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The promise of gene therapy for the treatment of cystic fibrosis
has yet to be fully clinically realized despite years of effort to-
ward correcting the underlying genetic defect in the cystic
fibrosis transmembrane conductance regulator (CFTR).
mRNA therapy via nanoparticle delivery represents a powerful
technology for the transfer of genetic material to cells with
large, widespread populations, such as airway epithelia. We de-
ployed a clinically relevant lipid-based nanoparticle (LNP) for
packaging and delivery of large chemically modified CFTR
mRNA (cmCFTR) to patient-derived bronchial epithelial cells,
resulting in an increase in membrane-localized CFTR and
rescue of its primary function as a chloride channel. Further-
more, nasal application of LNP-cmCFTR restored CFTR-medi-
ated chloride secretion to conductive airway epithelia in CFTR
knockout mice for at least 14 days. On day 3 post-transfection,
CFTR activity peaked, recovering up to 55% of the net chloride
efflux characteristic of healthy mice. This magnitude of
response is superior to liposomal CFTR DNA delivery and is
comparable with outcomes observed in the currently approved
drug ivacaftor. LNP-cmRNA-based systems represent a power-
ful platform technology for correction of cystic fibrosis and
other monogenic disorders.
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INTRODUCTION
Cystic fibrosis is a monogenic lifespan-reducing disorder affecting
approximately 70,000 people worldwide.1 The disease is caused by
genetic variance within the coding region of the cystic fibrosis trans-
membrane conductance regulator (CFTR), an anion channel neces-
sary for chloride efflux from secretory epithelial cells.2–5 Over time,
the resulting ion transport dysregulation induces multisystem organ
failure and death. There are currently over 300 distinct disease-
conferring mutations, leading to a wide variance in disease progres-
sion.6 Among other symptoms, patients experience respiratory chal-
lenges, including dehydrated pulmonary air surface liquid, impaired
mucociliary clearance, permanent bacterial colonization, and lung
disease.3,7–10 Restoration of normal ion homeostasis to cystic fibrosis
patients represents a major goal of therapeutic agent development.
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Because of steady advancements to alleviate complications, the me-
dian life expectancy of cystic fibrosis patients has quadrupled since
1962, progressing from 10 to 40 years.11 Recent breakthroughs in
drug development have identified several small-molecule CFTRmod-
ulators (including ivacaftor, lumicaftor, and tezecaftor) that partially
restore trafficking and chloride transport function to the endoge-
nously expressed mutant protein.12–15 Although promising, these
drugs have several limitations. First, these “protein rescue” therapies
only apply to specific CFTR mutations, leaving approximately 30% of
patients with no protein-specific treatment options.16 Second, in cases
where the disease arises fromCFTR trafficking defects, these therapies
have shown only modest improvements in lung function, sweat chlo-
ride, and hospitalization rates.17–20 Third, a recent study suggest that
17.2% of eligible patients discontinued therapy because of side effects
or perceived lack of benefit, which increased to 31.6% when subjects
had less than 40% of predicted healthy lung function.20 Finally, the
use of protein rescue molecules has been restricted to patients older
than 6 years, in part because of toxicity concerns.16

Unlike pharmacotherapeutic interventions, gene therapy holds the
potential to treat cystic fibrosis irrespective of patient genotype.
mRNA has garnered significant attention in academia and industry
because it acts in the cytosol, eliminating the challenges of nuclear
translocation.21–23 This method offers amplified production of thera-
peutic proteins through rapid, repeated translation in dividing and
non-dividing cells.21,24,25 Unfortunately, exogenous mRNA can be
detected and destroyed by serum nucleases and can trigger an im-
mune response upon cellular entry.26,27 Current strategies utilize
chemically modified mRNA (cmRNA), which contains modified nu-
cleosides such as pseudouridine and 5-methylcytidine.28–31 These
chemical modifications aid in effective subversion of the innate im-
mune response and confer enhanced stability.24,28,29
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Figure 1. LNP Particle Characterization, Uptake, and

Efficacy

Particle size distribution of LNP-cmCFTR was measured

through (A) nanoparticle tracking analysis and (B) dynamic

light scattering. (C) CF and CF-WT bronchial epithelial cells

were exposed to varying concentrations of LNP-cmRNA.

Luciferase expression was normalized to cell viability

(relative light units [RLU]/relative fluorescent units [RFU],

gray bars), and Cy5 uptake was normalized to cell count

(RFU, gray line) (n = 3, mean ± SD). (D) Intranasal lung

instillation of LNP-cmFLuc (0.6 mg cmRNA/kg) was

conducted in BALB/c mice (n = 4). At 12 hr, organs

were harvested, and luciferase intensity was measured

using IVIS.
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Because of their high negative charge, nucleic acids are unable to
cross the cell membrane and, therefore, require assistance for intra-
cellular delivery. Lipid-based nanoparticles (LNPs) are a leading de-
livery platform because they efficiently encapsulate, protect, and
deliver nucleic acids.32–39 LNPs contain an ionizable lipid that facil-
itates cmRNA packaging through complexation and aids in trig-
gering endosomal escape through membrane destabilization.33,40–47

