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ARTICLE INFO ABSTRACT

Keywords: Respiratory diseases are among the leading causes of morbidity and mortality worldwide, coupled with

Lung the ongoing coronavirus disease 2019 (COVID-19) pandemic. mRNA lipid nanoparticle (LNP) vaccines have

Extracellular vesicles been developed, but their intramuscular delivery limits pulmonary bioavailability. Inhalation of nanoparticle

i’:;i"lzzis therapeutics offers localized drug delivery that minimizes off targeted adverse effects and has greater patient
compliance. However, LNP platforms require extensive reformulation for inhaled delivery. Lung-derived
extracellular vesicles (Lung-Exo) offer a biological nanoparticle alternative that is naturally optimized for
mRNA translation and delivery to pulmonary cells. We compared the biodistribution of Lung-Exo against
commercially standard biological extracellular vesicles (HEK-Exo) and LNPs (Lipo), where Lung-Exo exhibited
superior mRNA and protein cargo distribution to and retention in the bronchioles and parenchyma following
nebulization administration. This suggests that inhaled Lung-Exo can deliver mRNA and protein drugs with
enhanced pulmonary bioavailability and therapeutic efficacy.

1. Introduction to affected lung tissue. Magnetic aerosols have been developed and
applied to in vitro airway models® and computer simulations® to track
droplet delivery. However, aerosol distribution of therapeutic nanopar-
ticles is not universal across formulations. Developing a standardized
loadable nanoparticle for a range of pulmonary therapeutic applications
and characterizing its distribution upon inhaled delivery would eluci-
date cellular targeting and optimize drug dosage. mRNA loaded LNPs
have demonstrated therapeutic efficacy against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection as an intramuscu-
lar injection vaccine,'®"'® opening the application of mRNA vaccines
to treat other lung diseases across different delivery methods such
as nebulization.!%!> However, extensive LNP formulation is required
to optimize mRNA translation and pulmonary bioavailability for in-

Respiratory diseases are becoming increasingly prevalent,’ with
diseases such as lower respiratory infections and chronic obstructive
pulmonary disease substantially driving patient burden across all ages.>
Inhaled therapeutics provide an attractive drug delivery method that
offers localized and noninvasive treatments. By directly inhaling drugs,
pulmonary bioavailability can be optimized, while minimizing subse-
quent adverse effects.>* However, drug formulation and aerosol depo-
sition are critical obstacles that impede therapeutic efficacy. Nanomate-
rials offer a solution by altering drug size, solubility, and surface chem-
istry to become compatible with the pulmonary microenvironment.>56

Through encapsulation using lipid nanoparticles (LNPs), drug cargo
is protected from rapid degradation.” The distribution of these drug-
loaded LNPs needs to be well characterized to ensure drug targeting

haled delivery. Therefore, biological nanoparticles such as extracellular
vesicles (EVs) offer an alternative to synthetic LNPs that are natu-
rally optimized for mRNA encapsulation and cellular delivery. EVs,
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Fig. 1. Characterization of mRNA and protein-loaded nanoparticles. (A) TEM images of native Lung-Exo, HEK-Exo, and Lipo. (B) Immunoblot of CD63 in exosome and liposome
lysate. (C) NTA size distribution analysis and mode nanoparticle diameters. (D) Quantification of NTA size distribution analysis of the average mean + standard error of five

replicates; n = 1 per group. (E) Schematic of mRNA and protein loading into exosomes and liposomes. Created with BioRender.com. (F) Immunoblot of RFP in exosome and

liposome lysate. (G) Quantification of NTA size distribution analysis of the average mean + standard error of five replicates; n = 1 per group. (H) Quantification of Lung-Exo,
HEK-Exo, and Lipo pixel intensity normalized to nuclei in lung parenchymal cells; n = 3 per group. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

