleaning System 

(Ted Pella, Inc., Redding, CA) was used to glow discharge Quantifoil R1.2/1.3 300 mesh 

copper grids (Quantifoil Micro Tools GmbH, Jena, DE) for a duration of 20 s at a current 

of 15 μA. Grids were then transferred to a Vitrobot Mark IV System (Thermo Fisher 

Scientific, Hillsboro, OR) where 3.5 μL of sample was applied to the grid inside of a 

chamber maintained at 22° C and 100% humidity to reduce evaporative loss of the aliquot, 

followed by filter paper blotting. Following blotting, the grids were immediately plunged 

into liquid ethane cooled by liquid nitrogen and transferred to a grid storage button under 

liquid nitrogen prior to transfer to a Thermo Fisher Glacios Electron Microscope (Thermo 

Fischer Scientific) operating at 200 kV. Images were captured using the built-in EPU and 

Velox programs, and further image analyses was performed using the Fiji/ImageJ software 

package (NIH).

2.4. Effect of mRNA-containing LNPs on cell viability

Cells (A549, human primary small airway epithelial cells, and human primary lung 

fibroblasts) were seeded in a 96 multiwell plate (8×103/well) and cultured overnight in 

F12-K medium containing 10% of fetal bovine serum and supplemented with 1% (v:v) 

penicillin/streptomycin. The following day, medium was replaced with 100 μL of serum free 

medium containing eGFP mRNA LNPs or lipofectamine 2000 (Thermo Fisher Scientific) at 

different concentrations and cells were incubated for 24 h. After removing medium, 100 μL 

of fresh medium containing 0.5 mg/mL of tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (Invitrogen, Waltham, MA) was added and incubated at 37°C. 

After 2 h, medium was removed and 100 μL of DMSO were added in each well and 

incubated for 30 min at RT. The measurements of UV-visible absorptions of all samples 

were made at 570 nm. Cell viability (%) was calculated using the following formula: 

(Asample)/(Anon-treated) × 100.

2.5. mRNA binding to LNPs and release

RNA binding to lipids was evaluated at different lipids/mRNA molar ratio with EMSA assay 

using a 1x Tris-acetate-EDTA (TAE) supplemented with 6% agarose gel and RNA was 

stained with SYBR® Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific). Additionally, 

mRNA-loaded LNPs were examined for the ability to retain and protect mRNA in the 

presence of RNase (Thermo Fisher Scientific) at a concentration of 5 U/μl and/or 1% Triton 

X-100 for 15 min at 37°C. Imaging was performed with a ChemiDocTM XRS+ gel imaging 

system (BioRad, Hercules, CA). The aforementioned assay was also used to evaluate mRNA 

binding to LNPs. RNA release from LNPs was performed at pH 5.0 and 7.4 for 7 d based on 

a previously published procedure (Palama et al., 2015).
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2.6. mRNA transfection evaluation

LNP-based eGFP mRNA transfection at different timepoints (6, 24, and 48 h) and 

concentrations (0.25, 0.5, and 1 μg/mL) was evaluated in human primary small airway 

epithelial cells, human primary lung fibroblasts, and A549 and MRC-5 cells. mRNA in 

Lipofectamine RNAi-MAX (ThermoFisher Scientific) was used as a positive transfection 

control. Transfection efficiency was examined using a BD LSRII Flow Cytometer (BD 

Biosciences, San Jose, CA) as published previously (Mu et al., 2019).

For confocal microscopy experiments, alveolar epithelial cells (A549 and human primary 

small airway epithelial cells, 10×104 cells/well) and fibroblasts (MRC-5 cells and human 

primary lung fibroblasts, 8×104 cells/well) were seeded in 8-well culture chamber slides in 

F-12K medium. Following treatment and prior to microscopic examination, cells were fixed, 

and the nuclei and the cytoskeleton stained with DAPI and Acti-stain™555 (Cytoskeleton, 

Inc., Denver, CO), respectively. Imaging was performed with a Nikon A1 Confocal Imaging 

System (Nikon Inc., Melville, NY).