Formulations also consist of a phospholipid and cholesterol to
maintain structural integrity and an outer lipid that is decorated
with polyethylene glycol (PEG).40,41,48,49 This coating cloaks the
LNP from the host immune response, imparts serum stability,
Mole
and extends in vivo circulation time.50–52

Recently, LNPs have succeeded in clinical trials
to deliver small interfering RNA for treatment
of metabolic disorders (patisiran) and are front-
runners in clinical development of mRNA vac-
cines (mRNA-1440) without noted toxic ef-
fects.53–55

We designed a formulation of LNPs containing
cmRNA encoding human CFTR (cmCFTR,
LNP-cmCFTR) that transfected immortalized
patient-derived bronchial epithelial cells, result-
ing in rescue of chloride efflux. We further
demonstrated that nasal application of LNP-
cmCFTR to CFTR knockout (CFKO) mice re-
stores chloride transport to the nasal airway
epithelium, as determined by testing nasal po-
tential difference (NPD). Here we present a
proof of concept for the application of LNP-
cmCFTR as an effective, transient, and reversible
treatment for cystic fibrosis.

RESULTS
Particle Characterization, cmRNA Uptake,

and Protein Expression

LNPs were formulated through microfluidic
mixing of the lipids with mRNA, which spon-
taneously self-assemble into small uniform nanostructures. Despite
the considerable size of cmCFTR (4.5 kb), individual nanoparticle
tracking analysis showed that particles of 176.6 ± 74.9 nm were
formed with a concentration of 1.65 � 1011 nanoparticles/mL so-
lution. Dynamic light scattering (DLS) showed that LNP-cmCFTR
had an average hydrodynamic size of 104.2 ± 30.5 nm and was uni-
form, with a polydispersity index (PDI) of 0.08 (Figures 1A
and 1B) and high encapsulation efficiency (>99%, data not shown).
These characterizations indicate that LNPs can encapsulate large
cmRNA molecules into nanoscale packages used for intracellular
delivery.
cular Therapy Vol. 26 No 8 August 2018 2035
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To study the in vitro uptake and efficacy of these LNPs, we employed
CFBE41o� cells derived from a patient homozygous for the common
disease-causing F508del mutation (CF cells). As a positive control, we
utilized a CFBE41o� daughter strain stably transfected to express
additional wild-type (WT) CFTR (CF-WT cells; see Materials and
Methods for strain details). We tested particle efficacy in CF and
CF-WT cells using a bioluminescent reporter cmRNA encoding firefly
luciferase (LNP-cmFLuc; see Materials and Methods) and found that,
following 24 hr exposure to LNP-cmFLuc, both cell lines exhibited a
dose-dependent increase in luciferase activity (Figure 1C, bars) with
negligible toxicity. As an indicator of cmRNA uptake, we performed
the same experiment using LNPs encapsulating Cy5-tagged cmRNA
and found that the trend of cmRNA uptake was consistent with the
expression observed (Figure 1C, lines), with no difference in expres-
sion or uptake between the experimental and control cell lines.

Delivery of genetic material to the airway is complicated by the
mucosal barrier of the respiratory epithelium, which facilitates ciliary
clearance of particulates upon introduction to the airway.56–61 Ad-
vances in nanoparticle engineering have shown that decorating the
surface of nanoparticles with PEG prevents mucosal trapping, and a
decreased size further expedites transmucosal delivery and subse-
quent cellular entry.57–62 LNP-cmFLuc (0.6 mg/kg) endowed with a
PEG shell was delivered to the lungs of healthy BALB/c mice through
intranasal instillation. 12 hr after transfection, luciferase expression
was localized to the lungs without any evidence of transfection in
other organs (Figure 1D).

Exogenous cmCFTR Translates and Localizes to the Plasma

Membrane In Vitro

To elucidate the mechanisms underlying CFTR malfunction, its
cellular itinerary has been studied rigorously.63–68 Nascent CFTR be-
comes core-glycosylated (135 kDa) in the endoplasmic reticulum and
is further modified to become fully complex-glycosylated (180 kDa)
as it moves through the trans-Golgi network before reaching its func-
tional destination at the plasmamembrane. Themost common CFTR
mutation features a complete deletion of the phenylalanine at position
508 (F508del).2,6 The resulting misfolded protein variant is prevented
from trafficking through the trans-Golgi network and is subsequently
degraded before complex glycosylation, resulting in a loss of chloride
secretion (Figure 2A).69–71

Through western blot analysis, we confirmed the presence of CFTR
after transfection of CF cells. As migration standards, we included
complex- and core-glycosylated CFTR. Although untransfected CF
cell lysates showed no CFTR-associated antibody binding, transfected
CF lysates contained CFTR products throughout the range of
molecular weights associated with core and complex glycosylation
(Figure 2B). The presence of CFTR enrichment in lysates following
nanoparticle treatment strongly indicates that exogenous cmCFTR
mRNA is translated and undergoes post-translational modification.