including exosomes, are nanosized vesicles secreted by various cells
types into almost all biological fluids.'® Exosomes have known ther-
apeutic properties across various disease applications.!>!7 Exosomes
contain a variety of molecular components including RNAs and proteins
that differ depending on their parent-cell origination.'®!° Exosomes
secreted from pulmonary cells may contain molecular components
and membrane features that are recognized and favored in the lung
microenvironment.'® Utilizing lung-derived exosomes (Lung-Exo) as an
inhaled drug delivery vesicle may increase drug retention and efficacy
by more efficiently evading immune clearance and targeting pulmonary
cells. Along with drug delivery, Lung-Exo themselves have demon-
strated therapeutic benefits. In a rodent model of idiopathic pulmonary
fibrosis, Lung-Exo better restores lung function and reduces fibrotic
severity than its mesenchymal stem cell exosome counterpart.>’ How-
ever, the biodistribution of Lung-Exo after inhaled delivery has yet to
be determined. In this study, we developed fluorescently labeled Lung-
Exo by loading green fluorescent protein (GFP)-encoding mRNA and
red fluorescent protein (RFP) through an established electroporation
method?!»?? and compared its distribution against commercial standard
biological nanoparticles, HEK293T-derived exosomes (HEK-Exo), and
synthetic LNPs (Lipo). We hypothesize that lung-derived exosomes are
naturally optimized for the distribution and retention of mRNA and
protein cargo components in the lung following inhaled delivery.

2. Results
2.1. mRNA and protein loading into exosomes and liposomes

Lung-Exo, HEK-Exo, and Lipo were used to assess how NP derivation
affects biodistribution in the lung. NP morphology was assessed by

transmission electron microscopy (TEM), confirming that the isola-
tion of exosomes and liposomes did not disrupt vesicular membrane
integrity (Fig. 1A). An immunoblot confirmed that Lung-Exo and HEK-
Exo have an exosomal phenotype (CD63+), while Lipo lacks an ex-
osomal phenotype (Fig. 1B). Nanoparticle tracking analysis (NTA)
determined that the mode diameter of Lung-Exo, HEK-Exo, and Lipo
were 113.4 + 3.9 nm, 118.5 + 11.5 nm, and 132.8 + 3.3 nm (Fig. 1C,
Fig. 1D). To label the NPs, green fluorescent protein (GFP)-encoding
mRNA and red fluorescent protein (RFP) were loaded into exosomes
and liposomes (Fig. 1E). Protein loading was confirmed by an im-
munoblot (Fig. 1F). NTA of loaded NPs showed an increase in mode
diameter of Lung-Exo, HEK-Exo, and Lipo (Fig. 1G). When co-cultured
with lung parenchymal cells, Lung-Exo and HEK-Exo had significantly
greater mRNA (2.5-fold and 2.4-fold) and protein cargo (2.4-fold and
2.2-fold) uptake than their liposome counterpart after 24 h, respectively
(Fig. 1H, Figure S1). This suggests that cellular targeting is greater
enhanced through biologically derived nanoparticles than synthetic
nanoparticles.

2.2. Nebulized lung-derived exosomes have superior distribution and reten-
tion in the lung

To test if mRNA and protein drugs can be delivered by inhalation,
a single dose of labeled NPs were delivered to healthy mice by jet
nebulization (Fig. 2A). Ex vivo imaging revealed the distribution of
nanoparticles at 24, 48, and 72 h (Fig. 2B), with notable clearance
or degradation of liposomes over time (Fig. 2C). At 24 h, Lung-Exo
had 1.3-fold and 2.4-fold greater mRNA distribution, and 1.3-fold and
2.8-fold greater protein distribution than its HEK-Exo and Lipo coun-
terparts (Fig. 2D), respectively, baselined to their native nanoparticle
controls (Figure S2). mRNA and protein cargo delivery were verified
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Fig. 2. Biodistribution of nebulized labeled nanoparticles in the lung. (A) Schematic of mRNA and protein loading, nebulization administration, and ex vivo histology. Created with
BioRender.com. (B) Representative ex vivo images of mouse lungs after mRNA and protein loaded Lung-Exo, HEK-Exo, and Lipo nebulization. (C) Quantification of the integrated
density of GFP and RFP fluorescence in ex vivo mouse lungs; n = 1 per group. (D) Quantification of the integrated density of GFP and RFP fluorescence in ex vivo mouse lungs
24 h after nebulization; n = 3 per group. (E) Immunoblots of GFP and RFP in mouse lung lysate. (F) Quantification of immunoblots normalized to f-actin; n = 3 per group.

