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ABSTRACT

Pulmonary diseases offer many targets for oligonu-
cleotide therapeutics. However, effective delivery
of oligonucleotides to the lung is challenging. For
example, splicing mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) af-
fect a significant cohort of Cystic Fibrosis (CF)
patients. These individuals could potentially ben-
efit from treatment with splice switching oligonu-
cleotides (SSOs) that can modulate splicing of CFTR
and restore its activity. However, previous studies in
cell culture used oligonucleotide transfection meth-
ods that cannot be safely translated in vivo. In this re-
port, we demonstrate effective correction of a splic-
ing mutation in the lung of a mouse model using
SSOs. Moreover, we also demonstrate effective cor-
rection of a CFTR splicing mutation in a pre-clinical
CF patient-derived cell model. We utilized a highly ef-
fective delivery strategy for oligonucleotides by com-
bining peptide-morpholino (PPMO) SSOs with small
molecules termed OECs. PPMOs distribute broadly
into the lung and other tissues while OECs potenti-
ate the effects of oligonucleotides by releasing them
from endosomal entrapment. The combined PPMO
plus OEC approach proved to be effective both in CF
patient cells and in vivo in the mouse lung and thus
may offer a path to the development of novel thera-
peutics for splicing mutations in CF and other lung
diseases.

INTRODUCTION

Lung diseases are one of the largest health burdens and are
a main cause of mortality and morbidity worldwide (1). Yet,
non-communicable and chronic pulmonary problems are
often treated symptomatically without addressing patho-
genesis. In this report we present a novel platform for deliv-
ering therapeutic oligonucleotides to directly correct splic-
ing defects in the lung and have selected cystic fibrosis (CF)
as a model to test this delivery approach. Additionally, our
work may have potential therapeutic implications in various
pulmonary and non-pulmonary diseases that involve splic-
ing defects.

The cystic fibrosis transmembrane conductance regulator
(CFTR) is a cAMP-regulated chloride channel that serves
a critical role in the regulation of epithelial salt and wa-
ter transport (2,3). Loss-of-function mutations in CFTR re-
sult in CF a multi-organ disease that involves chronic pul-
monary pathologies, pancreatic insufficiency, GI obstruc-
tion, and male infertility (4). In the airways, the loss of
CFTR-mediated chloride transport can result in morbidity
and death as a result of dehydrated, adherent mucus lead-
ing to chronic infection and inflammation (5,6). Until re-
cently only lung transplant and symptomatic therapies were
available for CF but there are now small molecule modu-
lators that, at the protein level, affect the trafficking and
function of certain CFTR mutants (7,8). Modulator combi-
nations such as the recently approved double combination
Orkambi® and triple drug Trikafta® can provide substan-
tial benefit to a large percentage of CF patients (9).

However, a significant subpopulation of CF patients can-
not be effectively treated with modulator drugs. For exam-
ple, approximately 11% of CF patients have CFTR splicing
defects, the most common being the 3849+10kb C→T mu-
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tation (legacy name, a.k.a. CFTR splicing mutation c.3718-
2477C→T) (10). Splicing mutations may be homozygous
or be paired with other CFTR defects such as the com-
mon deletion-F508 trafficking mutation (3), channel gating
mutations, or stop mutations. Although modulator drugs
have been approved for certain CFTR splicing mutations
(11,12) they do not address the underlying molecular de-
fect. For patients where homozygous splicing mutations or
a combination of splice and stop codon mutations result in
very little CFTR protein production (13,14), the modulator
drugs are unlikely to be effective and other therapies will be
needed.

Splicing defects in CF patients should be correctable
through use of splice switching oligonucleotides (SSOs)
(15–19). These molecules modulate interactions between
pre-mRNA and the spliceosome and can be used to at-
tain correction of splicing defects, as well as to increase
or decrease gene expression (16,20). The most widely used
SSO chemistry involves a negatively charged phosphoroth-
ioate (PS) backbone and pendant nucleosides with 2′O-
Me, methoxyethoxy (MOE) or locked nucleic acid (LNA)
modifications (21). An alternative is to use SSOs with an
uncharged phosphorodiamidate morpholino (PMO) back-
bone (22,23). Recently SSOs have entered the clinic with
FDA approval of a PS-MOE SSO for treatment of spinal
muscular atrophy and of two PMO SSOs for treatment of
Duchenne muscular dystrophy (24). Thus, CFTR splicing
mutations would seem to be appropriate targets for SSOs.

The first report of SSO-mediated correction of splicing
in cells transfected with mutant CFTR constructs dates
back >20 years (18). More recently Igreja et al. (25) used
2′O-Me PS SSOs to correct splicing in a non-physiological
HEK293 cell model expressing a mutant CFTR and mea-
sured ion fluxes as well as correction at the RNA level.
Michaels et al .(26) performed a very thorough study of
CFTR splicing correction in patient-derived cells harboring
the 3849+10kb C->T mutation. This study demonstrated
correction of the endogenous mutant CFTR RNA and pro-
vided detailed measurements of restoration of CFTR ion
fluxes. In this case, PMO SSOs were utilized; however, the
PMOs were delivered to cells using a cationic transfection
agent.