As expected, confocal microscopy of CF-WT cells confirmed normal
subcellular distribution of CFTR, including its presence in the plasma
2036 Molecular Therapy Vol. 26 No 8 August 2018
membrane (Figure 2C, left). Conversely, CF cells showed premature
processing arrest of CFTR in the endoplasmic reticulum, as revealed
by its perinuclear accumulation (Figure 2C, center). LNP delivery of
cmCFTR to CF cells restored the plasma membrane localization of
this protein (Figure 2C, right). When grown at the air-liquid interface,
bronchial epithelial cells form a polarizedmonolayer capable of main-
taining ion homeostasis mimicking that of conductive airway epithe-
lium. Transfection of polarized CF cells with LNP-cmCFTR led to
apical membrane localization of CFTR, as confirmed by z stack anal-
ysis (Figure 2D). Taken together, these data show that LNP-delivered
cmCFTR undergoes successful cellular processing and that the result-
ing protein follows the itinerary of endogenousWT CFTR to reach its
functional destination in the plasma membrane.

Transfection with LNP-cmCFTR Rescues the Chloride Efflux

Phenotype In Vitro

To evaluate the chloride efflux functionality of the cmCFTR pro-
tein product, we utilized a fluorescent reporter of intracellular
chloride, N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bro-
mide (MQAE) (Figure 3A). CFTR-driven chloride efflux was stimu-
lated by activation of cyclic AMP using forskolin and 3-isobutyl-1-
methylxanthine in a zero chloride (0Cl�) solution (see Materials
andMethods for details).72–74We observed a rapid efflux in untreated
CF-WT cells within 30 s of stimulation that reached steady state at
90 s (Figure 3B). A CFTR-specific inhibitor (CFTRInh-172) attenuated
chloride efflux in these cells. CF cells showed a minor change in intra-
cellular fluorescence, indicative of minimal CFTR function, which is
consistent with previous studies in the same cell line.72 LNP-cmCFTR
treatment induced a statistically significant increase in chloride efflux
compared with untreated controls at both 30 s and 90 s (p < 0.001)
(Figure 3C). Moreover, treated CF cells rescued chloride efflux to
25% that of CF-WT after 30 s, reaching comparable efflux at 90 s (Fig-
ure 3C).75 These data confirm recovery of CFTR function following
transfection.

Transfection of the Nasal Epithelium Restores CFTR-Mediated

Chloride Efflux to CFKO Mice

Tomeasure functional delivery of LNP-cmCFTR in vivo, we utilized a
well-studied bi-transgenic CFKO mouse model in which the native
mouse Cftr is fully knocked out and hCFTR is selectively expressed
in the gastrointestinal tract to avoid intestinal complications (see
Materials and Methods for strain background).76 Although CFKO
mice do not spontaneously develop the lung disease or reduced air
surface liquid volume characteristic of cystic fibrosis, the ion trans-
port profile in the nasal epithelium of these mice mirrors that of hu-
man patients, making them a suitable animal model.77,78 Because the
nasal respiratory epithelium is physiologically comparable with
airway epithelium, evaluation of potential differences (induced by un-
even distribution of positively and negatively charged ions) across the
nasal epithelium has been used to directly observe ion transport in live
animals and humans.13,77,79,80 NPD measurements have been in clin-
ical use as a diagnostic tool for patients with rare disease-conferring
mutations and are used as a clinical endpoint in CFTR protein rescue
and gene therapy trials.78,80
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Figure 2. Exposure to LNP-cmCFTR Enriches Membrane-Integrated CFTR In Vitro

(A) CFTR-WT is core-glycosylated (CG) in the endoplasmic reticulum, after which it moves through the trans-Golgi network to become complex-glycosylated (CxG) and

reaches the plasma membrane, where it acts as a chloride channel. CFTR-F508del fails to achieve complex glycosylation and rapidly undergoes degradation. (B) Western

blot detection of CFTR in untreated and treated CF cell lysates (lanes 3 and 4). Lanes 1 and 2 contained complex- and core-glycosylated CFTRmigration standards. b-Actin

was used as a loading control. (C and D) Immunocytochemistry detection of CFTRwas performed on treated (CF + LNP� cmCFTR) and untreated cells (CF-WT or CF) grown

either under (C) standard growth conditions or (D) at the air-liquid interface until polarization. White arrows highlight the CFTR-enriched plasma membrane. Red, CFTR; blue,

nucleus; green, actin.
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The potential difference across conductive epithelium arises from net
transepithelial ion transport and is primarily driven by the activity of
the epithelial sodium channel (ENaC), CFTR, and calcium-activated
chloride channels (Figure 4A). Cystic fibrosis patients and CFKO
mice exhibit insufficient outward transport of chloride and increased
ENaC activity, causing elevated sodium absorption.67,81,82 Together,
this results in hyperpolarization of baseline NPD and an exaggerated
response to chemical inhibitors of ENaC, such as amiloride. CFTR
stimulation by isoproterenol or inhibition by CFTRInh-172 evokes
no response in cystic fibrosis patients and models because the protein
is lacking. In all intact epithelia, ATP stimulation of calcium-acti-
vated chloride channels induces chloride efflux and a concomitant
Molecular Therapy Vol. 26 No 8 August 2018 2037

http://www.moleculartherapy.org


A

B C

Figure 3. In Vitro Translation of LNP-Delivered cmCFTR mRNA Yields Functional CFTR

(A) Schematic diagram of the MQAE assay, illustrating that increasing intracellular fluorescence is proportional to chloride efflux, a quantifiable byproduct of CFTR function.