by immunoblots (Fig. 2E), where mice who received Lung-Exo had
the highest mRNA translation and protein expression in lung tissue
(Fig. 2F). Together, these data suggest the superior distribution and
retention of inhaled exosomes in the lung than inhaled liposomes. No-
tably, exosomes of lung origin outperformed the HEK exosome control
by having greater nanoparticle distribution, retention, mRNA transla-
tion, and protein expression in the lung. These suggest the enhanced
bioavailability of Lung-Exo as an inhaled therapeutic and drug delivery
vesicle for respiratory diseases.

2.3. Lung-derived exosomes have superior delivery of mRNA and protein to
the bronchioles and parenchyma

Nanoparticles are an attractive inhaled therapeutic in that their
innate size distributions (<5 pm) are immediately respirable and allow
for alveolar deposition.?® To track inhaled nanoparticles into the deep
lung, we segmented the whole lung into its three main areas: the tra-
chea, bronchioles, and parenchyma (Fig. 3A). Liposomes showed trends
of tracheal deposition (Fig. 3B), while exosomes showed significantly
greater deposition into the bronchioles (Fig. 3C) and parenchyma
(Fig. 3D). Lung-Exo had the greatest protein expression in the bronchi-
oles (24.1-fold) and parenchyma (22.9-fold) compared to Lipo. Notably,
Lung-Exo had the greatest mRNA translation in the bronchioles (1.9-
fold and 27.5-fold) and parenchyma (2.8-fold and 7.2-fold) than both
HEK-Exo and Lipo, respectively. These data suggest that mRNA and
protein delivery and translation may be significantly impacted by its
nanoparticle phenotype. The native lung signature of Lung-Exo may
provide superior delivery and retention of cargo components to the
lung than exosomes derived from different cell types or synthetic
nanoparticles.

2.4. Off-targeted uptake of lung-derived exosomes

Off-targeted uptake of the nanoparticles was tracked in the other
major organs (Fig. 4A), where mice who received inhaled Lipo showed
rapid clearance and mRNA uptake through the pulmonary circulation
into the heart (Fig. 4B, Figure S2). The gastrointestinal (GI) tract
showed absorption of both exosomes and liposomes, with consideration
of tissue autofluorescence (Fig. 4B, Figure S2). Interestingly, Lung-
Exo showed significant metabolism to the liver (Fig. 4B, Figure S2).
Our previous studies have demonstrated significant improvement in
liver function through decreased alanine transaminase (ALT) enzymes
and decreased serum monocyte chemoattractant protein-1 (MCP-1)
in a rat model of pulmonary fibrosis that received nebulized Lung-
Ex0.%? Federally-approved small molecule drugs nintedanib®* and pir-
fenidone®® slow the progression of pulmonary fibrosis, but have been
associated with adverse events involving an elevation of liver enzymes
that may result in a termination of drug use.’*2® Mesenchymal stem
cell nanoparticles promote hepatic regeneration and reduce liver en-
zymes in a liver fibrosis model,’ suggesting that applying Lung-Exo
as an inhaled drug delivery vehicle may too mitigate liver enzyme
elevation through its enhanced bioavailability.

3. Materials and methods

Cell Culture: Human LSCs were generated from healthy whole lung
samples from the Cystic Fibrosis and Pulmonary Diseases Research
and Treatment Center at the University of North Carolina at Chapel
Hill and expanded as previously described.?®! LSCs were plated
on a fibronectin-coated (Corning Incorporated, Corning, NY, USA)
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Fig. 3. mRNA and protein delivery to the trachea, bronchioles, and parenchyma. (A) Representative immunostaining images of whole lung, tracheal, bronchiole, and parenchymal
sections for GFP (green), RFP (red) and DAPI (blue); scale bar = 1000 pm in whole lung images; scale bar = 100 pm in tracheal and bronchiole sections; scale bar = 1 pm in
parenchymal sections. (B) Quantification of Lung-Exo, HEK-Exo, and Lipo pixel intensity normalized to nuclei in tracheal sections; n = 9 per group. (C) Quantification of Lung-Exo,
HEK-Exo, and Lipo pixel intensity normalized to nuclei in bronchiole sections; n = 9 per group. (D) Quantification of Lung-Exo, HEK-Exo, and Lipo pixel intensity normalized to
nuclei in parenchymal sections; n = 9 per group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