After eGFP mRNA LNP treatment of cells (A549 cells, 12×105 cells/well), total protein 

was extracted from cells to evaluate eGFP expression via Western blot. Briefly, Cells 

were washed twice with cold PBS and lysate with RIPA buffer (GenDEPOT, Katy, TX) 

supplemented with 1% of protease/phosphatase inhibitor cocktail (Cell Signaling, Danvers, 

MA). Proteins were loaded on 4-20% mini-PROTEAN TGX precast gels (BioRad, Hercules, 

CA), transferred onto an Immun-Blot® PVDF Membrane (BioRad), which was blocked 

with 5% BSA in TBST 1x. Rabbit GFP antibody (Cell Signaling) was diluted 1:1,000 prior 

to overnight incubation. Secondary antibody anti-rabbit (Cell Signaling) was added after 

membrane washing. Imaging was performed with a ChemiDoc™ XRS+ gel imaging system.

2.7. Lysosomal escape studies

Cells (A549, MRC-5) cultured in 10% FBS-containing medium were treated with Cy5-Luc 

mRNA LNPs (1 μg/mL). After 6 h, LysoTracker Red DND-99 was added for 15 min and 

cells were fixed with 4% PFA. Nuclei and cytoskeleton were stained with DAPI and Alexa 

Fluor 488-phalloidin, respectively, followed by confocal microscopy imaging with a Nikon 

A1 Confocal Imaging System.

2.8. Bleomycin mouse model of lung fibrosis

All animal studies were approved by the Institutional Animal Care and Use Committee 

of the Houston Methodist Research Institute. Male C57BL/6J mice (7-8 weeks old) were 

purchased from Jackson Laboratory (Bar Harbor, ME). Mice were treated with bleomycin 

(0.035 U kg/bw) intraperitoneally (IP) twice a week for a duration of 3 weeks, following a 

previously published protocol (Headley et al., 2018).

2.9. mRNA-containing LNP delivery to bleomycin-treated mice

At a timepoint of 14 days after model induction, mice (N=5) underwent intratracheal (IT) 

administration of Cy5-Luc mRNA LNPs at a dose of 1.5 mg/kg mRNA. At timepoints of 

2, 24, 48, 72 and 168 h, D-luciferin (15 mg/mL, Gold Biotechnology, St. Louis, MO) was 

administered IP to mice and whole-body bioluminescence imaging was performed using an 
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IVIS Spectrum In-Vivo Imaging System (PerkinElmer Inc, Waltham, MA) with exposure 

times of 0.5 and 60 sec for Cy5-fluorescence and luminescence detection, respectively. Mice 

were euthanized 7 d after LNP administration.

2.10. In vivo mRNA distribution among alveolar epithelial cells and fibroblasts

In a separate cohort of bleomycin-treated mice, mice (N=3) were sacrificed at a timepoint 

of 24 h for flow cytometry analysis and immunofluorescence imaging studies. Lungs 

were inflated with OCT/PBS 1:1 and immediately stored at −80°C. Lung tissue was 

used to quantitatively determine the cell distribution of LNPs based on a previously 

published procedure (Singer et al., 2016). Briefly, portions of lung tissue (~170 mg) 

were minced into a homogenous paste (<1 mm) and transferred to a dissociation medium 

composed of collagenase/-hyaluronidase and DNase I solution (STEMCELL Technologies 

Inc., Vancouver, CA) in RPMI medium. Digested lung tissue was then strained and further 

digested and filtered using 70 μm nylon mesh strainers (Greiner Bio-One, Kremsmünster, 

AT). Following centrifugation at 300 x g for 10 min at RT, 5 mL of ammonium chloride 

solution (IBIS Scientific, Las Vegas, NV) was added to the cell pellet and mixed gently. 

The solution was then incubated on ice for 15 min and centrifuged once more at 300 x g 

for 10 min. The cell pellet was then resuspended in PBS 1X containing 2% FBS and 0.5% 

BSA and primary antibodies for 30 min on ice. Lung fibroblasts, alveolar epithelial cells 

type 1 (AEC1), and AEC2 cells were stained with anti-FSP1 (MilliporeSigma, Burlington, 

MA) labeled with Zenon Rabbit IgG Alexa Fluor 555 (Thermo Fisher Scientific), FITC-

conjugated anti-APQ5 (Novus Biologicals, Littleton, CO), and anti-SFTPC labeled with 

Zenon Rabbit IgG Alexa Fluor 405 (Thermo Fisher Scientific), respectively. The presence 

of Cy5-Luc mRNA in alveolar epithelial cells and lung fibroblasts was evaluated by flow 

cytometry. Lung fibroblasts were first gated for FSP1 expression, and FSP1-negative cells 

were analyzed for expression of AQP5 (AEC1) and SFTPC (AEC2).