(B) CF-WT and CF cells were grown in chamber slides and with or without treatment with LNP-cmCFTR. The MQAE assay was performed to measure chloride efflux over

240 s (expressed as fluorescence divided by fluorescence at 0 s, Ft/F0). CF-WT cells served as a positive control for chloride efflux, and CF-WT cells treated with CFTRInh-172,

a CFTR-specific inhibitor, served as a negative control. (C) Ft/F0 values obtained for each condition at 30 s and 90 s. n = 25 cells/condition; mean ± SEM; ***p < 0.005; NSD,

no significant difference by unpaired t test.
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hyperpolarization and, therefore, serves as an experimental control
(Figure 4A).83

After 2 days of back-to-back administration of 0.1 mg/kg/day LNP-
cmCFTR, nasal brushings were taken from mouse nostrils (untreated
versus treated CFKO), total RNA was extracted, and cDNA libraries
were generated through RT-PCR. PCR amplification of exon 11 of
hCFTR (an RT-PCR product of cmCFTR) confirmed the presence of
intracellular cmCFTR in CFKO mice but was absent from untreated
controls (Figure 4B). As expected, NPD studies recorded prior
to LNP exposure showed characteristic hyperpolarization in
baseline NPD of CFKO mice compared with normal controls
(CFKO: �19.1 mV ± 1.8 mV; normal: �4.0 ± 1.0 mV), and CFKO
mice exhibited an exaggerated response to blocking of ENaC (CFKO:
9.9 mV ± 0.5 mV; normal: 2.3 mV ± 0.2 mV) (Figures 4C and 4D).
More importantly, when CFTR activity was stimulated, CFKO mice
showed no response, whereas normal control mice exhibited a
large hyperpolarization response (CFKO: 0.9 mV ± 0.7 mV;
2038 Molecular Therapy Vol. 26 No 8 August 2018
normal:�23.9mV± 2.4mV) (Figure 4E).Mice receivedLNP-cmCFTR
or sham (LNP-cmFLuc) treatment of nasal epithelia on twoconsecutive
days (0.1 mg/kg/day), and NPDs were reevaluated on days 1, 3, 7, and
14 post-treatment (Figures 4C–4F). Although cmCFTR-treated mice
exhibited no change in baseline NPD and a minor decrease in ENaC
activity over the course of the study (Figures 4D and 4E), they did
exhibit polarization in response to CFTR stimulation (Figure 4F).
This effect was fully reversible by addition of CFTRInh-172, confirming
that the observed response wasCFTR-dependent (Figure 4C). Chloride
effluxwas significant at each time point (p < 0.05) and peaked on day 3,
when 2 of 5 mice surpassed 50% restoration of chloride efflux (cohort
average: 32%) (Figure 4F). Amodest CFTR response persisted through
day 15 (Figure 4F). CFKO mice treated with sham LNP-cmFLuc
showed no significant difference in response to CFTR stimulation be-
tween pre- and post-treatment evaluations, eliminating the possibility
that exposure to LNPs or control cmRNA facilitated chloride efflux
through an alternate route (Figure 4F). In all cases, ATP stimulation re-
sulted in an abrupt hyperpolarization event, followed by refractory
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Figure 4. LNP-cmCFTR Delivery to the Nasal

Epithelium of CFKO Mice Recovers Chloride Efflux

(A) Schematic diagram illustrating the correlation between

NPD traces and ion transport. (B) RT-PCR analysis of

CFKO mouse nostrils 24 hr after treatment with LNP-

cmCFTR. Negative control, untreated mice; positive

control, lysed LNP-cmCFTR; loading control, GAPDH. (C)

Representative NPD traces for a single mouse preceding

and following LNP-cmCFTR exposure. (D–F) NPD was

recorded in a cohort of CFKO mice (pretreatment NPD)

prior to exposure to LNP-cmCFTR or sham exposure.

