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Delivery Characterization of SPL84 Inhaled
Antisense Oligonucleotide Drug for 3849 + 10 kb C- > T

Cystic Fibrosis Patients
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Recent advances in the therapeutic potential of RNA-related treatments, specifically for antisense oligonu-
cleotide (ASO)-based drugs, have led to increased numbers of ASO regulatory approvals. In this study, we
focus on SPL84, an inhaled ASO-based drug, developed for the treatment of the pulmonary disease cystic
fibrosis (CF). Pulmonary drug delivery is challenging, due to a variety of biological, physical, chemical, and
structural barriers, especially when targeting the cell nucleus. The distribution of SPL84 throughout the lungs,
penetration into the epithelial cells and nucleus, and structural stability are critical parameters that will impact
drug efficacy in a clinical setting. In this study, we demonstrate broad distribution, as well as cell and nucleus
penetration of SPL84 in mouse and monkey lungs. In vivo and in vitro studies confirmed the stability of our
inhaled drug in CF patient-derived mucus and in lung lysosomal extracts. The mobility of SPL84 through
hyperconcentrated mucus was also demonstrated. Our results, supported by a promising preclinical pharma-
cological effect of full restoration of cystic fibrosis transmembrane conductance regulator channel activity,
emphasize the high potential of SPL84 as an effective drug for the treatment of CF patients. In addition,
successfully tackling the lung distribution of SPL84 offers immense opportunities for further development of
SpliSense’s inhaled ASO-based drugs for unmet needs in pulmonary diseases.
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Introduction

Antisense oligonucleotides (ASOs) are single-strand,
small synthetic nucleic acid molecules that can bind to

specific sequences within target RNA molecules. ASOs are
usually 16–25 bases long and are designed to hybridize with
RNA through Watson–Crick base pairing. ASOs can have
different modes of action, one of which is splice switching.
Splice switching ASOs consist of chemically modified nucle-
otides, which ablate RNase H activity and allow interaction
with nuclear pre-mRNA during the splicing process [1].

These ASOs can be designed to bind to 5¢ or 3¢ splice
junctions or to splicing enhancer or silencer sites, blocking
the RNA–RNA base pairing or protein–RNA binding inter-

actions that occur between components of the splicing
machinery and the pre-mRNA [2,3]. The benefit of ASO-
mediated therapies is targeting the disease source at the RNA
level offering a promising alternative to therapies targeting
downstream processes. Advances made in the development
of splice switching ASO-based drugs led to the marketing
approval of five splice switching ASO-based drugs for two
rare diseases, Duchenne muscular dystrophy and spinal mus-
cular atrophy, in the recent years [4–6].

SPL84 is an inhaled ASO drug with the 2¢-O-methoxyethyl
(2¢-O-MOE) phosphorothioate chemical modification, devel-
oped for the treatment of cystic fibrosis (CF) patients carrying
the 3849 + 10 kb C- > T (3849) cystic fibrosis transmembrane
conductance regulator (CFTR) mutation. The 3849 mutation
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is a splicing mutation leading to the inclusion of a cryptic
exon harboring a premature termination codon (PTC) in the
mRNA. The PTC leads to degradation of a significant frac-
tion of the mRNA by the nonsense-mediated mRNA decay
mechanism, as well as to the production of truncated non-
functional CFTR proteins. The 3849 is the seventh and eighth
most common CFTR mutation in the United States and
Europe, respectively, with >1500 patients in the United States
and Europe combined carrying at least one 3849 allele [7,8].

Currently, there are no approved drugs that specifically
target the 3849 mutation. There are two Food and Drug
Administration (FDA)-approved CFTR modulator drugs
available for CF patients carrying the 3849 mutation—
Kalydeco� and Symdeko�—and one approved CFTR mod-
ulator drug for CF patients compound heterozygous for the
3849 mutation and another qualifying mutation—Trikafta�

[9–11]. However, these drugs have limited efficacy on lung
function in 3849 CF patients [10,12,13].

A battery of in vitro studies showed that the treatment with
SPL84 modulates splicing of the CFTR pre-mRNA resulting
in an increase of correctly spliced CFTR RNA and full-length
CFTR proteins. Moreover, pharmacological studies with
SPL84 demonstrated its efficiency and potency, as reflected
by full restoration of CFTR function in human nasal epithe-
lial and human bronchial epithelial (HBE) cells derived
from CF patients carrying the 3849 mutation, measured using
the Ussing chamber assay [14]. This assay serves as the gold
standard for efficacy assessment of CF drugs, due to the
limitations and lack of CF animal models [15,16], and is
considered as a strong predictor of patient response to CF
treatments [15,17,18].