Correcting CF splicing mutations in patients implies ef-
ficient delivery of oligonucleotides to lung and other ep-
ithelial tissues that are difficult to transfect (27). To date
none of the reports on correction of CFTR splicing can
be directly projected to CF therapeutics since they all re-
lied on delivery methods that are not suitable for in vivo
use. Here, we have addressed the delivery problem inher-
ent in treatment of CF splicing mutations through a novel
combination of two powerful oligonucleotide delivery tech-
nologies. First, we utilize SSOs that are peptide-morpholino
oligomer conjugates (PPMOs) (28). These molecules have a
broad tissue distribution and, when given systemically, they
can produce oligonucleotide effects in extra-hepatic tissues
(29,30). Second, we make use of oligonucleotide enhanc-
ing compounds (OECs). These are small molecules, discov-
ered through high throughput screening, which selectively
release oligonucleotides from non-productive entrapment
in endosomal compartments (19,31,32). Thus, OECs allow
oligonucleotides to access the cytosol and nucleus providing

substantial enhancement of pharmacological effects. In this
report, we describe use of the novel PPMO plus OEC strat-
egy to efficiently correct splicing in the lung in an animal
model, as well as in patient-derived primary airway epithe-
lial cells encoding an important CFTR splicing mutation.

MATERIALS AND METHODS

Biological resources

Cell models.

HeLa EGFP654 cells. This previously described cell line
(33) contains a stably transfected enhanced green fluores-
cent protein (EGFP) splicing reporter that can be activated
by SSOs. The EGFP construct encodes the same mutated
intron as the mouse model described below. (Repository:
ATCC).

HBEC. Patient-derived, well-differentiated primary Hu-
man Bronchial Epithelial Cells (HBEC) harboring the
3849 + 10 kb C→T splicing mutation were cultured as de-
scribed (3,34). Passage 2 cells were used in these studies.
Patient cells were procured and used in accordance with
the University of North Carolina Office of Research Ethics
Biomedical Institutional Review Board approved protocol
No. 03–1396. (Repository: UNC Marsico Lung Institute,
not a cell line).

UNCCF8T cells. These cells were created by lentiviral ad-
dition of hTERT and Bmi-1 to bronchial epithelial cells
derived from a patient donor homozygous for the CFTR
splicing mutation 3849 + 10 kb C→T using methods pre-
viously described for non-CF and F508del homozygous
donors (35), with some modifications. For this novel cell
line, passage 1 cryopreserved cells were expanded using the
conditionally reprogrammed cell culture method (34) and
cells were transduced with a novel vector expressing both
hTERT and Bmi-1 from a single virus, and also express-
ing a puromycin resistance module and copepod GFP fu-
sion protein. The cells have expanded growth capacity and
polarize and differentiate in air-liquid interface cultures as
previously reported for the other genotypes and are suitable
for Ussing chamber studies. Passage 5–7 were used in these
studies, showing no significant physiologic changes on ep-
ithelial differentiation and CFTR expression (Repository:
UNC MLI, not a cell line).

EGFP654 MTEC. Well-differentiated, primary Mouse
Tracheal Epithelial Cells (MTEC) were derived from the
EGFP654 mouse (see below). These cells were developed in
the Kreda lab by adapting a published protocol (36). Cells
were differentiated on collagen-coated permeable inserts to
air-liquid interface into cilia and mucus producing epithe-
lial cell layers; passages 0–2 were used in these studies with
no significant physiologic differences in morphology and
EGFP expression levels. (Repository: UNC MLI, not a cell
line).

Animal model. The EGFP654 transgenic mouse expresses
the EGFP protein coding sequence interrupted by the in-
tron of human beta globin encoding the 654 splicing muta-
tion; the mutant EGFP RNA is expressed in all cell types
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and is non functional (37). Upon splicing correction with
a specific oligonucleotide, functional EGFP is expressed
(19,32) (repository: UNC).

Oligonucleotides and OECs. Morpholino oligonucleotides
(PMOs) were purchased from Genetools Inc. and were
then conjugated with peptide to form PPMOs. Conjuga-
tion of peptide and purification of the PPMO conjugates
were carried out as previously described (29). Identity of
the PPMO conjugates was confirmed by mass spectrome-
try. PCR primers and probes, were purchased from Inte-
grated DNA Technologies. The oligonucleotide and pep-
tide sequences used in this study are shown in Supple-
mentary Table S1. The Oligonucleotide Enhancing Com-
pounds (OECs) UNC7938 and UNC2383 were synthesized
by ChemoGenics BioPharma as previously described (31)
and were purified by liquid chromatography with chemical
identify confirmed by mass spectrometry. The compounds
were used in their acid salt form (UNC7938B, UNC2383C).

In vivo studies in the EGFP654 animal model. For the in
vivo studies we utilized the EGFP654 transgenic mouse that
expresses a mutant EGFP RNA in all cell types (37). All an-
imal procedures were conducted in compliance with guide-
lines of the UNC Laboratory Animal Medicine Depart-
ment and with federal guidelines (UNC IACUC # 18-265).
EGFP654 mice were maintained by the UNC Animal Stud-
ies Core; this group also performed all injections of mate-
rials. Both male and female mice were used in the studies.
For experiments, various doses of ‘naked’ PPMO654 or of
OEC or both were administered via tail vein injection. Af-
ter incubation periods ranging from 4h to 22 days mice were
euthanized and tissues collected. Tissue samples were ei-
ther quickly frozen on dry ice for analysis by RT-PCR or
were fixed in 10% buffered formalin for immunohistochem-
istry. Blood samples were analyzed for indicators of renal
and hepatic toxicity by the UNC Animal Clinical Chem-
istry Core facility. These procedures were similar to those we
have previously described (19,32). Further experimental de-
tails are provided in the figure legends. For airway cultures,
mice were euthanized and tracheas were excised and pro-
cessed in sterile conditions for epithelial cell isolation and
culture (see above).

EGFP654 MTEC and HeLa EGFP654 cell culture exper-
iments. HeLa EGFP654 cells were cultured in 96-well
plates. Cells were exposed to PPMO during an overnight
incubation, rinsed, and subsequently exposed to OEC, usu-
ally for 2 h. After rinsing cells were incubated for either 16
or 24 h after which EGFP fluorescence was quantitated us-
ing a Varioskan imaging unit. Viability was assessed using
the CellTiter Blue assay (Promega) according to manufac-
turer’s instructions.