Additional NPDs were recorded on days 1, 3, 7, and 14

post-transfection. NPD response at each time point is

shown in normal control mice (n = 11), sham-treated mice

(days 1, 7, and 14: n = 1; day 3: n = 4), and LNP-cmCFTR

CFKO mice (n = 5) for (D) baseline NPDs, (E) ENaC

response, and (F) CFTR response. Mean ± SEM;

***p < 0.005, **p < 0.01, *p < 0.05; paired t test. Symbols:

arrow, activation; line with bar, inhibition; dashed arrow,

no effect.
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depolarization, confirming the integrity of the nasal epithelium (Fig-
ure 4C). The small but statistically significant decrease in ENaC activity
observed on days 7 and 14 of this study suggests that ENaC regulation
does not occur immediately upon restoration of CFTR function. These
findings are consistent with the results of clinical trials using small-
molecule potentiators, where patient chloride secretion improved but
sodium absorption remained dysregulated.84–86

DISCUSSION
Since the initial identification and cloning of the CFTR gene in 1989,
which was rapidly followed by its in vitro delivery in 1990, gene ther-
Molec
apy was forecasted be a promising technology
for correction of the basic defect in cystic
fibrosis.2,87,88 Until recently, development
focused primarily on delivery of DNA. This
method had modest success because of the large
size of the CFTR gene, inefficient viral and non-
viral delivery vectors, the inability of DNA to
transfect non-dividing airway epithelia, and
the potential for insertional mutagenesis and
genotoxicity.23,86,89–93 Although adeno-associ-
ated viral delivery of CFTR cDNA has been
well tolerated and shown to partially restore
CFTR function, the resulting expression of
CFTR cDNA is weak, with diminishing efficacy
on repeat exposure.94–97 One recent phase 2b
trial delivered CFTRDNA using a liposomal de-
livery system (GL67A/pGM169) demonstrated
that, after repeat nebulization monthly for 1
year, treatment groups of cystic fibrosis patients
exhibited stabilized lung function, whereas the
placebo group experienced a decline.98 Notably,
only 30% of patients showed a response in NPD
following CFTR stimulation, with a maximum of �7.0 mV. Our
initial data presented here demonstrate that all treated mice exhibited
a chloride response for 2 weeks post-exposure to LNP-cmCFTR, with
a maximum response of�12.6 mV on day 3 (55% of the normal con-
trol response). We attribute this improvement to avoiding the pitfalls
of DNA-based gene therapy by using LNP-delivered cmRNA, which
is immediately translated in the cytosol independent of the cell
cycle.21

LNPs represent a versatile platform that has been successfully tuned
for cmRNA delivery by an array of classical drug administration
ular Therapy Vol. 26 No 8 August 2018 2039
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Table 1. Composition of LNP Organic Phase

Function Common Name Full Name
Molar
Ratio

Ionizable
lipid

D-Lin-MC3-
DMA

dilinoleylmethyl-4-
dimethylaminobutyratea

50

Structural
lipid

DSPC distearoylphosphatidlycholineb 10

Structural
lipid

cholesterol cholesterolc 38.5

Coating
lipid

DMG-PEG2k
1,2-dimyristoyl-rac-glycerol,
methoxypolyethylene glycold

1.5

aBiofine International
bAvanti Polar Lipids
cMP Biomedicals
dSunbright GM-020, NOF America
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routes.29,37,39 Further, microfluidic technology has facilitated ease of
production, allowing optimization of uniform nanoparticles with
seamless scale-up.99–102 Nanoparticles introduced intranasally must
travel through the changing airway topology and traverse highly
crosslinked mucus. To this end, they can be tailored to a reduced
size with enhanced mucosal penetration through dense coating
with PEG.50,57–61 Alternatively, LNPs can be introduced through sys-
temic intravenous administration and actively transported across
pulmonary barriers by modulation of charge density or through
surface decoration using antibodies, peptides, or small-molecule
ligands.103–105 A remaining challenge with LNP delivery of cmRNA
is that, following uptake, the cmRNA must escape the endocytic sys-
tem to reach its cytosolic target. This process represents an important
barrier to effective nucleic acid delivery because, typically, only
1%–2% of nucleic acid cargo reaches the cytosol, whereas the
remainder undergoes lysosomal degradation.34,106–109 Previous and
ongoing work has successfully yielded particles specifically engi-
neered for endosomal escape, resulting in increased cmRNA payload
and boosted protein expression.42,110 Exploitation of additional parti-
cle dissociation mechanisms and endosome-perturbing pathways can
be employed to enhance this effect.

When free in the endosome, foreign RNA can be detected by several
Toll-like receptors, resulting in initiation of the innate immune
response.26,27 This outcome can be avoided using an arsenal of chem-
ically modified nucleosides.28 Such substitutions make therapeutic
RNA delivery possible and can be adjusted to prolong nucleic acid
degradation and afford precise regulation of rates of transla-
tion.21,29,111,112 Here we demonstrate that cmCFTR delivered via
LNPs is translated to a protein product that successfully traffics to
the plasma membrane in bronchial epithelial cells. Although the
expression of complex glycosylated protein appears relatively sparse,
it is sufficient to restore its function in vitro, resulting in a net chloride
efflux comparable with CF-WT cells. We further showed in vivo func-
tional correction of CFTR in the nasal epithelium of an animal model.
We evaluated changes in electrophysiology using the NPD assay, a
well-documented method used in human trials to reflect CFTR func-
tion. Themagnitude of the response wemeasured in our experimental
2040 Molecular Therapy Vol. 26 No 8 August 2018
group was comparable with the response measured in an ivacaftor
clinical trial, where patients exhibited a corresponding improvement
in lung function.113