The key challenge for ASO-based therapeutics is the
delivery of the ASO to its target tissue and to specific cells,
while minimizing exposure of other tissues. As SPL84 is
delivered to the lung via inhalation, bridging between the
promising in vitro data of SPL84 in patient-derived airway
cells and in vivo lung delivery and distribution was a key in
moving SPL84 into the clinic (Phase 1 study successfully
completed, Phase 2 study to be initiated shortly). The lung
architecture is commonly visualized as a bunch of grapes
formed by 23 serial bifurcations from the trachea to the last
alveolar duct, with 85%–90% occupied by alveoli [19]. The
translocation of oligonucleotide-based drugs across the pul-
monary mucosal epithelia is hampered by several biological
barriers including the mucus layer, tight epithelial cell
junctions, and mucociliary clearance mechanisms designed
to remove inhaled particulates from the airway [20].

In the present study, SPL84 is shown to be stable in CF
sputum and lung lysosomal extracts. Wide distribution of
SPL84 is demonstrated in mouse and monkey lungs follow-
ing inhalation. Furthermore, SPL84 is shown to penetrate
pathological mucus, enter various respiratory epithelial cell
types, and reach the targeted cell nucleus in both in vitro and
in vivo models.

Materials and Methods

Synthesis of ASO

SPL84 is a uniformly modified 2-O-(2-methoxyethyl)
phosphorothioate ASO composed of 19 nucleotide bases, in
the form of a sodium salt. SPL84 was manufactured at Bio-
Spring (Frankfurt, Germany). For the monkey study, SPL84

was manufactured at LGC Biosearch Technologies Inc.
[Petaluma, CA, USA (FDA EI 3011897291)]. SPL84 was
dissolved in 0.9% sodium chloride (pH 7.4; Baxter)/
phosphate-buffered saline (PBS) at the desired concentration
for in vitro or in vivo studies. SPL84 sequence is as follows:
CUGCAACAGAUGGAAGACU.

Migration of SPL84 in mucus

HBE mucus was prepared from pooled washings from
>50 cell cultures from >10 normal, nonsmoking donors in
accordance with UNC Chapel Hill Institutional Review
Board protocols. The washings were concentrated in dialysis
tubing against Spectra gel to reach 8% (w/v) solids, as pre-
viously described [21]. Mucus was diluted to 2% and 4%
solids. The diffusion of Cy5-labeled SPL84 through buffer
(PBS) or mucus was quantified using the 1-directional
migration assay, as previously described [22]. Mucus at 2, 4, or
8% solids (40mL) was loaded into a 0.7-mm inner diameter
glass capillary tube (VitroCom), injected with 1mL of matched
concentration of mucus with Cy5-labeled SPL84 (1 mg/mL),
and sealed with a 1:1:1 mixture of Vaseline, lanolin, and
paraffin (Valap).

Tubes were placed into a custom-built, three-dimensional-
printed 384-well plate maintained at 37�C, and fluorescence
was measured with a Tecan fluorometer. Well intensity was
measured every 15 min for 24–48 h. Controls were prepared
by measuring the diffusion of 5 kDa fluorescein iso-
thiocyanate (FITC)-dextran in buffer and at each mucus
concentration. In addition, the diffusion of Cy5-labeled
SPL84 in buffer (PBS) was measured. Similarly, the diffusive
motion of lipid nanoparticles (LNP; CDL6002F-DD from
CD Bioparticles, New York) [23] was measured to show the
effect of size on diffusive motion. For each condition, n ‡ 3
capillary tubes were separately prepared and evaluated.

Data Analysis. The diffusion coefficient, and thereby
effective viscosity of the ASO in mucus, was determined
by fitting the intensity pattern for each capillary tube to a
Gaussian function of the form:

I¼ I0e� (x� x0)
2=2Dt (1)

where I is the measured intensity of the ASO as a function
of distance along the capillary tube, I0 is the intensity at the
center of the Gaussian, x is the measured distance down the
capillary tube, x0 is the position of the center of the Gaussian,
D is the diffusion coefficient of the ASO in mucus, and t is the
time at which the measurement is taken. From the diffusion
coefficient, the effective viscosity ( ) of the probe particle
was calculated by the Stokes Einstein relationship:

g¼ 2kBT=6prD (2)

where kB is the Boltzmann constant, T is the absolute tem-
perature in Kelvin, and r is the radius of the probe particle.

The penetration time through mucus was calculated by
a simplified version of the Stokes Einstein relationship
between the mean squared displacement:

MSD¼ 2Dt; t¼MSD=2D (3)

Applying this equation, it is predicted that a particle with a
diffusion coefficient of 50mm2/s would be able to penetrate a
100-mm-thick mucus layer in 200 s.
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Statistical analysis. Statistical analysis of the effective
viscosity of SPL48 was performed using Student’s t-test.
Results from SPL84 were compared with the effective vis-
cosity of the molecule in PBS as well as with the effective
viscosity of FITC-labeled dextran. A pairwise Pearson’s test
was used to determine if the viscosity of SPL84 and FITC-
labeled dextran is correlated with concentration.