Well-differentiated primary EGFP654 MTEC cultured at
air-liquid interfaces on 6.5 mm diameter permeable sup-
ports were incubated with PPMOs and OECs in concen-
trations and for periods of time indicated in the figures.
PPMOs and OECs were administered ‘naked’ in com-
plete medium using the following volumes: 30 �l for api-
cal and 200 �l for basolateral administrations in MTEC.
Two treatment modalities were utilized: sequential and co-

administration of PPMO and OEC. Sequential treatment
was performed by incubating cells overnight with PPMO
followed by 2hs incubation with OEC. PPMO and OEC co-
administration was performed for 6 h, which was the opti-
mal incubation time. For the mucus experiments, a prepa-
ration of concentrated mucus isolated from human airway
cells (a kind gift of Dr B Button, UNC) was diluted to differ-
ent concentrations in complete medium. PPMO and OECs
were pre-incubated 2 h at 37ºC with the mucus prepara-
tion before adding to the surface of MTEC cultures that
were pre-washed with PBS to eliminate the endogenous mu-
cus layer. Lumenal additions were performed in 30 ul, while
other incubations parameters were as described above. For
all experiments, after PPMO/OEC incubations, cells were
further cultured in complete growth medium for 24–48 h.
For the assessment of EGFP expression, cells were analyzed
for EGFP fluorescence levels in a Tecan plate scanner or
an Azure Scanning System. After fluorescence quantifica-
tion, cells were fixed and stained with propidium iodide to
label nuclei and re-scanned for cell number normalization.
In some experiments, cells were also analyzed for EGFP
mRNA expression using RT-PCR techniques described be-
low.

RT-PCR analysis. RT-PCR studies in tissues were per-
formed following our previous work (19,32). Messenger
RNA was isolated by the UNC CF Center Molecular Bi-
ology Core or in our labs. The cDNA synthesis and PCR
reactions were performed using specific primers framing the
EGFP654 mutation (EGFP reporter cells and tissues) or
CFTR 3849+10kb mutation (human CF cells), as well as
GAPDH for normalization. The WT band in human CFTR
studies was identified by size comparing with the band pro-
duced by normal human cells and was subjected to sequenc-
ing to confirm identification. PCR gels stained with ethid-
ium bromide or Gel Green were imaged in a high resolution
scanner for densitometry analysis of the mutant and cor-
rected PCR bands. Percent correction was estimated as 100
x WT/(WT + mut).

Immunostaining and confocal microscopy analyses. Tis-
sues were processed and immunostained using an anti-
body against EGFP as we previously described (19). Co-
staining was performed with an antibody against tubulin to
reveal cilia and identify ciliated cells as we previously de-
scribed (38). Confocal Microscopy was performed as de-
scribed (19). For tissue cultures, live cells on permeable sup-
ports were briefly stained with supravital dye Cell Mask®
(Thermo Fisher Sci.), which stains apical membrane and
cilia when added to polarized epithelial layers. Cell cul-
tures were subjected to live imaging in a Leica SP5 with the
stage enclosed in an environmentally-controlled chamber;
63× Leica lenses and two independent laser sources were
used; scanning parameters were constant across experimen-
tal specimens. Picture mounting was performed in Adobe
Photoshop. Live imaging of freshly excised organs was per-
formed in a Leica DMRB epifluorescence microscope with
a 10× lenses and a low-resolution camera.

Ussing chamber experiments. For studies of topical ad-
ministration of ‘naked’ oligonucleotides and OECs, HBEC
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and UNCCF8T cells were cultured on 12 mm Millicell per-
meable supports (Millipore) and in air-liquid interface for
2–3 weeks before Ussing chamber analyses. Drugs were ad-
ministered as indicated in the figures. PPMO and OECs
were administered, either apically or basolaterally, 72 h be-
fore analysis, while a combination of CFTR modulators
similar to Trikafta® (VX-445 2 �M, VX-661 3 �M, VX-
770 1�M) were administered both apically and basolat-
erally 48 h before Ussing chamber studies. All reagents
were added in complete growth medium; cells were washed
the evening before analysis. Ussing chamber analyses fol-
lowed protocols optimized in the Gentzsch lab (34,39,40).
Briefly, changes in short-circuit current (�Isc in �A/cm2)
were measured in Ussing chambers in a bilateral Krebs
bicarbonate-Ringers solution at 37ºC. Amiloride (100 �M,
Sigma-Aldrich) was added to the apical bath to inhibit
the epithelial sodium channel ENaC. Bilateral addition
of forskolin (10 �M, Sigma-Aldrich) followed to stimu-
late CFTR channel activity. CFTR inhibitor-172 (10 �M,
Sigma-Aldrich) was then apically introduced to inhibit
CFTR (as a CFTR control). UTP (100 �M, GE Health-
care) response for Ca2+ channel activity was assessed as an
internal control. Transepithelial resistance (in �·cm2) was
monitored to assess monolayer integrity, and it is also a
good indicator of epithelial health/cytotoxicity. After com-
pleting Ussing chamber studies, cells were processed for
CFTR mRNA expression using techniques described above
and PCR primers described in Supplementary Table S1.

Formulation of PPMO and OECs. Stock solutions of
PPMO were prepared in deionized water. OECs were dis-
solved in DMSO at 40◦C for preparation of stock solutions.
Dilutions of OECs for experiments were made in DMSO
and then added to complete medium immediately before
use. Solutions of PPMO and OEC for in vivo administra-
tion were prepared in 6% PEG400 plus 20% DMSO, which
was also used as vehicle in control animals.

Statistics. Based on our previous experience, mouse
groupings of 3–4 animals for the in vivo studies and four cul-
tures per experimental condition for the in vitro studies were
deemed sufficient for statistical power. Differences between
means were assessed with ANOVA and post-hoc analysis
or two sample Student’s t test and two-tailed alternative hy-
pothesis.