It has been estimated that restoring 10% of CFTR mRNA or
10%–35% of protein function would be sufficient to ameliorate dis-
ease.4,114 The preliminary results presented here suggest that expo-
sure to LNP-cmCFTR on two consecutive days meets this benchmark,
restoring approximately one third of normal chloride efflux with ef-
fects for at least 2 weeks. Although our results show promise for
this platform, there are many possibilities for enhancement of the
observed effects. We posit that cmCFTR-based gene transfer could
be supplemented with dietary flavonoids that improve the half-life
of CFTR or with CFTR potentiators known to improve its conductiv-
ity.115,116 Additionally, the cmRNA composition remains to be
optimized. Although the cmRNA utilized in our studies contains
full replacement of uridine with pseudouridine and cytidine with
5-methylcytidine, the ratio and positioning of these modifications
can be optimized to retain immune system subversion but extend
the half-life of the molecule. A recent preprint communication sug-
gests that intratracheal administration of optimized CFTR cmRNA
packaged inside biodegradable nanoparticles can improve force expi-
ratory volume in mouse models of cystic fibrosis, indicating recovery
of lung function.112

Although dense PEGylation can avert trapping of nanoparticles in the
thick cystic fibrosis mucus, their ability to cross these barriers in a pa-
tient remains a major concern for the success of gene therapy appli-
cations in this disease.58,59 Such surface modifications add to the
complexity of effective delivery because they can alter particle uptake
and intracellular dissociation, leading to decreased transfection effi-
cacy. The inherent failing of animal models to emulate thick mucous
membrane and airway differentiation limits the applicability of these
systems. If ex vivo studies can screen for nanoparticles that traverse
patient sputum and deliver functional CFTR mRNA, and those par-
ticles can be further modified to withstand inhalation delivery sys-
tems, the most efficient means for further therapeutic development
may be through patient studies rather than through animal
models.35,84,85,98 With continued development, cmRNA-based gene
therapy will become a viable treatment by halting disease progression,
offering benefits to the entire cystic fibrosis patient population,
including small children and fetal cases for which no corrective ther-
apies currently exist.16,117,118

MATERIALS AND METHODS
Formulation

All particles contained cmCFTR mRNA (NCBI: NM_000492.3,
custom-made by Trilink Biotechnologies), cmFLucmRNA (CleanCap
FLuc mRNA, TriLink Biotechnologies), or Cy5-cmEGFP mRNA
(CleanCap Cyanine 5 EGFP mRNA, TriLink Biotechnologies), each
with fully substituteduridinebypseudouridine andcytidineby5-meth-
ylcytidine. LNPs were prepared by combining an aqueous phase
(cmRNAdiluted in 50mMcitrate buffer, pH 4) and organic phase (Ta-
ble 1) using a microfluidic mixer (Precision Nanosystems).33,99
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Formulations were washed, buffer-exchanged into PBS (pH 7.2), and
concentrated to 250 ng/mL cmRNA using Amicon Ultra centrifugal fil-
ters (EMD Millipore).

Particle Characterization

LNPs were characterized using single-particle tracking (ViewSizer
3000, MANTA Instruments) and DLS (Zetasizer Nano ZSP, Mal-
vern). cmRNA encapsulation efficiency was evaluated using a modi-
fied Quanti-iT RiboGreen RNA reagent assay (Life Technologies) as
described previously.110

Cell Culture

CF cells (RRID: CVCL_HL93), which are derived from a patient ho-
mozygous for the F508del mutation, were used as an in vitro model
system for cystic fibrosis. To study normal CFTR behavior, we used
CF cells stably transfected with an Epstein-Barr virus (EBV)-based
episomal expression vector, pCEP4b (CF-WT).75 All cell lines were
kind gifts from J.P. Clancy and Dieter Gruenert. Cells were grown
in minimal essential medium supplemented with 10% regular fetal
bovine serum (Corning) and 5% penicillin/streptomycin/glutamate
(Corning) at 37�C, supplemented with 5%CO2, and cultured between
20%–80% confluency on 10-cm culture dishes (Corning). Air-liquid
interface cultures were seeded onto permeable supports (TransWell,
Corning) at a density of 20,000 cells per support. Cells were grown
to confluency, as determined by tri-weekly transepithelial electrical
resistance (TEER) measurements (Millicell ERS-2 with an adjustable
electrode set, EMDMillipore). When TEERmeasurements stabilized,
air-liquid interface culture was initiated by removing medium supple-
mentation from the top of the support. A 16-day polarization period
followed, during which the airway-interfacing side of the cells was
rinsed with PBS, and the medium was replaced triweekly.