Stability of SPL84 in rat lung lysosomal lysate
and northern blot analysis

SPL84 working solution was mixed on ice with rat lung
lysosomal lysate (RLuLL) (XENOTECH) in the presence of
protease inhibitor cocktail (Calbiochem Set III). Protease
inhibitor was added to protect nucleases from degradation.
The resulting solution was incubated at 37�C, and aliquots
were drawn at 5 and 30 min, 3, 8 and 24 h, transferred to a
fresh tube, and immediately frozen in liquid nitrogen (the
final concentration of SPL84 in the collection tubes is 5 mM).
As a control to evaluate RLuLL nuclease potency, a nuclease
nonresistance double-strand RNA molecule was treated
under the same conditions. Evaluation of SPL84 structural
stability was performed by northern blot analysis. The SPL84
samples from each of the four incubation time points were
diluted with loading sample buffer, boiled for 5 min at 95�C,
and removed immediately to ice.

Each sample was run on denaturing gels. Equivalent
amounts of SPL84 from working solution were similarly
treated and loaded on each gel as a positive control for gel
migration of a non-degraded ASO. Blotted membranes were
hybridized with 3¢-labeled digoxigenin locked nucleic acid
(LNA) probe (the sequence: AG + TCT + TCCA + TCTG +
TTGCAG-Dig, ‘‘+’’ = LNA modification) and detected with
anti-DIG-HRP-Ab (anti-digoxigenin-POD Fab fragment;
Roche). Membranes were exposed to an X-ray film and de-
veloped. Comparisons to the untreated control SPL84 were
performed to evaluate the structural stability as a function of
exposure time in RLuLL. This analysis was performed at
Quark Pharmaceutical (Ness Ziona, Israel).

Stability of SPL84 in CF sputum

Sputum from 10 (5 female, 5 male) individuals with CF
acquired from the UNC Adult Pulmonary Clinic (Chapel
Hill, NC, USA) was pooled, mixed by trituration, and then
rotated for 24 h at 4�C [21]. SPL84 was spiked into the pooled
human sputum at final concentrations of 5 mM and incubated
(triplicates) for 1, 3, 6, 8, 24, and 48 h at 37�C in the presence
of protease inhibitor cocktail (Calbiochem Set III). Protease
inhibitor was added to protect nucleases from degradation.

At the specified time points, 50mL aliquots were trans-
ferred to nuclease-free Eppendorf tubes and immediately
frozen at -80�C until analysis. Evaluation of SPL84 stability
was performed by northern blot analysis with the same 3¢-
labeled digoxigenin LNA probe, as described previously.
This analysis was performed at Quark Pharmaceuticals (Ness
Ziona).

Amplification, differentiation, migration,
and pharmacological activity of SPL84 in HBE
primary cells

HBE cells (from non-CF or CF donors) were expanded by
growing the cells in PneumaCult�-Ex Plus Medium (AMP

medium). After expansion, cells were seeded on porous filters
(6.5 mm Transwell� with 0.4-mm Pore Polyester Membrane
Insert 0.33 cm2 Transwell; Corning) in air–liquid interface
(ALI) culture. After cell differentiation under ALI condi-
tions, SPL84 was added from the apical side (on top of the
mucus).

Localization and accumulation of SPL84 in cell
nuclei. Forty-eight hours from the last ASO addition, the
filters of non-CF HBE cells were fixed for analysis of local-
ization and accumulation of SPL84. Vectashield mounting
medium containing 4¢,6-diamidino-2-phenylindole (DAPI)
was added, and the filter was placed on a microscope slide.
Slices were imaged using an FV-1200 confocal microscope
(Olympus, Japan). For image analysis, the ImageJ software
was used.

Migration of SPL84 through mucus to HBE cells. Fluo-
rescent time-lapse imaging of SPL84 kinetics following
apical treatment of live non-CF HBE cells. The cells were not
washed for a week, allowing the accumulation of a mucus
layer, after which 35 mM Cy5-SPL84 was added on top of the
mucus. Time-lapse fluorescent images of Cy5-SPL84 were
captured immediately after the addition of Cy5-SPL84. Cells
were stained with calcein. Images were taken using the FV-
1200 confocal microscope (Olympus).

Electrophysiological experiments—Ussing chamber assay.
The short-circuit current (Isc) was measured under voltage
clamp conditions with an EVC4000 precision V/I Clamp
(World Precision Instruments). Culture inserts with dif-
ferentiated HBE cells were mounted in Ussing chambers
(Physiologic Instruments). For all measurements, chloride
(Cl–) concentration gradient across the epithelium was
applied by differential composition of basal and apical
physiological solutions.

Inhibitors and activators were added after stabilization
of baseline Isc: sodium (Na+) channel blocker amiloride
(100mM; Sigma–Aldrich) to inhibit apical epithelial Na+
channel (ENaC); cAMP agonists forskolin (10 mM; Sigma–
Aldrich) and IBMX (100mM; Sigma–Aldrich) to activate
the transepithelial cAMP-dependent current (including Cl-

transport through CFTR channels); CFTR inhibitor
CFTRinh172 (10mM; Sigma–Aldrich) to specifically inhibit
CFTR; and ATP (100mM; Sigma–Aldrich) to challenge the
purinergic calcium-dependent Cl- secretion. CFTR-specific
activity was quantified according to the effect of CFTR
inhibitor Inh-172, which enables determining the relative
current contribution of the CFTR channels versus other anion
transport pathways [24].