RESULTS

OECs increase PPMO delivery in cell culture

We had previously shown that Oligonucleotide Enhancing
Compounds (OECs) could improve the pharmacological ef-
fects of a variety of anionic oligonucleotides and conjugates
(19,31,32). However, we had not tested OECs with peptide
conjugates of morpholino oligomers (PPMOs) that have a
net positive charge and that also have some innate endo-
some escape capability. To address this issue we initially uti-
lized HeLa EGFP654 cells that are stably transfected with
an EGFP reporter whose coding sequence is interrupted
by an aberrantly spliced intron, resulting in failure to pro-
duce mature EGFP mRNA and protein (33). We synthe-
sized PPMO654 (Supplementary Table S1), a SSO designed

to correct the splicing defect thus allowing EGFP produc-
tion. HeLa EGFP654 cells were treated with PPMO654 in
combination or in the absence of OEC UNC7938 or OEC
UNC2383. As seen in Figure 1A increasing concentrations
of PPMO alone led to a progressive increase in EGFP ex-
pression. The figure also shows that a 5 base mismatched
PPMO was completely inactive. The effect of a fixed con-
centration of PPMO was substantially enhanced by increas-
ing concentrations of OEC UNC7938 (Figure 1B, white cir-
cle symbols) or OEC UNC2383 (Figure 1C, D, white circle
symbols). However, the presence of the OEC did not aug-
ment the effect of a mismatched PPMO (Figure 1B, white
square symbols) and provided only a minor enhancement of
the effect of PMO654, which lacks the peptide moiety (Fig-
ure 1B, white triangle symbols). As seen in Figure 1C. the
concentration-effect profile of the PPMO was substantially
enhanced in the presence of a fixed concentration of OEC,
with the greatest enhancement seen at low PPMO concen-
trations. Viability/cytotoxicity analyzed concurrently with
EGFP expression (see Methods) was not significantly af-
fected within the range of concentration of PPMO and OEC
utilized in these studies (Figure 1B, D, black square sym-
bols).

We also utilized a 3′-lissamine-labeled PPMO654 to im-
age the intracellular distribution of PPMO in the presence
or absence of an OEC (Figure 1E). As seen, OEC treatment
caused a substantial re-distribution of the PPMO from cy-
tosolic vesicles to the nucleus. Thus, despite major differ-
ences between the two types of molecules, the OECs act on
cationic PPMOs in a manner similar to their previously ob-
served effects on anionic oligonucleotides (32) and can pro-
mote release of PPMOs from endosomes, increase delivery
to the nucleus, and substantially enhance splice correction
in cultured cells.

The combination of PPMO and OEC substantially increases
oligonucleotide delivery and activity in airway epithelial cells

We developed a new cell model of well-differentiated pri-
mary mouse tracheal epithelial cells (MTEC) derived from
the splicing reporter mouse model (EGFP654 mouse, see
below). The EGFP654 MTEC recapitulate airway epithe-
lial features including mucus and cilia production and other
physiological barriers to oligonucleotide delivery. Splicing
in the EGFP654 mouse-derived cells can be corrected using
PPMO654, the same PPMO as used in the HeLa EGFP654
cells. Thus, prior to in vivo testing, we utilized EGFP654
MTEC to evaluate certain key issues of oligonucleotide de-
livery in a physiologically-relevant model of airway epithe-
lia.

The cells were differentiated on permeable supports at
air-liquid interface to mimic the in vivo situation. We then
examined treatment via the basolateral side, thus mimick-
ing systemic administration, or via the apical side mimick-
ing intra-pulmonary administration. We also examined the
effect of apical mucus on administration by the apical route.
As seen in Figure 2A through D, the OEC substantially en-
hanced the splice-correcting effect of the PPMO when both
were administered either by the apical or basolateral routes.
As in the case of the HeLa EFGP654 model of Figure 1C,
the effect of the OEC was greater at lower concentrations
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Figure 1. Effect and Toxicity of PPMOs and OECs in Cell Culture. (A–D) PMO, PPMO and OEC dose responses. (A) HeLaEGFP654 cells were incubated
overnight with various concentrations of splice correcting PPMO654 or with a control PPMO having a 5 base mismatch (PPMO-MM). The cells were rinsed
and further incubated and then processed for EGFP fluorescence and viability as described in Methods. (B) Cells were incubated with 0.5�M PPMO654,
PPMO-MM or PMO654 and further incubated with various concentrations of OEC UNC7938. After rinsing and further incubation, EGFP fluorescence
and viability were determined. (C) The concentration of PPMO654 was varied plus or minus subsequent treatment with 10 �M OEC UNC2383. (D)
Subsequent to treatment with 0.5 �M PPMO654, cells were treated with various concentrations of OEC UNC2383. Data in A-D are expressed as mean ±
SD, n = 4 (error bars fall within symbols). (E) PPMO intracellular distribution. HeLaEGFP654 cells were incubated with lissamine-PPMO654 overnight
followed by vehicle or 10 �M OEC UNC7938 for 1 h and then cells were observed by microscopy. The upper images are phase contrast while the lower
images are superposition of fluorescence from lissamine-PPMO (red) and Hoechst nuclear stain (blue). Lissamine-PPMO654 accumulated in endosomal
compartments but after OEC treatment the PPMO re-localized into the nuclei, bar = 10 �m.

of PPMO. Significant enhancement of EGFP expression
was observed with as little as 0.3 �M PPMO in the pres-
ence of the OEC. The basolateral route usually produced
a stronger response (>70% MTEC expressed EGFP 48hs
post-treatment). The difference in the effects of apical and
basolateral administration is to be expected based on the
fact that these distinct membrane domains have different
plasma membrane surface area and patterns of endocytosis
(41–43). Moreover, since the exact basolateral surface area
is difficult to calculate it is thus difficult to administer the
same dose of drug/cell membrane area to the apical and
basolateral sides.