2.11. Immunofluorescence imaging of mRNA in lungs of bleomycin-treated mice

Lung tissue was sliced into 20 μm sections using a CryoStar NX50 (Epredia, Portsmouth, 

NH). Slides were then fixed in PFA 4% and blocked using 10% goat serum in 0.2% 

Triton X-100/PBS 1X. Anti-AQP5 (Novus Biotechnology) and anti-SFTPC (EpigenTek, 

Farmingdale, NY) were used at dilution 1:1000 for AEC1 and AEC2 staining, respectively. 

Lung fibroblasts were stained with FSP-1 antibody (MilliporeSigma) at a dilution of 1:750. 

Nuclei were stained with DAPI. Imaging was performed with a Nikon A1 Confocal Imaging 

System.

3. Results and Discussion

3.1. mRNA-containing LNP fabrication and characterization

LNP systems represent a sophisticated platform for the delivery of a variety of genetic 

material, including DNA, siRNA, mRNA, and gene-editing complexes (Witzigmann et al., 

2020). Our objective herein was to examine LNP delivery of mRNA in in vitro and in 
vivo scenarios pertinent to pulmonary fibrosis for eventual modulation of therapeutic protein 

expression. Varying formulations of LNPs were initially tested to determine efficacious 

design components that would ensure enhanced mRNA transfection. Table 1 highlights the 
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distinct lipid and sterol components used among all LNP formulations, the different ratios 

explored in each, and the physicochemical properties of LNP formulations. DOTAP, one 

of the most extensively used cationic lipids for applications involving gene transfection 

(Simberg et al., 2004), and DLin-MC3-DMA, previously shown to be a potent ionizable 

cationic lipid in gene therapy applications (Jayaraman et al., 2012), were principally used 

for ionic interaction with mRNA to ensure increased loading efficiencies. Examination of 

different molar ratios of lipid (DOTAP) to mRNA (N/P ratio) showed complexation at 

ratios of 5:1, 10:1, 20:1, and 30:1 (Supplementary Fig. S1), with an N/P ratio of 10:1 

ultimately selected for further studies. DPPC was incorporated into LNPs to promote 

fusion with cell and endosomal membranes (Li and Szoka, 2007), while cholesterol proves 

important for vesicle stability (Eygeris et al., 2020). Lastly, DSPE-PEG, well known for 

its biocompatibility, biodegradability, and potential for further functionalization (Che et al., 

2015) was also incorporated into LNPs. Notably, PEGylation has been previously shown 

to prolong lung residence times and increase lung coverage of nano- and microparticles 

after IT administration (Osman et al., 2018; Shen et al., 2015), due largely to evasion of 

uptake by inflammatory cells (Shen et al., 2015). Osman et al. demonstrated that PEGylated 

NPs reached a lung coverage of 70% after IT administration, while non-PEGylated NPs 

were found in less than 40% of the lung parenchyma (Osman et al., 2018). Contrary to 

non-PEGylated counterparts, PEGylated particles were found in lungs 28 days after IT 

delivery, with no evidence of inflammatory response (Shen et al., 2015). PEGylation has 

also been examined as a strategy to overcome mucus penetration, with Schuster et al. 

demonstrating that PEGylated NPs of 100 and 200 nm in size penetrated respiratory mucus 

at rates of ~15- and ~35-fold higher than non-PEGylated counterparts, respectively (Schuster 

et al., 2013). Importantly, PEG amount also affects NP stability. Given the hydrophilic 

nature of PEG chains, a hydrated cloud with a large exclusion volume is generated on 

the surface of the NP that prevents interactions with neighboring NPs (Edwards and 

Almgren, 1992). However, findings by Kirpotin et al. showed a recommended upper PEG 

molar ratio threshold of 5.7%, above which NP morphology is compromised as the PEG 

chains lose their brush conformation, resulting in NP aggregation (Kirpotin et al., 1997). 