RNA purification. Total RNA from HBE cells was ext-
racted using the QIAshredder and RNeasy micro-Kit (Qiagen).
Complementary DNA (cDNA) synthesis was performed using
the High-Capacity cDNA Kit (Applied Biosystems). For the
evaluation of the cryptic exon skipping, we employed reverse
transcription-polymerase chain reaction (PCR) to amplify the
correctly and aberrantly spliced transcripts using primers
aligned to exons 22 and 23, using Platinum� SuperFi� Green
PCR Master Mix (Invitrogen). PCR primers are as follows:
F-5¢-ATAGCTTGATGCGATCTGTGA-3¢ (exon 22) and
R-5¢-ATCCAGTTCTTCCCAAGAGGC-3¢ (exon 23).

DELIVERY CHARACTERIZATION OF SPL84 3
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Animal experiments

Animal management. Mice experiments were performed
at a Contract Research Organization specializing in preclin-
ical research and services, Science in Action (Weizmann
Science Park, Ness Ziona). Animal handling was performed
according to the guidelines of the National Institutes of
Health (NIH) and the Association for Assessment and Ac-
creditation of Laboratory Animal Care (AAALAC). CD-1
mice (Envigo) at a standard age (*6–8 weeks) at the outset
of the study were used for the wild-type (WT) mice experi-
ments. These experiments included only female mice, which
is beneficial for mice handling during anesthesia and in-
tratracheal (IT) procedures. For the b-ENaC experiments,
C57BL/6N littermates of b-ENaC mice O’Neal colony
CB6088 (WT mice) and C57BL/6N Scnn1b-Tg O’Neal
colony CB6088 (b-ENaC mice) were used [25] (Marsico
Lung Institute, UNC Chapel Hill, NC, USA).

The monkey experiments were performed at ITR Labo-
ratories (Quebec, Canada). All animal procedures were con-
ducted according to the Animal Care Committee (ACC) of
ITR. All animals used in the study were cared for in accordance
with the principles outlined in the current ‘‘Guide to the Care
and Use of Experimental Animals’’ as published by the
Canadian Council on Animal Care and the ‘‘Guide for the Care
and Use of Laboratory Animals,’’ an NIH publication. Male
young adult cynomolgus monkeys (Macaca fascicularis)
(Worldwide Primates Inc.) were used in the experiment.

IT administration of SPL84 in mice. For IT administra-
tions of SPL84, the CD-1 mice were anesthetized and hung
vertically by a rubber band, which holds the upper incisors.
The mouse tongue was gently pulled out using forceps and a
volume of 30/50 mL of SPL84 or vehicle control was deliv-
ered directly into the trachea, and the mouse was allowed to
recover immediately. SPL84 was dissolved and diluted in
sterile saline/PBS under sterilized conditions.

The doses in the WT mice experiments were 0.2, 1, 2, 5,
and 10 mg/kg. SPL84 was administrated once or thrice (every
other day) as indicated.

The experimental group sizes were as follows: For the dis-
tribution experiments—saline (n = 2), 0.2 mg/kg SPL84 (n = 3),
1 mg/kg SPL84 (n = 3), 2 mg/kg SPL84 (n = 3). For the kinetics
studies over 1 and 4 weeks—all group sizes were identical,
n = 2. For the b-ENaC experiments—all group sizes of
C57BL/6N b-ENaC and C57BL/6N Scnn1b-Tg mice in the
two doses were identical, n = 3, except the saline group, n = 1.

Sample collection and tissue processing for histopath-
ology. The mice were sacrificed with carbon dioxide at the
time specified for each group. The lungs with trachea were
processed to slides for histopathologic evaluation; the lungs
were filled slowly with formalin, and the lungs and trachea
were then removed into a test tube with 10% neutral-buffered
formalin. For the WT CD-1 mice, necroscopy and lung
sampling were performed 48 h after the final dose. For the
kinetics studies, the lungs were collected 1, 3, 5, 7, 14, or
28 days after the final dose. For the b-ENaC experiments,
the lungs were collected from WT and b-ENaC mice 24 h
after the final dose.

Inhalation administration to the cynomolgus monkey.
The inhalation route of administration was chosen because it

is the route of administration of the test item in human clin-
ical studies. SPL84 was administered via inhalation by oro-
nasal face mask exposure. Monkeys were dosed once a
week for 4 weeks, at achieved dose levels of 1.8 and
24.6 mg/kg/week (two males/dose). The achieved dose was
determined by analysis of aerosol filter samples using a
validated analytical method. Three sections [hilum of the
lung (entrance of the main bronchus), middle part of the lung
(including secondary bronchi), and most peripheral part
of the lung] from each side of the lung were collected at
necropsy (Fig. 5A), 72 h after the final dose, fixed in neutral-
buffered 10% formalin for 48 h, and then embedded in par-
affin wax for in situ hybridization (ISH) analysis.