In similar experiments, the corrective effect of PPMO
plus OEC administration was examined at longer times af-
ter a single treatment. Thus EGFP fluorescence persisted
after 14 and 22 days post treatment, and was higher for the
PPMO plus OEC combination versus the PPMO alone at
all points examined (Supplementary Figure S1).

Since over-production of airway mucus is an issue in
many lung diseases such as CF (5,6) we also examined

the effect of human airway mucus on apical delivery of
PPMO654. We used exogenous mucus to control the con-
centration in a pathophysiologically relevant manner. As
seen in Figure 2E, mucus concentrations up to 4% solids
[typical of CF (5,6)] had little deleterious effect on EGFP in-
duction when PPMO and OEC were applied via the apical
route. Thus onetime treatment with the PPMO plus OEC
combination is highly effective in splice correction even in
airway disease-mimicking conditions.

The combination of PPMO and OEC increases oligonu-
cleotide delivery and activity in murine lung

Currently there is no animal model for CFTR splicing mu-
tations to test our oligonucleotide strategy. However, we
have available a valuable animal model for studying the de-
livery of SSOs to CF-relevant tissues. The EGFP654 trans-
genic mouse incorporates an EGFP reporter whose cod-
ing sequence is interrupted by an intron that is aberrantly
spliced resulting in failure to produce mature EGFP mRNA
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Figure 2. Correction of a splicing mutation in mouse-derived primary airway cells using PPMO plus OEC. Primary mouse tracheal epithelial cells derived
from the EGFP654 mouse (EGFP654 MTEC) were differentiated on permeable supports under air-liquid interface for 2–3 weeks as described in Methods.
(A–D) PPMO plus OEC effects. The SSO PPMO654 and OEC7938 were administered once in a bolus either into the basolateral (A, B) or apical (C, D)
compartments; PPMO (0.3 and 1 �M, 16 h) followed by OEC7938 (10 �M, 2 h). MTEC were subjected to microscopy and fluorometric analysis 48 h
post-treatment. Live MTEC were imaged with constant settings in a Leica DMRB fluorescent microscope using a 10x magnification, bar = 100 �m (A,
C), and quantitated in a Azure fluorimeter scanner (B, D). All wells have similar total cell numbers; mean ± SD; n = 3; *P < 0.01 and #P < 0.05 versus
no OEC. (E) Effect of apical mucus on PPMO plus OEC delivery in EGFP654 MTEC. PPMO (0.5 �M) and OEC (10 �M) were administered apically
mixed in a small (30ul) bolus of human mucus at 2 and 4% solids’ concentration; 0 = cell medium bolus; other experimental conditions were as before.
Fluorescence was quantified in a Tecan system with a control set at 100%; mean ± SD, n = 4. Lumenal mucus did not greatly affect delivery of PPMO and
OEC to the airway epithelial cells and thus splicing correction and EGFP expression was observed.

and protein. However, successful in vivo delivery of an ap-
propriate SSO will correct splicing leading to restoration of
message and protein expression in the lung and other tis-
sues (19,32,37). This mouse model allows both quantita-
tion through measurement of tissue RNA levels and cell-
level topography through fluorescence microscopy of tissue
sections.

Based on the abovementioned studies with mouse tra-
cheal epithelial cells (EGFP654 MTEC), we tested the
PPMO654 plus OEC combination in EGFP654 mice. We
decided to focus on systemic administration based on the re-
sults with the MTEC suggesting that the basolateral route,
which mimics systemic delivery, was very effective. Based
on our earlier experience (19,32), our initial studies in mice
involved pre-administration of PPMO654 followed several
hours later by administration of the OEC. At intervals
thereafter mice were euthanized and lung tissues evaluated
for splice correction of EGFP mRNA by RT-PCR and/or
for expression of EGFP by fluorescence microscopy.

As seen in Figure 3A and E, in samples obtained 48h
after in vivo treatment, PPMO654 alone caused low level
correction of mRNA splicing and EGFP expression in the
lung, while the addition of OEC UNC7938 substantially in-
creased these effects. Thus the in vivo effect generally paral-
leled that seen in cell culture (Figures 1 and 2, above). Im-
munostaining of EGFP and confocal microscopy analyses
showed that significant EGFP expression was observed in
several epithelial cell types including ciliated cells, secretory
cells and basal cells (e.g. stem cells) (Figure 3B, C). Cells
in the epithelial layer express EGFP at different levels in
an apparent random and mosaic-like pattern (Figure 3B).
Other cell types showed EGFP expression such as alveolar
cells (Figure 3A) and cells in the muscle layer in the bronchi
(Figure 3D).

It was also possible to directly visualize EGFP fluo-
rescence in freshly excised, unfixed organs (Supplemen-
tary Figure S2). Clinical chemistry data from blood sam-
ples from this experiment showed no significant changes in