As PEGylation increases above 3.5% PEG, so does NP membrane permeability, which 

adversely affects therapeutic encapsulation efficiency (Nicholas et al., 2000). Importantly, 

for purposes of cell internalization and transfection, increasing the PEG density may 

shield the LNP surface charge (Kumar et al., 2014), limiting interaction with negative 

cell membranes and cell uptake (Verma and Stellacci, 2010). The different formulations 

were evaluated for size (Table 1, Fig. 2a, Supplementary Fig. S2), surface charge (Table 

1, Fig. 2c, Supplementary Fig. S3), PDI (Table 1), encapsulation efficiency (Table 1, 

Fig. 2d, Supplementary Fig. S4), and cell viability (Table 1, Supplementary Fig. S5). 

Formulation 5 demonstrated a significantly higher transfection efficiency (92%) compared 

to other formulations (Supplementary Fig. S6), and a favorable toxicity profile compared 

to commercial transfection reagents (Supplementary Fig. S5) in A549 cells. Formulation 

5 LNPs were also well tolerated in human primary alveolar epithelial cells and lung 

fibroblasts, with minimal detrimental effect on cell viability at low doses of mRNA-

containing LNPs (Supplementary Fig. S7). Considering this, Formulation 5 was used for 

further studies.
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Based on the lipid and cholesterol constituent ratios comprising Formulation 5, LNPs 

containing mRNA encoding eGFP and Cy5-Luc mRNA were formulated for in vitro cell 

studies and in vivo transfection evaluation in a mouse model of lung fibrosis, respectively. 

eGFP mRNA LNPs measured 34.2 ± 0.8 nm in diameter as determined by DLS, while 

the size of Cy5-Luc mRNA LNPs were 38.8 ±1.3 nm (Fig. 2a). Cryo-TEM analysis of 

mRNA-containing LNPs (Fig. 2b) and empty LNPs (Supplementary Fig. S8) showed a size 

concurrent with DLS results, as well as a spherical morphology and electron dense core 

that agrees with previously published LNP structure studies (Carrasco et al., 2021; Leung et 

al., 2012; Mukherjee et al., 2020). Zeta potential analysis showed that the surface charge of 

eGFP mRNA LNPs was 11.5 ± 2.4 mV, while that of Cy5-Luc mRNA LNPs measured 7.4 ± 

1.4 mV (Fig. 2c), both falling within an approximately neutral range, far from either strongly 

anionic or strongly cationic electrostatic potential (Clogston and Patri, 2011). Lastly, the 

low PDI of Formulation 5 (0.29 ± 0.08) was indicative of a monodisperse nanoparticle 

formulation.

Physicochemical properties of NPs such as size, shape, and surface charge have vast 

implications for cell internalization (Foroozandeh and Aziz, 2018). In a study by Jiang 

et al, cell uptake was shown to be highest when NPs fell within a size range of 25-50 

nm, with spherical NPs exhibiting an ~500% increase in internalization compared to 

equivalent-sized rod-shaped NPs (Jiang et al., 2008). Lindfors and coworkers recently 

showed that LNPs measuring ~65 nm underwent more internalization than larger and 

smaller sized LNPs within 1 h after administration, and that this size yielded the highest 

intracellular protein production (Arteta et al., 2018). Surface charge of NPs also affects 

cellular uptake, with negatively-charged NPs undergoing less internalization than positively-

charged NPs (Bannunah et al., 2014), owing to the favorable interaction of these NPs with 

negatively-charged phospholipids in the cell membrane (Voigt et al., 2014). In the context 

of gene therapy, this property of LNPs addresses a major limitation of mRNA delivery to 

cells, which is the negative charge of mRNA that precludes its translocation through the 

negatively-charged membrane (Zeng et al., 2020). Importantly, high transfection efficiencies 

were recently found to be dependent on early endosomal escape, before sequestration 

into lysosomes and exocytosis (Sayers et al., 2019). The presence of positively-charged 

lipid components thus proves advantageous, given that endosomal anionic phospholipid 

interactions with cationic lipids in nucleic acid–cationic lipid complexes have been shown 

to disrupt the endosomal membrane and promote cytoplasmic release of genetic material 

(Hafez et al., 2001). Lastly, both eGFP and Cy5-Luc mRNA LNP formulations incorporated 

mRNA to a high degree, with loading efficiencies of 85.5 ± 5.3% and 72.9 ± 11.5%, 

respectively (Fig. 2d), agreeing well with previously published findings regarding mRNA 

loading efficiencies in LNPs (Kauffman et al., 2016).