flask and maintained in Iscove’s Modified Dulbecco’s Media (IMDM,;
ThermoFisher Scientific, Waltham, MA, USA) containing 20% fetal
bovine serum (FBS; Corning Incorporated, Corning, NY, USA), 1%
L-glutamine (ThermoFisher Scientific, Waltham, MA, USA), 0.5% Gen-
tamicin (ThermoFisher Scientific, Waltham, MA, USA), and 0.18%
2-mercaptoethanol (ThermoFisher Scientific, Waltham, MA, USA). Hu-
man embryonic kidney (HEK) 293T cells were purchased from Ameri-
can Type Culture Collection (ATCC; American Type Culture Collection,
Manassas, VA, USA). HEK cells were plated on a flask and maintained
in Minimum Essential Media (MEM; ThermoFisher Scientific, Waltham,
MA, USA) containing 10% FBS, 1% L-glutamine, 0.5% Gentamicin,

and 0.18% 2-mercaptoethanol. Media changes on all cultures were
performed every other day. LSCs and HEK cells were allowed to
reach 70%-80% confluence before generating serum-free secretome
(Lung-Secretome, HEK-Secretome) as previously described.?’ Lung- and
HEK-Secretome were collected and filtered through a 0.22 um filter to
remove cellular debris. All procedures performed in this study involving
human samples were in accordance with the ethical standard of the
institutional research committee and with the guidelines set by the
Declaration of Helsinki.

Exosome isolation and characterization: Lung-Exo and HEK-Exo were
collected and isolated from Lung-Secretome and HEK-Secretome using
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Fig. 4. ((A) Ex vivo images of mouse heart, liver, kidney, spleen, GI, and brain 24 h after loaded Lung-Exo, HEK-Exo, and Lipo nebulization. (B) Quantification of the integrated
density of GFP and RFP fluorescence in ex vivo mouse heart, liver, kidney, spleen, GI, and brain normalized to native nanoparticle controls (see Supplementary Figure 2).

an ultrafiltration method.3? Filtered secretome was pipetted into a
100kDa Amicon centrifugal filter unit (MilliporeSigma, Burlington,
MA, USA) and centrifuged at 400 RCF and 10 °C. After all me-
dia passed through the centrifugal filter unit, remaining exosomes
were detached from the filter and resuspended using 1X Dulbecco’s

phosphate-buffered saline (DPBS; ThermoFisher Scientific, Waltham,
MA, USA) with 25 mM trehalose (MilliporeSigma, Burlington, MA,
USA) for further analysis.>® Pegylated Remote Loadable Liposomes
(Lipo) were purchased from Avanti Polar Lipids (Avanti Polar Lipids,
Inc, Alabaster, AL, USA). LSC-Exo, HEK-Exo, and Lipo were fixed with
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4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield,
PA, USA) and 1% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA)
onto 100 mesh copper grids (Electron Microscopy Sciences, Hartfield,
PA, USA) for transmission electron microscopy imaging (JEOL JEM-
2000FX, Peabody, MA, USA). Samples were stained with Vanadium
Negative Stain (ab172780; Abcam, Cambridge, United Kingdom). Sam-
ple concentrations and mean diameters were quantified by nanoparticle
tracking analysis before and after fluorescent label loading (NanoSight
NS3000, Malvern Panalytical, Malvern, UK).