6106 Nucleic Acids Research, 2021, Vol. 49, No. 11

Figure 3. PPMO plus OEC effects on EGFP expression in murine lung. EGFP654 mice received PPMO654 at 12 mg/kg IV on three successive days
and thereafter one cohort received OEC (UNC7938) IV at 15 mg/kg once (n = 3–4 per group). After 48 h, mice were euthanized, tissues recovered and
analyzed by immunostaining with antibodies to EGFP and confocal microscopy; RT-PCR analysis was performed from rapidly frozen tissues. (A–D) Lung
distribution of EGFP expression. (A) Images of EGFP immunostaining (green) and nuclear staining (red, propidium iodide) of fixed lung sections from
mice treated with PPMO plus OEC, PPMO only, or vehicle; images were acquired with constant settings in a Leica SP5 confocal microscope with a 63×
immersion lens. In PPMO plus OEC-treated mice, EGFP expression levels were elevated in the cells of the surface epithelium (Epi) and in the alveolar
cells (Alv) compared to PPMO controls. (B) High magnification, low intensity image from PPMO plus OEC cohort to reveal EGFP expression patterns in
cells displaying the morphology of secretory cells (SC). (C) Lung sections were co-stained for EGFP and for cilia with tubulin antibodies (red) to identify
ciliated cells (CC) as well as cells displaying the morphology of secretory cells (SC) and basal cells (BC). (D) Image from PPMO plus OEC cohort to reveal
EGFP expression in the airway muscle layer (Mus) underlying the surface epithelial cell layer (Epi). All bars = 20 �m. (E) PCR analysis. RT-PCR gel
at 48 h post-treatment (top); WT designates the splice corrected form of EGFP RNA while mut is the splice mutant. The band intensity quantification
performed as described in Materials and Methods is shown at the bottom; *P < 0.01 versus no OEC.

liver enzymes or kidney function (Supplementary Table S2)
which were within normal published values (44). Mouse be-
havior appeared normal during the experiment as did post-
euthanasia lung morphology.

The results of a similar in vivo experiment studying the
duration of the splice correction effect after a single treat-
ment with PPMO and OEC are shown in Figure 4. Substan-
tial splice correction was seen not only at 2 days but also
at 7 days and 22 days post-treatment (4A) indicating that
the oligonucleotide effect was of long duration not only in
vitro but also in vivo. Quantitation of the RT-PCR results
is provided in 4B showing >70% splice correction at 48h
with PPMO plus OEC and ∼40% after 7 days. We currently
do not have an explanation for the apparent differences in
RNA correction efficiency at 48 h post-treatment between
experiments in Figures 3 and 4. Further in vivo pharmaco-
dynamic studies are required to address the source of these
differences.

Experiments illustrated in Figures 3 and 4 indicate that
in vivo administration of the PPMO SSO plus OEC combi-
nation provides a robust and durable correction of splicing
in relevant lung epithelial cell types without detectable sys-
temic toxicity.

Co-administration of PPMO and OECs is effective in the
lung

In our work to date we typically pre-loaded the endosomal
compartment with SSO and then triggered endosomal re-
lease with the OEC (19,32). However, this approach might
be inconvenient for future therapeutic development. Thus,
we explored the feasibility of co-administration of the SSO
and OEC, both in cell culture and in vivo. As seen in Fig-
ure 5A, B, both sequential and co-administration of PPMO
plus OEC to HeLa and MTEC cell models produced com-
parable increases in EGFP expression indicating that the
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Figure 4. Extended splice correction effect of PPMO plus OEC in murine
lung. EGFP654 mice were retained as controls or received PPMO654 at 5
mg/kg IV on two successive days and thereafter one cohort received OEC
(UNC7938) IV at 15 mg/kg once (n = 3–4 per group). After 2, 7 or 22
days mice were euthanized, lung tissues recovered and analyzed by RT-
PCR as described in Methods. (A) PCR Gel analysis at 48 h (top) and 7
and 22 days. (B) Quantitation of splice correction as described in Methods;
shown vehicle and PPMO at 48 h; *P < 0.01 versus no OEC.

co-administration approach is effective in these cells. In
most experiments, co-administration attained maximal ef-
fects by 4 to 6 h after treatment. Both co-administration
and sequential treatments affected airway epithelial cells in
a similar pattern. Thus the confocal microscopy xy and xz
scan sections in Figure 5B illustrate that both ciliated and
non-ciliated airway epithelial cells expressed EGFP after ei-
ther treatment. As expected, different levels of EGFP ex-
pression were observed across the epithelial cell layer in a
seemingly random and mosaic pattern.

In EGFP654 MTEC, the co-administration of PPMO
plus OEC (Figure 5C, D) had prolonged effects as was the
case with the sequential administration of both components
(see Supplementary Figure S1). Thus, significant EGFP ex-
pression (5C) and splice correction (5D) were observed at
2, 7, 14 and 21 days after a single co-administration of
PPMO654 plus OEC.

Next, we tested the co-administration strategy in vivo
in EGFP654 mice. Figure 6 demonstrates that systemic
co-administration of PPMO654 plus OEC resulted in
strong splice correction in the lung at 48h, comparable in
magnitude to sequential administration. Co-administration
of PPMO654 was performed using two different OECs
(UNC7938, UNC2383) with similar results. Clinical chem-
istry data from this experiment showed no indication of

significant impairment of liver or kidney function (Supple-
mentary Table S3). In a separate experiment we also mea-
sured clinical chemistry parameters 6 days after treatment
by co-administration (Supplementary Table S4). Although
there was considerable variation in the parameters tested,
the values for the three toxicity evaluations (Supplemen-
tary Tables S2–S4) were all within normal ranges for several
murine strains (44).

In this report, we have focused on the correction of
splicing in the airway epithelia and lung. However, extra-
pulmonary organs were also corrected in vivo. Both se-
quential (Supplementary Figure S2) and co-administration
(Supplementary Figure S3) of PPMO654 and OEC
(UNC7938 or UNC2383) produced significant splice cor-
rection in kidney at 48 h post-treatment. Therefore either
sequential or co-administration strategies are possible with
PPMOs and OECs, allowing a flexible approach to possible
therapeutic use.