Another major limitation of in vivo mRNA therapy is instability due to RNase-induced 

enzymatic degradation (Zeng et al., 2020). Given that intact mRNA must reach the cytosol 

for translation, adequate protection against ubiquitous RNases throughout the body is vital 

to the success of mRNA strategies. LNPs are meant to bestow protection to sequestered 

mRNA within lipid cores. Herein, mRNA housed within LNPs was wholly protected from 

RNase degradation, in direct contrast to free mRNA (Fig. 3a). mRNA was well housed 

within LNPs, with mRNA only released and migrating in the presence of the detergent 
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Triton X-100 that was used to break apart the LNPs. It was only upon the addition of Triton 

X-100, and in the presence of RNase, that mRNA was degraded. These findings agree with 

previous reports regarding LNP protection of genetic material. Leung et al. demonstrated 

that LNPs fully protected encapsulated siRNA from external RNase, and that degradation 

only occurred in the presence of Triton X-100 (Leung et al., 2012). Mandl and coworkers 

also showed that LNPs protected a self-amplifying RNA from RNase degradation (Geall 

et al., 2012). Successful protection of genetic cargo should translate to enhanced mRNA 

bioavailability at the site of interest and increased translation of therapeutic proteins. mRNA 

release was conducted at physiological (pH 7.4) and a lower (pH 5.0) pH associated with 

endosomal compartments (Maxfield, 2014). As can be seen in (Fig. 3)b, release of genetic 

material from LNPs was negligible during the first 2 h. Release of mRNA was detected 

at a timepoint of 8 h, with release in pH 5.0 (4.7%) proving faster than release in pH 7.4 

(1.3%). A much greater difference in release was observed at a timepoint of 24 h, where 

release of mRNA in pH 5.0 was ~12.0% compared to ~2.9% in pH 7.4. After 24 h, the 

rate of release of mRNA from LNPs increased, reaching ~41.4% at 72 h in pH 5.0. Similar 

mRNA release kinetics over time were observed in LNPs in pH 7.4, although at lesser 

amounts compared to LNPs in pH 5.0. By 4 d, ~50.8% of mRNA had been released from 

LNPs in pH 5.0 compared to ~36.2% from LNPs in pH 7.4. Akin to earlier timepoints, 

mRNA release was faster at pH 5.0 (62.1%) than pH 7.4 (44.2%) at day 5. By day 7, release 

kinetics seemingly reached a plateau at both pH 5.0 (66.3%) and 7.4 (55.3%). The slow 

release of mRNA from LNPs at pH 7.4 during the first 24 h (2.9%) proves advantageous 

for delivery of genetic cargo, offering protection against RNase degradation for a prolonged 

time after administration and prior to arrival to the site of action. Of note, cumulative 

mRNA release from LNPs throughout the course of the study proved more elevated at 

pH 5.0, suggesting a more rapid release of mRNA may occur in endosomal compartments 

whose pH is reduced from 6.8 to 4.5 as they transition to lysosomes (Huotari and Helenius, 

2011). Promoting endosomal escape represents an important LNP design consideration, with 

findings suggesting that lower ionizable lipid and cholesterol amounts and elevated helper 

lipid amounts result in optimal mRNA delivery to the cytoplasm for translation (Kauffman et 

al., 2015).

3.2. mRNA transfection of alveolar epithelial cells and fibroblasts in vitro

The transfection efficiency of LNPs housing mRNA expressing eGFP was examined in 

human primary alveolar epithelial cells and lung fibroblasts, as well as A549 human alveolar 

basal epithelial cells and MRC-5 human fibroblasts, quantitatively using flow cytometry 

analysis and qualitatively via confocal microscopy. eGFP expression was evident in A549 

cells at an early timepoint of 6 h at a low dose of 0.25 μg/mL, with ~16% transfection 

(Supplementary Fig. S9). And while eGFP expression was present in cells at 6 h, and 

transfection proved to be dose-dependent, only 61.9% transfection was observed at a dose 

of 1 μg/mL. Limited eGFP expression at this early timepoint may be the result of time 

constraints related to LNP cell internalization (Ruiz de Garibay et al., 2013) and endosomal 

uptake and release, with previous mRNA expression kinetics studies showing an expression 

onset at ~3 h after transfection (Leonhardt et al., 2014). Notably, mRNA-containing LNPs 

and lysosomes showed minimal co-localization at this timepoint (Supplementary Fig. S10). 