Nanoparticle fluorescent label loading: GFP-encoding mRNA and RFP
protein labeled nanoparticles were generated by loading mRNA and
protein into exosome and liposome particles via electroporation, yield-
ing labeled Lung-Exo, HEK-Exo, and Lipo.?!»*?> 1 billion nanoparticles
from each sample were diluted in Gene Pulser® Electroporation Buffer
(Bio-Rad, Hercules, CA, USA) at a 1:9 ratio of nanoparticles to buffer.
Particle numbers were calculated from the mean concentration calcu-
lations from three replicates by NTA. 10 ug of GFP-encoding mRNA
DasherGFP® (Aldevron, Fargo, ND, USA) and RFP (ab268535; Abcam,
Cambridge, United Kingdom) were added to the nanoparticle-buffer
solution and transferred to an ice-cold 0.4 cm Gene Pulser/MicroPulser
Electroporation Cuvette (Bio-Rad, Hercules, CA, USA). The electropo-
ration cuvette was inserted into the Gene Pulser Xcell™ Total System
(Bio-Rad, Hercules, CA, USA) and electroporated under the following
conditions: pulse type: square waveforms; voltage: 200 V; pulse length:
10 msec; number of pulses: 5; pulse interval: 1 s Electroporation
buffer was filtered out of the fluorescently labeled nanoparticles by the
ultrafiltration method described above. 10 ug of GFP-encoding mRNA
DasherGFP (Aldevron, Fargo, ND, USA) and 10 ug of RFP were loaded
into LSC-Exo, HEK-Exo, and Lipo nanoparticles via the electroporation
method described above.

SDS-PAGE and western blot: Native and fluorescently labeled LSC-
Exo, HEK-Exo, and Lipo were further characterized by immunoblotting.
Samples were lysed, denatured, and reduced by Laemmli sample buffer
(Bio-Rad, Hercules, CA, USA) and p-mercaptoethanol (Bio-Rad, Her-
cules, CA, USA) at 90 °C for 5 min. Protein samples and molecular
ladder (Precision Plus Protein Unstained Standards; Bio-Rad, Hercules,
CA, USA) were loaded into a 10% acrylamide precast Tris-Glycine
gel (Bio-Rad, Hercules, CA, USA) for sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) separation. Gels were run at a
stacking voltage of 100 V until samples ran out of the wells, followed
by a constant voltage of 200 V. Gels were visualized and imaged in
a Bio-Rad Imager (Bio-Rad, Hercules, CA, USA). Gels were transferred
onto polyvinylidene fluoride membranes (PVDF; Bio-Rad, Hercules, CA,
USA) using the Bio-Rad wet electroblotting transfer system (Bio-Rad,
Hercules, CA, USA). Following transfer, membranes were washed three
times in 1X phosphate-buffered saline with 0.1% Tween detergent (PBS-
T; MilliporeSigma, Burlington, MA, USA) for 5 min each and blocked
using 5% milk in PBS-T for one hour at room temperature. Membranes
were blotted against anti-f-Actin (ab6276; Abcam, Cambridge, United
Kingdom), anti-CD63 (PA5-100713; ThermoFisher Scientific, Waltham,
MA, USA), anti-GFP (ab290; Abcam, Cambridge, United Kingdom),
and anti-RFP (ab62341; Abcam, Cambridge, United Kingdom) primary
antibodies in 5% milk in PBS-T and incubated at 4 °C for one week.
After incubation, membranes were incubated with the correspond-
ing goat anti-rabbit (ab6721; Abcam, Cambridge, United Kingdom)
and goat anti-mouse (ab6789; Abcam, Cambridge, United Kingdom)
HRP-conjugated secondary antibodies for 1 h at room temperature.
Membranes were then visualized using Clarity Western ECL Substrate
(Bio-Rad, Hercules, CA, USA) and imaged in a Bio-Rad Imager (Bio-
Rad, Hercules, CA, USA). Band intensities were analyzed using ImageJ
analysis software (NIH; https://imagej.nih.gov/ij/).