ISH analysis

Five-micrometer sections were prepared and mounted onto
glass slides. SPL84 was detected on sections by hybridizing
to a digoxigenin (DIG)-labeled 2¢-O-methyl (2¢-OMe) RNA
probe detected with alkaline phosphatase-labeled anti-Dig
polyclonal Ab (Roche Diagnostics). After hybridization,
sections were lightly counterstained with Nuclear Fast Red,
as described previously [26]. This analysis was performed at
Smart Assays Biotechnologies Ltd. (Ness Ziona).

Semiquantitative analysis of the extent of the hybridization
signal throughout the respiratory epithelium was performed;
the approximate percentage of the labeled epithelium surface
was established, and hybridized sections were blindly eval-
uated and graded according to the following scale:

� Grade 0: 0%–10%
� Grade 1: 10%–25%
� Grade 2: 25%–50%
� Grade 3: 50%–75%
� Grade 4: 75%–90%
� Grade 5: 90%–100%

Results

SPL84 rapidly migrates through the mucus barrier
under healthy, moderate, and severe disease
conditions and is not degraded in CF sputum

Since CF is characterized by the accumulation of a thick
mucus layer covering the airways, as a first step in evaluating
the SPL84 delivery efficiency, the stability and mobility of
SPL84 in mucus were evaluated in a set of in vitro analyses.
First, the migration of fluorescently labeled SPL84 in mucus
harvested from HBE cell cultures was analyzed. The mucus
was prepared to reach concentrations that mimic healthy (2%
solids), mild CF (4% solids), and severe CF (8% solids)
conditions. Due to the polymeric nature of mucus, all mea-
surements of the mucus physical properties are dependent on
the length scale of the tested particles (Fig. 1A). The effective
viscosity (Z) is the resistance to motion the particle experi-
ences and is inversely correlated with its ability to migrate
through mucus.

Thus, the viscosity that is calculated for the particle in
mucus will have a higher value if the particle is larger than
the mesh size (i.e., size exclusion barrier) or if it interacts
with the mucus (e.g., electrostatic interactions). The data
presented in Fig. 1B indicate that the effective viscosity for
Cy5-labeled SPL84 increased with mucus concentration,
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indicating a potential interaction with mucus. This increase in
nanoscopic viscosity was *100-fold lower than macroscopic
mucus viscosity, or the viscosity of mucus that is associated
with the gel-forming mucins (Fig. 1C). These nanoscopic
data are in agreement with previously published fluorescence
recovery after photobleaching studies, which determined that
70 kDa FITC-dextran only interacted with the low viscosity
fluid within the mucus mesh and did not experience the bulk
viscosity of mucus [21,27].

By measuring the diffusion of SPL84 in PBS, it was
determined that the SPL84 radius is *1 nm, which is in
agreement with the diffusion of the 5 kDa FITC-dextran
reported previously [22]. Furthermore, these data confirmed
that while SPL84 interacts with the mucus mesh, these
interactions are weak in nature and will not affect its pene-
tration of even a pathological mucus layer. Based on the
measured diffusion coefficients, the maximum penetration
time predicted in 8% mucus (mimicking severe CF) is 85 s
(Supplementary Table S1).

Other emerging RNA/DNA-based therapies for CF,
involving longer, larger, and more complex oligonucleotides
or RNA molecules, require delivery systems to penetrate to
the lung epithelial cells. One common vehicle for the delivery
of mRNA replacement therapies is based on encapsulated
LNPs. To compare the permeation of SPL84 with LNPs, we
tested the migration of commercially available LNPs and
SPL84 in buffer and in 4% HBE mucus. Measurements in
buffer demonstrate that, primarily due to the small size of
SPL84, we see a nearly two-log fold increase in the diffusion
coefficient of SPL84 relative to LNPs (Fig. 1D), indicating
that SPL84 diffuses more effectively than the LNPs.

This trend holds even when both are tested in 4% mucus.
The time for each molecule to traverse a mucus layer has a
strong dependence on the size of the molecule. This suggests
that SPL84 will be able to penetrate through a CF-like mucus
layer more readily than the LNPs will migrate in buffer
(Fig. 1E). When evaluated in 8% mucus, the LNPs had no
measurable migration even after 72 h, in contrary to SPL84
(Supplementary Table S1), indicating that the size exclusion
barrier of severe CF-like mucus sufficiently trapped and
inhibited the motion of the LNPs (data not shown). Together
these data confirm the potential superiority of ASO lung
delivery over standard size LNPs and motivate the use of
ASOs for inhaled delivery in pathological mucus as they
penetrate and are delivered more efficiently than LNPs.

Following the migration analysis, the structural stability of
SPL84 was further evaluated in the presence of sputum
samples taken from CF patients. As shown in Fig. 1F, the
structural integrity of SPL84 was maintained when spiked
into CF sputum for up to 48 h, as indicated from the single
band in an equivalent position to that of the positive con-
trol sample. These results are aligned with the high stability
of 2¢-O-MOE-modified ASOs [28].