At later timepoints, eGFP transfection proved dose- and time-dependent following LNP 
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administration (Fig. 4a). At a concentration of 0.25 μg/mL of eGFP mRNA, time after 

administration proved the major determinant of increased transfection in human primary 

alveolar epithelial cells (38.3% at 24 h compared to 58.4% at 48 h). At a higher dose of 

1 μg/mL of eGFP mRNA, time was no longer a factor influencing transfection, as cells 

treated with mRNA-containing LNPs for timepoints of 24 and 48 h had near equivalent 

transfection efficiencies of 95.1% and 96.0%, respectively. A similar trend was observed in 

human primary lung fibroblasts, in which the lowest concentration (0.25 μg/mL) efficiently 

transfected only 34.9% of cells after 24 h. However, the same RNA concentration led to 

eGFP expression in 49.9% of cells at 48 h. At a higher concentration of 0.5 μg/mL of 

eGFP mRNA, transfection still proved time-dependent, as 69.8% and 82.6% of cells were 

transfected at 24 and 48 h, respectively. Lastly, transfection was no longer time-dependent 

at the highest dose (1 μg/mL), as equivalent number of cells (~93%) expressed eGFP at 24 

and 48 h. Successful transfection of eGFP mRNA in human primary alveolar epithelial 

cells and lung fibroblasts at 24 and 48 h after LNP treatment was corroborated via 

confocal microscopy, showing clear eGFP expression in the majority of cells (Fig. 4b). 

LNP transfection efficiency findings in human primary alveolar epithelial cells and lung 

fibroblasts were very similar in A549 and MRC-5 cells (Supplementary Fig. S11). Dose- 

and time-dependent effects of mRNA transfection were also observed via Western blot 

analysis, with 24 and 48 h timepoints demonstrating heightened eGFP protein expression 

compared to the 6 h timepoint (Supplementary Fig. S12). The favorable kinetics and extent 

of mRNA transfection via the LNP platform in these cells was expected to translate to 

efficacious protein translation in the in vivo setting.

3.3. In vivo delivery of mRNA-containing LNPs in a bleomycin mouse model of lung 
fibrosis

Our ultimate objective was to evaluate the delivery of mRNA in lungs undergoing 

fibrosis, with the goal of highlighting the potential for gene therapy as a viable treatment 

option. Current pharmacotherapies have limited efficacy in IPF patients. Two antifibrotic 

drugs, pirfenidone and nintedanib, have been shown clinically to slow the deterioration 

in lung function and IPF progression, but potential harmful side-effects exist and there 

is no clear evidence concerning improvements in long-term mortality (Canestaro et al., 

2016). Mechanistic insights into the pathogenesis and progression of IPF have resulted 

in several avenues for molecular target modulation, specifically the ability to restore or 

enhance the expression of specific proteins via synthetic mRNAs (Sahin et al., 2014). 

LNPs have recently enabled effective translation of RNA therapeutics from the in vitro 
setting into the clinical arena. Patisiran (Onpattro) is an RNAi-based therapy approved for 

hereditary transthyretin amyloidosis after patients showed improvements in multiple clinical 

manifestations of the disease (Adams et al., 2018). Most recently, the mRNA-1273 vaccine, 

an mRNA-based LNP construct, showed ~94% efficacy at preventing Covid-19 illness and 

severe disease (Baden et al., 2021), highlighting the immense potential for NP-mediated 

mRNA treatments in a variety of diseases. Successful transfection in alveolar epithelial cells 

and fibroblasts in vitro (Fig. 4) led us to evaluate the efficacy of mRNA-containing LNPs 

in a mouse model of lung fibrosis. Cy5-Luc mRNA LNPs were formulated and following 

IT delivery in a bleomycin mouse model of lung fibrosis, mouse lungs were examined for 

epifluorescence and luminescence. mRNA-associated fluorescence was evident in mouse 
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lungs 2 h after IT administration (Fig. 5a). Of note, examination of epifluorescence from 

distinct organs (liver, spleen, kidneys, and heart) at a timepoint of 24 h after administration 

showed no presence of mRNA in organs other than lungs (Supplementary Fig. S13), 

highlighting the potential of the IT route for site-specific delivery. Fluorescence associated 

with mRNA was present in the lungs at the earliest timepoint of 2 h and in a sustained 

fashion throughout the course of 48 h after IT administration of LNPs (Fig. 5a).