Animal procedures: Seven-week-old male CD1 mice (022) were ob-
tained from Charles River Laboratory (Wilmington, MA, USA). Lung-
Exo, HEK-Exo, and Lipo were administered via jet nebulization (Pari
Trek S Portable 459 Compressor Nebulizer Aerosol System, PARI,
Starnberg, Germany). Fluorescently labeled nanoparticles were given
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in a single dose of 10° particles per kg of body weight. Immediately
after sacrifice, the lungs, heart, liver, kidneys, spleen, cecum, and brain
were excised and imaged using a Xenogen Live Imager (PerkinElmer,
Waltham, MA, USA). Blood was collected in Vacuette ethylenedi-
aminetetraacetic acid (EDTA) tubes (Greiner Bio-One, Kremsmiinster,
Austria) and centrifuged at maximum speed for 5 min to separate
out serum. All animal studies complied with the requirements of
the Institutional Animal Care and Use Committee (IACUC) of North
Carolina State University.

Histology: Immunostaining was performed on tissue slides and cham-
ber slides fixed in 4% PFA (Electron Microscopy Sciences, Hatfield,
PA, USA) in DPBS for 30 min, followed by permeabilization and
blocking with Dako Protein blocking solution (Aglient Technologies,
Santa Clara, CA, USA) with 0.1% saponin (Sigma-Aldrich, St. Louis,
MO, USA) at room temperature for 1 h. Slides were mounted with
ProLong Gold Antifade Mountant (Invitrogen, Waltham, MA, USA) and
ProLong Gold Antifade Mountant with DAPI (Invitrogen, Waltham,
MA, USA). Membrane and slides were imaged on the Olympus FLU-
OVIEW CLSM (Olympus; FV3000, Shinjuku, Tokyo, Japan) with an
Olympus UPlanSAPO 10x objective (Olympus; 1-U2B824, Shinjuku,
Tokyo, Japan) and Olympus UPlanSAPO 60x objective (Olympus; 1-
U2B832, Shinjuku, Tokyo, Japan). Images were analyzed using ImageJ
analysis software.

Statistical analysis: Statistical analysis was performed using Graph-
Pad Prism analysis software (GraphPad Software Inc., San Diego, CA,
USA). Results are shown as the mean + standard deviation. Compar-
isons among two groups were performed using an unpaired t-test,
followed by Welch’s correction test. Comparisons among more than
two groups were performed using a parametric one-way ANOVA test,
followed by Bonferroni’s multiple comparisons test. p<0.05 was consid-
ered statistically significant. The legend is as follows: * p-values <0.05;
** p-values <0.01; *** p-values <0.001; **** p-values <0.0001.

4. Discussion

Our present study reveals that lung-derived exosomes display supe-
rior pulmonary distribution and retention following inhaled delivery.
Biological and synthetic nanoparticles can be loaded with exogenous
molecular components, while maintaining their membrane integrities
and phenotypes. Lung parenchymal cells cultured with exosomes had
significantly greater mRNA and protein cargo uptake, suggesting that
biological nanoparticles better facilitate cellular targeting and molecu-
lar drug function than synthetic LNPs. We showed that exosomes and
liposomes deliver functional mRNA and protein cargo following jet
nebulization administration to mice. Lung-Exo displayed enhanced pul-
monary bioavailability through greater lung distribution and retention
than its HEK-Exo and Lipo counterparts. Mice who received nebulized
Lung-Exo had the highest mRNA translation and protein expression in
lung tissue, as well as the highest NP deposition to the bronchioles and
parenchyma, compared to HEK-Exo and Lipo. These data suggest that
lung-derived exosomes are optimized drug delivery vesicles for inhaled
therapeutics.

5. Conclusion

Interstitial lung disorders, lower respiratory infections, and small
airway diseases require drug delivery to the deep lung to target affected
lung tissue. Lung-Exo are naturally optimized for the pulmonary mi-
croenvironment and can better distribute and retain molecular drugs in
the deep lung than synthetic nanoparticles. Lung-derived exosomes of-
fer a unique nanoparticle drug delivery system, with enhanced bioavail-
ability, that can serve as an mRNA and protein drug delivery vesicle
tailored for lung diseases.
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