Luciferase Assay

Cells were plated 24 h prior to transfection. LNP-cmFLuc was
exposed to cells, and after 24 hr, luciferase expression (One-Glo Lucif-
erase Assay, Promega) and cell viability (CellTiter Fluor Cell Viability
Assay, Promega), were measured as described previously.110

mRNA Uptake Study

Cells were plated 24 h prior to transfection. Cy5-cmEGFP (TriLink
Biotechnologies) was added to cultures, and after 36 hr, cells were
washed three times in PBS and fixed using 4% paraformaldehyde
(15 min, room temperature), and nuclei were stained using Hoechst
33342 (Life Technologies). Cells were imaged at 20� magnification
with a 455 mm � 455 mm field size, 10 fields per well (Thermo Scien-
tific Cellnsight NXT High Content Screening Platform, Thermo
Scientific HCS Studio: Cellomics Scan v.6.4.4 2013). Uptake was
calculated as mean intracellular Cy5 intensity divided by the nucleus
count.

Western Blot Analysis

Samples

CF cells were plated at 40,000 cells per well and transfected after 36 hr
with 1 mg/well cmRNA. After 36 hr exposure to LNP-cmCFTR, CF
cells were washed three times in PBS and lysed by adding Tm-PER
(FIVEphoton Biochemicals) containing 1� HALT protease inhibitor
(Thermo Scientific) directly to plated cells. Cells were lysed on ice for
90 min.

Migration Standards

CF-WT and an identical sister cell line expressing CFTR-F508del
were plated at 40,000 cells per well and harvested after 60 hr. Lysates
were obtained using the method described for CF cells. Total protein
was quantified by Micro BCA Protein Assay Kit according to the
manufacturer’s instructions (Thermo Scientific). Samples and migra-
tion standards were prepared under reducing conditions and heated
at 37�C for 30min prior to loading.Wells were loaded at 400 ng (stan-
dards) or 40 mg total protein/well (lysates) into a Novex WedgeWell
8% Tris-glycine gel (Invitrogen) and separated in Tris-glycine SDS
running buffer (Novex). Transfer to a polyvinylidene fluoride
(PVDF) membrane (Novex) was performed in Tris-glycine transfer
buffer (12 mM Tris base, 100 mM glycine, 10% methanol) at 20 V
for 90 min (Mini Blot Module, Invitrogen).

Blocking

For blocking, we used 5% Carnation instant dry milk in 1� Tris-buff-
ered saline with Tween-20 (TBS-T; Novex). Antigens were detected
singly with stripping (Restore PLUS Western Blot Stripping Buffer,
Thermo Scientific) between detections.

Primary Antibodies

Antibodies used were Ms-anti-CFTR Ab596 (University of North
Carolina), 1:2,000, and Ms-anti-b-actin (Abcam), 1:10,000. The
secondary antibody used was horseradish peroxidase (HRP)-Gt-
anti-Ms, 1:5,000 (Abcam).

Detection and Imaging

For detection and imaging, we used SuperSignal West Pico Chemilu-
minescent Substrate (Thermo Scientific) and a myECL Imager
(model 62236X, Thermo Scientific).

Immunocytochemistry

After 36 hr exposure to LNP-cmCFTR, cells were washed three times
in PBS. Cells or populated Transwell membranes were fixed in 4%
paraformaldehyde, washed, blocked, and treated with CFTR primary
antibody (Ms-anti-CFTR Ab596, 1:250, University of North Car-
olina). Alexa Fluor 647-Gt-anti-Ms secondary antibody (1:2,000,
Thermo Fisher Scientific) was used for detection. Cells were counter-
stained for actin (ActinGreen 488, Molecular Probes) and the nucleus
(Hoechst 33258, Life Technologies). Imaging was performed using an
AiryScan LSM-880 laser-scanning confocal microscope (Zeiss).

In Vitro Chloride Efflux Assay

Chloride efflux was measured using the chloride-quenched fluores-
cent dye MQAE. Treated and untreated cells were incubated in
medium containing MQAE and NucRed Live 647 nuclear stain
(Molecular Probes) for 3 hr under standard incubation conditions.
Dye-containing medium was removed, and cells were perfused with
Molecular Therapy Vol. 26 No 8 August 2018 2041
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Table 2. Perfusion Solutions Used in NPD Studies