Stability of SPL84 in rat lung lysosomal lysate

ASOs have been shown to enter cells through high- and
low-binding plasma protein receptors on the cell surface,
resulting in ASO compartmentalization into lysosomes and
endosomes, as part of the natural process of endocytosis [29].
A lysosome can break down many kinds of biomolecules via
its hydrolytic enzymes and its specific composition of both

membrane proteins and lumenal proteins, combined with
extreme acidic conditions (lumen pH of *4.5–5.0). There-
fore, we assessed the structural stability of SPL84 when
spiked into RLuLL. Results showed that SPL84 incubated in
RLuLL appears to be nuclease resistant and pH resistant for
at least 24 h, as indicated by the migration of the single oli-
gonucleotide band to a position equivalent to that of the
positive control sample (Fig. 1G). In contrast, when a control
nuclease non-resistant dsRNA was incubated in RLuLL,
smaller migration bands, indicating degradation, appeared
within 3 h of incubation (Supplementary Fig. S1). These
results indicate that SPL84 is stable in lysosomal lysate and
suggests protection from degradation under acidic conditions
or in the presence of nucleases.

SPL84 rapidly penetrates and migrates
through healthy and CF mucus to the epithelial cell
nuclei, leading to restoration of CFTR function

We additionally assessed the penetration of naked SPL84
through mucus generated in HBE cells from both non-CF and
CF patients (carrying the 3849 mutation), grown in a two-
dimensional structure in ALI culture. Upon cell differentia-
tion, a pseudostratified epithelial layer is formed, consisting
of a mixture of ciliated and mucus-secreting epithelial cells,
leading to the secretion of a mucus layer at the apical side of
the cells. Fluorescently labeled SPL84 was administered on
top of the mucus layer at the apical side of the non-CF HBE
cells. SPL84 showed efficient penetration through the mucus
layer into the HBE cells (Fig. 2A). Importantly, SPL84 could
be detected in the cell nuclei, where splicing modulation
of the pre-mRNA takes place (Fig. 2B), confirming target
engagement.

Following the demonstration of successful penetration
through the mucus layer and uptake by the epithelial cells and
nuclei, we assessed SPL84 activity as reflected by modulation
of CFTR pre-mRNA and channel function in HBE cells from a
patient homozygous for the 3849 mutation. As shown in
Fig. 2C, SPL84 treatment from the apical side of the HBE cells,
which is more relevant in a clinical setting of an inhaled drug
and addresses the issue of mucus layer penetration, properly
modulates the CFTR pre-mRNA, leading to the generation of
full-length WT CFTR RNA and to impressive restoration of
CFTR activity, as measured by the Ussing assay.

The cumulative in vitro studies demonstrate the structural
and functional stability of SPL84 in CF sputum as well as the
efficient mobility in mucus and uptake of the naked SPL84 by
the epithelial cell nuclei. Following the in vitro analyses,
further in vivo studies were performed to evaluate the dis-
tribution, migration, and penetration of SPL84 in the target
organ, the lungs.

Broad pulmonary distribution and epithelial cell nuclei
penetration of SPL84 in the WT mouse lungs

To evaluate the delivery of SPL84 to the lungs in vivo,
SPL84 distribution was first analyzed in WT mice. To this
end, mouse lung sections were analyzed by ISH labeling
following intratracheal administration at three doses: 0.2, 1,
and 2 mg/kg. At all tested doses, a high proportion of respi-
ratory epithelial cells accumulated a detectable amount of
SPL84 throughout the entire lung, with a dose-related
increase in the staining intensity (Fig. 3A). Higher magnitude
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images demonstrate the presence of SPL84 across the
respiratory epithelium, including the epithelial cells in the
bronchus and bronchioles, as well as in the distal alveoli
regions (Supplementary Fig. S2A).

Further kinetics studies with SPL84 were performed up to
1 or 4 weeks post-dosing. The first study assessed kinetics
over 1 week post-dose at two doses (5 or 10 mg/kg) (three
treatments every other day), and sampling at four time points
after last treatment (1, 3, 5, or 7 days). The results showed that
SPL84 was distributed and retained in the lung at all time
points, up to 7 days post-dosing. There was no prominent
difference in hybridization pattern and signal strength
between the different dose levels (5 mg/kg vs. 10 mg/kg)
(Fig. 3B). SPL84 was detected in cells in all areas of the
lung, including the trachea, bronchi, bronchioles, and alveoli
(Supplementary Fig. S2B). A blinded semiquantitative
evaluation of ISH signal in respiratory epithelium demon-
strated that 3 days after the last administration, SPL84 was
detected in >90% of epithelial surface cells, and 7 days after
last administration, SPL84 was still widely spread along the
epithelium (detected at 50–75% of the epithelial surface)
(Fig. 3C).

The second kinetics study was performed for a longer
period of 4 weeks after a single dose of 10 mg/kg and sam-
pling at three time points (1, 2, or 4 weeks post-dose). The
results showed that SPL84 was widely distributed and
retained in the lungs for up to 4 weeks post-dosing, while
vehicle control-treated animals showed no hybridization
signal (Supplementary Fig. S4A). SPL84 was detected in
respiratory epithelial cells at all parts of airways (Fig. 3D).
A blinded semiquantitative evaluation of ISH signal in
respiratory epithelium demonstrated that a high coverage of
the epithelium surface with SPL84 was maintained from
1 week up to 4 weeks following a single SPL84 administra-
tion (Fig. 3E).