Combination of PPMO and OEC efficiently corrects CFTR
activity in cystic fibrosis patient-derived airway epithelial
cells

Studies in the EGFP654 mice indicated that systemic treat-
ment with a PPMO plus OEC combination can attain sub-
stantial splice correction in CF–relevant tissues such as the
lung. However, it is essential to demonstrate that this ap-
proach is effective in cells from cystic fibrosis (CF) patients.
Well-differentiated, primary human bronchial epithelial
cells (HBEC) provide the most physiologically relevant
(pre-clinical) model currently available. Thus we synthe-
sized PPMO3849 (Supplementary Table S1) to correct
the 3849+10 kb C→T splicing defect in CF transmem-
brane conductance regulator (CFTR) RNA and tested it
in patient-derived HBEC homozygous for that mutation.
HBEC differentiated on permeable supports at air-liquid
interfaces (see Methods) were treated with naked PPMO
plus OEC and/or with a Trikafta®-like CFTR modula-
tor combination. PPMO3849 and OEC were added through
the apical or basolateral sides. CFTR ion channel activ-
ity was measured via Ussing chamber analysis, while cor-
rection of CFTR RNA splicing was examined by RT-PCR
(see Materials and Methods). The Ussing chamber analy-
sis of Figure 7A demonstrates that PPMO plus OEC treat-
ment resulted in significant restoration of CFTR ion trans-
port activity in the CF cells to levels comparable to wild
type CFTR (Supplementary Figure S4). Thus, the post-
amiloride forskolin peak was >10 and >6 times higher
for the basolateral and apical PPMO plus OEC treatments
compared to vehicle controls. Importantly, the triple combi-
nation of CFTR modulators (in the clinic, Trikafta®) failed
to correct these cells at a dose known to be effective in cor-
recting cells with the frequent delF508 mutation (34), pre-
sumably because of the lack of protein production in the
3849+10 kb C→T cells. PPMO plus OEC treatments did
not affect ciliary beating or cell morphology (ad-hoc obser-
vations), or transepithelial resistances (TER, Supplemen-
tary Figure S4) an index of epithelial integrity and absence
of cytotoxic effects. In these studies, CFTR modulators did
not have any additional effect over PPMO3849 plus OEC
treatment.
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Figure 5. Co-administration of PPMO and OEC in epithelial cells. (A, B) Efficacy of co-administration. Cells were treated with PPMO654 (1 �M) plus
OEC (10 �M) by either sequential or co-administration. (A) EGFP expression quantification in HeLa EGFP654 cells incubated for 2–20 h; n = 3, *P <

0.01 versus control; 4 or 6 h co-administration and 6 or 20 h sequential are not significantly different. (B) Well-differentiated primary EGFP654 MTEC
(see Methods) were imaged live by confocal microscopy (top, xy and bottom, xz confocal planes) showing that 20 h sequential and 6 h co-administration
treatments were effective in eliciting correction and expression of EGFP in both ciliated epithelial cells (CC, red cilia stained with Cell Mask®) and
non-ciliated secretory cells (SC). Note: expression of EGFP at different levels in a random pattern; bar = 20 �m. (C, D) Extended splice correction effect
of PPMO plus OEC in EGFP654 MTEC. Well-differentiated cells were treated once with PPMO plus OEC by co-administration for 6 h as above. (C)
Fluorescence in live cultures was measured 2d, 7, 14 and 21 days post-treatment in an Azure Scanner System using identical parameters in all the scanning
sessions (intensity, resolution, and height scan position) (n = 4). Note: the outer circle is the holding well (no cells) while the inner circle (6.5 mm diameter)
is the permeable insert containing the live MTEC; cells were 100% confluent and well differentiated at all time points and exhibited a mosaic pattern of
EGFP expression levels. (D) Parallel cultures were subjected to RNA isolation and RT-PCR analysis as before (n = 2). Co-administration of PPMO and
OEC via the basolateral (BL) and apical (AP) sides was efficient and had extended effects in correcting the EGFP splicing defect in airway epithelial cell
cultures.

As seen in Figure 7B and C restored CFTR function was
paralleled by substantial correction of the splicing defect
at the mRNA level. Thus, basolateral and apical PPMO
plus OEC treatments elicited ∼93% and ∼78% mRNA cor-
rection, respectively (vehicle and CFTR modulator treated
cells displayed 0.1–4.1% mRNA correction). Basolateral
treatment appeared more efficacious than apical addition,

consistent with the EGFP654 MTEC experiments (Figure
2, above). Thus, a single treatment of the PPMO3849 plus
OEC combination can provide correction of a splicing de-
fect in human cells that are largely refractory to CFTR
modulator drugs.

In further studies we used the growth-enhanced
patient-derived cell line UNCCF8T homozygous for the
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Figure 6. In vivo co-administration of PPMO and OEC. EGFP654 mice
received a single IV co-injection of PPMO654 at 7.5 mg/kg plus OEC
UNC7938 or UNC2383 at 15 and 5 mg/kg respectively (n = 3-4 per group).
After 48 h, mice were euthanized, and lung tissues recovered and analyzed
by RT-PCR as before. (A, B) RT-PCR gel of lung tissues at 48 h post-
treatment. (C) Lung RT-PCR band quantification, *P < 0.02 versus no
OEC. Co-administration of PPMO and OEC is efficient in correcting the
splicing defect in EGFP in vivo in lung epithelia.

3849+10 kb C→T mutation to explore dose-response
relationships for the PPMO plus OEC combination (details
for the creation of the UNCCF8T cells are depicted in
Supplementary Figure S5). As seen in Figure 7D there was
a progressive increase in the degree of splice correction
as the OEC concentration was increased from zero to
10 �M at fixed PPMO concentration (PP, 0.2 �M). The
process was highly selective in that the correction effect was
PPMO3849 dose dependent (Figure 7E) while a PPMO
that is irrelevant to the 3849+10 kb C→T mutation (MM)
had no effect even in the presence of 10 �M OEC (Figure
7D, E). Thus the PPMO plus OEC approach can effectively
correct RNA splicing and restore CFTR ion channel
activity in primary cultures of human airway cells that
currently are the best pre-clinical model available for CF
splicing mutations.