Ringer’s Amiloride 0Cl�/iso CFTRInh-172 ATP

NaCl (mM) 135 135 – – –

Na gluconate (mM) – – 135 135 135

CaCl2 , 2H2O (mM) 2.25 2.25 – – –

Ca gluconate (mM) – – 2.25 2.25 2.25

MgCl2 , 6H2O (mM) 1.2 1.2 – – –

MgSO4 , 7H2O (mM) – – 1.2 1.2 1.2

K2HPO4 (mM) 2.4 2.4 2.4 2.4 2.4

KH2PO4 (mM) 0.4 0.4 0.4 0.4 0.4

Amiloride (mM) – 100 100 100 100

Isoproterenol (mM) – – 100 100 100

CFTRInh-172 (mM) – – – 20 –

ATP (mM) – – – – 100

Molecular Therapy
chloride-containing Ringer’s solution (135 mM NaCl, 3 mM KCl,
1.8 mM CaCl2, 0.8 mM MgSO4, 20 mM HEPES, 1 mM KH2PO4,
and 11 mM glucose [pH 7.4]) containing 5 mM forskolin and
100 mM 3-isobutyl-1-methylxanthine, facilitating chloride uptake
and quenching of intracellular MQAE. Chloride efflux was measured
upon replacing the chloride-containing perfusate with an isotonic
0Cl� solution containing 5 mM forskolin and 100 mM 3-isobutyl-1-
methylxanthine, in which chloride is fully substituted by nitrate
(0Cl� solution: 135 mM NaNO3, 3 mM KNO3, 1.8 mM Ca(NO3)2,
0.8 mMMgSO4, 20 mMHEPES, 1 mM KH2PO4, and 11 mM glucose
[pH 7.4]).72,119 Fluorescence data were collected using an EVOS FL
Auto microscopy system (Life Technologies). MQAE fluorescence
images were collected every 15 s for 10 m (DAPI channel). Change
in fluorescence was calculated as the mean fluorescence across 25 cells
at a given time normalized to the mean at the time of the change in
perfusate (Ft/F0). Data were transformed to account for logarithmic
decay in fluorescent signal, which was determined on a per-sample
basis from the signal bleaching during the window from 300–600 s.

Animals

All animal studies were conducted at Oregon Health and Sciences
University and approved by the Institutional Animal Care and Use
Committee (IACUC). Female BALB/c mice (Charles River Labora-
tories) were sedated using isoflurane (2%), and LNP-cmFluc was pi-
petted onto the nostrils for spontaneous inhalation into the lungs
(0.6 mg/kg). Bioluminescent imaging was performed on isolated or-
gans using the IVIS Lumina XRMS imaging system (PerkinElmer)
following intraperitoneal injection of 200 mL of D-luciferin substrate
(PerkinElmer, 150 mg/kg body weight). Image acquisition and anal-
ysis were conducted using IVIS Living Image software (PerkinElmer).
Cftr�/�tm1Unc Tg(FABPCFTR)1 Jaw/J double-transgenic CFKO mice
were obtained from The Jackson Laboratory (JAX 002364). Mice were
produced with full knockout of the endogenous mouse gene Cftr. To
avoid complications in the intestines associated with Cftr knockout,
the human CFTR (hCFTR) transgene was complimented back using
fatty acid binding protein 2 (FABP2) as a promoter, resulting in local-
2042 Molecular Therapy Vol. 26 No 8 August 2018
ized hCFTR expression in the gastrointestinal tract.76 For particle
administration, mice were anesthetized with an intraperitoneal
injection of a mixture of ketamine and xylazine (100 mg/10 mg/kg
body weight). LNPs were administered on two consecutive days to
a single nostril (2 mL/application, 10 applications over 20 min,
0.1 mg/kg/day).

Nasal Brushing and PCR Amplification

Nasal brushings were taken 1 day after particle administration was
completed. Mice were sacrificed by anesthesia overdose by intraperi-
toneal injection of a mixture of ketamine and xylazine (300 mg/30 mg
per kg body weight). Mice were exsanguinated, and the nares (left and
right) were brushed twice each to a depth of 3–5 mm using a 0.4 mm
interdental brush (TePe, Sweden). Brushings underwent 1 freeze/
thaw cycle and 2 passages through a 30G needle. RNA was isolated
from lysates or 40 mL LNP-cmCFTR (process control) using the
RNEasy Plus Micro Kit (QIAGEN), and cDNA libraries were gener-
ated by RT-PCR using the SuperScript VILO cDNA Synthesis Kit
(Invitrogen) according to the provided protocols. To demonstrate
the presence of LNP-delivered hCFTR, primers were designed to
amplify exon 11 (forward: 50-AAC TGG AGC CTT CAG AGG
GT-30; reverse: 50-TTG GCA TGC TTT GAT GAC GC-30) using
GAPDH as a loading control (forward: 50-ACC ACA GTC CAT
GCC ATC AC-30; reverse: 50-TCC ACC CTG TTG CTG TA-30).
All primers were purchased from Integrated DNA Technologies.
PCR was carried out using SuperScript (Invitrogen) in a 30-cycle re-
action with a 10-min, 95�C polymerase activation step. Each
repeating cycle consisted of two steps: 15 s at 95�C and 1 min at
60�C. PCR products were analyzed on a 2% agarose gel stained
with ethidium bromide.

NPD Assay

NPD was measured using a modification of the previously described
methods and using a previously described circuit.77,120 Briefly, mice
were positioned at a 15� head-down tilt, and a high-impedance volt-
meter (World Precision Instruments, Sarasota, FL) attached to chlo-
ride pellet electrodes was used to measure the potential difference
between an exploring nasal bridge and subcutaneous reference probe.
A syringe pump continuously perfused solution into the nostril
through a polyethylene tube stretched to approximately 0.5 mm in
diameter (PE10, 0.28 mm inner diameter [ID]; Clay-Adams, BD,
Sparks, MD). Solutions were pumped into the nasal cavity sequen-
tially (Table 2). DMSO (0.5%) was added to the CFTRInh-172 solution
to improve solubility; this has been shown previously not to affect
NPD measurements.

Statistical Analysis

Significance was determined using Student’s t test for all analyses.
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