Importantly, Cy5-Luc mRNA was translated to functional protein at the 2 h timepoint, 

resulting in a bioluminescent signal that proved very strong at the 24 h timepoint (Fig. 

5a). Analysis of the kinetics of bioluminescence showed that luminescence emanating 

from lungs of mice undergoing fibrosis increased at 2 h to a value of 29191.6 ± 16306.9 

counts prior to peaking at a timepoint of 24 h (203185.3 ± 21234.9 counts) (Fig: 5b). 

The signal abated at 48 h to a value of 49157.5 ± 16571.0 counts and there was no 

measurable luciferase activity at a timepoint of 72 h (Supplementary Fig. S14). Results 

regarding translational kinetics varied slightly with previously published findings involving 

IT delivery of luciferase mRNA-containing LNPs in healthy mice. Pardi et al. demonstrated 

that bioluminescent signal in healthy BALB/c mice following IT administration of luciferase 

mRNA LNPs peaked at 4.8 h with minimal activity detected at 2 and 3 d at low and 

high doses, respectively (Pardi et al., 2015). In a recent study by Ghosh and coworkers, 

IT delivery of LNPs containing luciferase mRNA in BALB/c mice resulted in a peak in 

bioluminescence signal from lungs at a timepoint of 6 h after administration (Zhang et al., 

2020).

As mentioned previously, alveolar epithelial cells and fibroblasts represent important drivers 

of fibrosis in IPF. Injury to alveolar epithelial cells and their dysfunction consists of an 

early initiating event that contributes to fibroproliferation in IPF and eventual loss of lung 

function (Parimon et al., 2020). Moreover, AEC2 release factors and mediators that can 

contribute to fibroblast migration, proliferation, and differentiation into myofibroblasts, with 

activated myofibroblasts proving crucial for excessive deposition of ECM in IPF (Moore and 

Herzog, 2013). Thus, mRNA therapeutics targeting alveolar epithelial cells and fibroblasts 

represent viable treatment modalities in IPF. Examination of lungs from bleomycin-treated 

mice demonstrated that at a timepoint of 24 h after IT administration, Cy5-Luc mRNA 

was found associated with alveolar epithelial cells and fibroblasts (Fig. 6). Flow cytometry 

analysis of lungs showed that LNPs were able to deliver mRNA to alveolar epithelial cells, 

notably AEC2, and fibroblasts (Fig. 6a), and these findings agreed with confocal microscopy 

examination of lungs (Fig. 6b).

Results highlight the feasibility of directing mRNA therapeutics to alveolar epithelial cells 

and fibroblasts in lung fibrosis. To the best of our knowledge, in vivo mRNA delivery 

specifically to lungs undergoing fibrosis using LNP technologies has not been explored 

previously. Recently, Zhang et al. used a nanoformulation comprised of a ribosomal protein-

condensed mRNA core to enhance expression of matrix metallopeptidase 13 (MMP13), 

ameliorating disease progression in a bleomycin mouse model of lung fibrosis (Zhang 

et al., 2022). Expression enhancement of specific genes in alveolar epithelial cells and 

fibroblasts in mouse models of lung fibrosis has been explored previously primarily using 

viral vectors to deliver plasmid DNA (pDNA) (Ruigrok et al., 2021). Inoshima et al. 
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showed that adenoviral delivery of the p21 gene resulted in a fewer number of apoptotic 

alveolar epithelial cells, and decreased lung inflammation and fibrosis in a bleomycin 

mouse model of lung fibrosis (Inoshima et al., 2004). Kim and coworkers showed that 

adenoviral-mediated overexpression of inhibitor of DNA-binding 2 (Id2), a transcription 

factor that blocks TGF-β-induced collagen type I expression, resulted in alveolar epithelial 

cell proliferation and reduced fibrosis in bleomycin-treated mice (Yang et al., 2015). Huang 

et al. observed that expression of fetal-lethal noncoding developmental regulatory RNA 

(FENDRR) was downregulated in primary lung fibroblasts isolated from a bleomycin mouse 

model of lung fibrosis, and adenovirus-mediated FENDRR gene transfer improved lung 

function in these mice (Huang et al., 2020). Our findings, along with previously published 

reports regarding gene therapy to increase levels of proteins with therapeutic implications, 

highlight the feasibility of mRNA-based treatments in pulmonary fibrosis.