We additionally assessed the localization of SPL84 in
mouse lung epithelial cell nuclei using a fluorescently labeled

SPL84 following IT administration (three treatments every
other day, 10 mg/kg). As can be seen in Fig. 3F, SPL84
penetrates epithelial cells along the bronchus and is localized
within the cell nuclei and cytoplasm. Similar results were
obtained in distal (alveoli) regions (Supplementary Fig. S3).

Altogether, the results in WT mouse lungs indicate that
SPL84 is broadly distributed and is localized to the target
region (nucleus) within the lung epithelial cells, in proximal
as well as distal lung regions.

Broad pulmonary distribution of SPL84
in muco-obstructive mouse model

Following confirmation of wide SPL84 distribution in WT
mice, we investigated whether SPL84 penetrates the mucus
layer in vivo in a muco-obstructive mouse model, the b-ENaC
mouse [30]. A comparable study was performed in WT and
b-ENaC mice from identical background strains with SPL84,
and the distribution of SPL84 was evaluated with ISH. No
prominent differences in the hybridization patterns were
found between the WT and b-ENaC mice lungs (Fig. 4A).
Figure 4B presents the examples of the hybridization pattern
in the airway compartments (main bronchi, bronchiole, and
alveoli epithelial cells) of WT and b-ENaC mice, showing
a similar hybridization signal located to the apical part of
respiratory epithelial cells. A blinded semiquantitative eval-
uation of ISH signal demonstrated a high coverage of 90% in
the lungs of both mouse types (WT and b-ENaC) (Fig. 4C).
These results are aligned with previous studies that found that
inhaled ASO penetrated through CF-like mucus in the
b-ENaC mouse [31,32].

Broad lung distribution of inhaled SPL84
in monkey lungs

Monkeys are one of the large animal species frequently
used for preclinical safety evaluation of drugs before clinical
trials in humans. Monkeys bear close resemblance to humans

FIG. 4. SPL84 properly distributes through the mucus layer in a muco-obstructive mouse model, the b-ENaC mouse.
(A) Low-resolution scans of sections from representative mice from different groups. From left to right: b-ENaC transgenic
mice treated with saline, WT mice treated with 5 mg/kg of SPL84, b-ENaC mice treated with 5 mg/kg of SPL84. Additional
control of WT mice treated with saline presented in Supplementary Fig. S4B. (B) High-power images of representative
regions from WT (left) and b-ENaC (right) SPL84-treated mice at 5 mg/kg. (C) Semiquantitative analysis of the extent of
hybridization signal throughout the respiratory epithelium (described in detail in the Materials and Methods ‘‘ISH analysis’’
section).

DELIVERY CHARACTERIZATION OF SPL84 9

D
ow

nl
oa

de
d 

by
 M

ur
ie

l a
nd

 P
hi

lip
 B

er
m

an
 M

ed
ic

al
 L

ib
ra

ry
, H

eb
re

w
 U

ni
ve

rs
ity

 o
f 

Je
ru

sa
le

m
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

9/
03

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



F
IG

.
5
.

B
ro

ad
lu

n
g

d
is

tr
ib

u
ti

o
n

o
f

in
h
al

ed
S

P
L

8
4

in
m

o
n
k
ey

lu
n
g
s.

(A
)

S
ch

em
at

ic
d
ia

g
ra

m
o
f

lu
n
g

sp
ec

im
en

s
co

ll
ec

te
d

fo
r

IS
H

st
u
d
y
.

(B
)

R
ep

re
se

n
ta

ti
v
e

im
ag

es
o
f

a
re

g
io

n
o
f

th
e

m
o
n
k
ey

lu
n
g

tr
ea

te
d

w
it

h
lo

w
an

d
h
ig

h
d
o
se

s
o
f

S
P

L
8
4

(1
.8

o
r

2
4
.6

m
g
/k

g
/w

ee
k
,

re
sp

ec
ti

v
el

y
).

(C
)

L
o
w

-p
o
w

er
sc

an
s

o
f

m
o
n
k
ey

lu
n
g

se
ct

io
n
s

fo
ll

o
w

in
g

in
h
al

ed
tr

ea
tm

en
t

w
it

h
1
.8

o
r

2
4
.6

m
g
/k

g
/w

ee
k

S
P

L
8
4

fr
o
m

al
l

co
ll

ec
te

d
re

g
io

n
s.

(D
,

E
)

H
ig

h
-p

o
w

er
(o

b
je

ct
iv

e
·

4
0
)

m
ic

ro
p
h
o
to

g
ra

p
h
s

o
f

p
ar

al
le

l
H

&
E

-s
ta

in
ed

an
d

h
y
b
ri

d
iz

ed
(I

S
H

)
se

ct
io

n
s

o
f

b
ro

n
ch

ia
l

ep
it

h
el

iu
m

fr
o
m

2
4
.6

m
g
/k

g
/w

ee
k

tr
ea

te
d

m
o
n
k
ey

s.
(E

)
E

n
la

rg
ed

se
le

ct
ed

ar
ea

o
f

d
if

fe
re

n
t

ty
p
es

o
f

ep
it

h
el

ia
l

ce
ll

s
is

m
ar

k
ed

.
H

&
E

,
h
em

at
o
x
y
li

n
–
eo

si
n
.