Herein, we show the potential for NP-based delivery of mRNA therapeutics to lungs 

undergoing fibrosis. The small-sized LNPs provide for efficient mRNA encapsulation, 

with efficacious protection against degradation and sustained release of mRNA over time. 

Importantly, mRNA transfection efficiency in vitro proved robust, especially at higher 

doses and longer times after administration. In a bleomycin mouse model of lung fibrosis, 

IT administration of mRNA-containing LNPs resulted in site-specific accumulation of 

the construct in lungs and successful mRNA transfection in alveolar epithelial cells and 

fibroblasts; attractive target cells for IPF therapy due to their role in disease pathogenesis. 

In the future, we will explore the delivery of mRNA capable of synthesizing proteins with 

therapeutic implications in pulmonary fibrosis, with emphasis on efficacy examination in 

a bleomycin mouse model of lung fibrosis. Moreover, we will evaluate the possibility to 

deliver mRNA to other cell types involved in IPF progression (e.g. alveolar macrophages). 

Findings from this study, in particular the ability to transfect mRNA in pulmonary tissue, 

opens several treatment avenues in other chronic lung diseases.
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Fig. 1. 
Schematic of LNPs for delivery of mRNA to lungs undergoing fibrosis. LNPs comprised 

of DOTAP, DPPC, cholesterol, DLin-MC3-DMA, and DSPE-PEG encapsulate mRNA for 

efficient delivery to alveolar epithelial cells (AECs) and fibroblasts in lungs undergoing 

fibrosis following intratracheal administration.
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Fig. 2. 
Physicochemical characterization and mRNA loading efficiency evaluation in LNPs. 

a) Diameter of mRNA-containing LNPs as determined via dynamic light scattering 

measurements. b) Cryo-TEM imaging of eGFP mRNA LNPs. The scale bar represents 25 

nm. c) Surface charge of mRNA-containing LNPs as determined by zeta potential analysis. 

d) Loading efficiency of mRNA within LNPs. Results represent mean ± STDEV.
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Fig. 3. 
mRNA stability and release kinetics from LNPs. a) Gel retardation assay for encapsulated 

mRNA stability in the presence of RNase. b) In vitro cumulative release of mRNA release 

from LNPs in PBS at pH 5.0 and 7.4. Results represent mean ± STDEV.
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Fig. 4. 
Transfection efficiency of eGFP mRNA LNPs in human primary alveolar epithelial cells 

and lung fibroblasts. a) mRNA transfection efficiency based on eGFP expression in alveolar 

epithelial cells and fibroblasts as determined by flow cytometry analysis. Results represent 

mean ± STDEV. b) Confocal microscopy examination of alveolar epithelial cells and 

fibroblasts at timepoints of 24 and 48 h after transfection with eGFP mRNA LNPs (1 

μg/mL). eGFP is represented in green, while nuclei (DAPI) and F-actin appear as blue and 

red, respectively. The scale bar represents 25 μm.
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Fig. 5. 
In vivo evaluation of luciferase expression following LNP delivery to lungs undergoing 

fibrosis. a) Representative whole-body bioluminescence images of bleomycin-treated mice 

at different timepoints after intratracheal administration of Cy5-Luc mRNA LNPs. Upper 

panel: Whole-body epifluorescence images. Lower panel: Corresponding bioluminescence 

after intraperitoneal injection of D-luciferin. b) Average radiance of luminescence in 

bleomycin-treated mice at different timepoints after intratracheal administration of Cy5-Luc 

mRNA LNPs (N=5). Results represent mean ± STDEV.
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Fig. 6. 
In vivo evaluation of LNP-delivered mRNA cell distribution in lungs undergoing fibrosis. 

Localization of Cy5-Luc mRNA in alveolar epithelial cells type 1 (AEC1) and 2 (AEC2), 

as well as fibroblasts, was examined in bleomycin-treated mouse lungs (N=3) 24 h after 

intratracheal administration of Cy5-Luc mRNA LNPs. a) Representative flow cytometry 

analysis of Cy5-Luc mRNA uptake in AEC1, AEC2, and lung fibroblasts. b) Representative 

confocal microscopy micrographs obtained from lung tissues. Red represents Cy5-Luc 

mRNA. The AEC1 marker AQP5, the AEC2 marker SFTPC, and the fibroblast marker 

FSP1 appear as green in the images, while DAPI (nuclear staining) appears as blue. The 

scale bars represent 50 μm.
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