10

D
ow

nl
oa

de
d 

by
 M

ur
ie

l a
nd

 P
hi

lip
 B

er
m

an
 M

ed
ic

al
 L

ib
ra

ry
, H

eb
re

w
 U

ni
ve

rs
ity

 o
f 

Je
ru

sa
le

m
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

9/
03

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



in anatomical and physiological lung properties, providing a
more adequate model system to study the lung distribution [33].
Therefore, it was important to evaluate ASO distribution in the
monkey lungs.

SPL84 distribution was analyzed by ISH labeling of
monkey lung sections following weekly inhalation of SPL84
for 4 weeks at low and high doses (1.8 and 24.6 mg/kg/week).

We observed broad SPL84 distribution throughout the
lungs, which was dose dependent, and showed strong and
uniform labeling in all sections sampled, from the proximal
to the distal lung regions (Fig. 5A–C). SPL84 was detected
across the respiratory epithelium (bronchi and bronchioles),
as well as in the distal alveolar cells (Fig. 5D). A higher
magnitude image also demonstrated that SPL84 enters dif-
ferent types of epithelial cells, including ciliated and secre-
tory cells (Fig. 5E).

Discussion

Achieving optimal delivery and distribution of oligonu-
cleotides to the lungs is in the scope of interest for many
therapeutic approaches. We have developed SPL84, an in-
haled ASO drug, targeted specifically for the treatment of CF
patients carrying the 3849 mutation. The administration of
SPL84 via inhalation allows local administration to the target
organ, the lungs, with minimal systemic exposure [34]. One
challenge of inhaled drug delivery for CF and other muco-
obstructive diseases is the thick mucus layer covering the
airways that can be an obstacle for drug delivery [20]. The
comprehensive results presented in this study demonstrate
that SPL84 is broadly distributed in WT and muco-
obstructive mice and WT cynomolgus monkey lungs. These
results are in agreement with previously published data
[31,34,35]. Importantly, we demonstrated that inhaled SPL84
penetrates through the CF-like thick mucus layer into the
epithelial cells both in vitro and in vivo. Moreover, since
the lungs are made up of many different cell types, it was
important to show that SPL84 enters different types of epi-
thelial cells—ciliated as well as secretory (goblet) cells.

The proven durability of SPL84 for up to 4 weeks fol-
lowing a single dose in mice is supportive of a weekly/every
other week inhalation regimen that will be further evaluated
in clinical studies. This low frequency of administration will
potentially provide a promising safety profile with reduced
treatment burden on patients.

The demonstrated structural stability of the small size
(estimated as 1 nm), single-strand, negatively charged SPL84
confirmed that additional vehicles or components to support
SPL84 delivery to the lungs are not required [29]. On the
contrary, it is proposed that larger, more complex inhaled
RNA/DNA-based therapies such as mRNA replacement,
DNA editing, or siRNA, which require delivery systems based
on encapsulated LNPs/specific ligand conjugates to allow
penetration to lung epithelial cells or other cells, might present
some significant disadvantages. The physicochemical param-
eters of LNPs, including their size, shape, charge, and surface
composition, directly impact cellular internalization efficiency
and have also been associated with adverse immune events
[36]. Finally, the larger size of these compounds results in
significantly slower migration and penetration through even
healthy mucus and will be further slowed under pathological
conditions when the mesh size of mucus decreases.

Taken together, the combination of functional rescue by
SPL84 demonstrated in patient-derived respiratory cells
[14] with the proven efficient delivery to lung epithelial
cells, along with the clinically validated chemical modifi-
cations (2¢-O-MOE phosphorothioate [37,38]), generates a
promising drug that could potentially provide a cure for the
lung disease of CF in >1500 patients worldwide carrying the
3849 mutation. It is important to note that the inhaled ASO
technology that was developed for SPL84 is the basis for
additional ASO-based drugs that are currently being de-
veloped for additional CF mutations with unmet need as
well as for other lung diseases. Using different ASO MoAs,
a variety of mutation types can be targeted, including
splicing, missense, and stop mutations. In addition, there are
various other severe pulmonary diseases, such as bronchi-
ectasis, asthma, chronic obstructive pulmonary disease, and
idiopathic pulmonary fibrosis, which can benefit from our
established inhaled platform delivery system and ASO
technology.

Conclusions

Altogether, these data highlight the therapeutic potential
and advantages of inhaled SPL84 for treating CF by effec-
tively penetrating the pathological mucus barrier, allowing
for targeted cellular uptake across the entirety of the lung.
Successful production of functional WT CFTR protein for
these patients will improve clinical outcomes in a population
of people with CF that do not have efficient therapies and will
potentially pave the way for a new generation of ASO-
mediated therapies capable of treating various other severe
pulmonary diseases.
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