DISCUSSION

The development of small molecules that modulate the
function of the cystic fibrosis transmembrane conductance
regulator (CFTR) protein has dramatically changed the
therapeutic landscape for cystic fibrosis (CF) (8,12,45–48).
However, there remain cohorts of patients who fail to
express significant levels of CFTR protein and who are
thus refractory to the modulator drugs. These cohorts in-
clude patients with mutations that produce premature ter-
mination codons or severe splicing defects. In the case of

splicing errors, it has been clear for some time that these
could potentially be corrected with splice switching oligonu-
cleotides (SSOs). Recent work with SSOs in cellular mod-
els of CF splicing mutations have reinforced this possibility
(14,25,26). However progress in converting this concept to
a therapeutic approach has been slow. A major challenge
to the use of SSOs to treat CF is in vivo delivery to extra-
hepatic tissues. The SSO must effectively reach CF-relevant
tissues and once there it must overcome the endosomal es-
cape barrier that constrains all oligonucleotide therapeu-
tics (49). In this report we describe a novel approach to
this problem using a combination of peptide-morpholino
oligomer conjugates (PPMOs) and small molecules (OECs)
that promote endosomal release. Therapeutic use of PP-
MOs has been extensively explored in the context of an-
imal models including those for Duchene muscular dys-
trophy, myotonic dystrophy and spinal muscular atrophy
where they have been found to be effective and well tolerated
(23,28,30,50–52). PPMOs have a broad biodistribution in-
cluding to CF-relevant tissues such as lung as our data and
that of others (28,29) suggest. Although PPMOs have some
innate endosome escape capability, our work indicates that
this can be substantially enhanced via use of OECs.

We have demonstrated that systemic administration of
a PPMO SSOs plus an OEC can attain substantial in vivo
correction of splicing in the lung of the EGFP654 mouse
model. This was achieved without indication of significant
toxicity and was sustained for at least three weeks after
a single treatment. Importantly, by co-administration of
the PPMO and OEC we attained effects comparable to
our established sequential administration approach. Im-
munochemical studies showed that all of the major cell
types of the lung responded to the treatment with induc-
tion of EGFP. Additionally, this approach also allowed
splice correction in other CF disease-relevant issues such as
kidney.

We tested our oligonucleotide approach in patient-
derived bronchial epithelial cells (HBEC) that have the
3849+10 kb C→T mutation since this is the most frequent
splicing mutation in CF (10). We tested cells derived di-
rectly from a patient (HBEC) as well as our novel growth-
enhanced UNCCF8T cells generated from patient cells. We
cultured the cells in the most stringent conditions to re-
duce epithelial permeability to oligonucleotides and we did
not enhance CFTR expression with medium additives. Both
cell models receiving a single treatment with the PPMO
SSO plus OEC combination displayed substantial correc-
tion of aberrant RNA splicing (∼93% and ∼78% for ba-
solateral and apical treatments, respectively). Furthermore,
PPMO plus OEC treatment elicited the production of fully
functional CFTR with ion channel activity in the treated
CF HBEC cells comparable to that found in normal cells.
Transepithelial resistances were not significantly affected by
PPMO/OEC treatments suggesting a lack of cytotoxicity
issues.

Recently, Michaels et al (26) showed correction of the
3849+10 kb C→T CFTR splicing mutation with a mor-
pholino oligomer. A 3-fold increase in CFTR channel ac-
tivity was reported using prolonged PMO doses that were
>40 times higher than the dose of PPMO used here; only af-
ter 16 days of high dose, continuous PMO treatment did the
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Figure 7. CFTR activity restored using PPMO plus OEC but not a CFTR modulator combination (Trikafta®) in HBEC from a 3849+10 kb C→T
homozygous CF patient. Patient-derived HBEC passage 2 differentiated on permeable supports and under air-liquid interface for 21 days were treated
with PPMO3849 (20hs, 1 �M) and OEC UNC7938 (2 h, 10 �M). PPMO & OEC (P&O) were added either basolateral (BL, 500 �l) or apical (AP, 30�l);
vehicle or a combination of VX-445 2�M, VX-661 3 �M, VX-770 1 �M (similar to Trikafta®, Tr, 48 h) was added basolateral + apically; see Methods.
(A) CFTR functional correction by Ussing chamber analysis. Representative trace diagram of short circuit currents (Isc) versus time is shown, see Methods
for details; n = 4; Amil = Amiloride, Fsk = forskolin, I172 = CFTR inhibitor 172, UTP = uridine triphosphate. (B, C) RT-PCR analysis. HBEC were
subjected to RNA analysis after Ussing chamber studies; RT-PCR gel (B) and gel band quantification (C); n = 3–4, * = P < 0.01 versus vehicle; the
lower band is the correctly spliced CFTR (WT). Significant CFTR correction was observed in response to PPMO plus OEC treatment. (D, E) OEC and
PPMO dose–responses in patient-derived cells. Patient-derived UNCCF8T cells differentiated on permeable supports under air-liquid interfaces for 2
weeks were treated once with PPMO3849 in combination with OEC co-administered basolaterally for 6h at the concentrations indicated in the figures.
PPMO654 (MM) was used as a non-targeted control at 0.2 �M (D) and 1 �M (E). RT-PCR analysis and quantification was performed 48 h post-treatment
as described above; n = 4; *P < 0.05 versus no OEC (D) and *P < 0.02 versus vehicle (E).

CFTR activity reach values found in normal cells. In con-
trast, our present studies showed that one treatment with
a relatively low dose of peptide-conjugated PMO plus an
OEC produced CFTR activity in the wild type range.

Our data show, as also reported by Michaels et al. (26),
that current CF modulator drugs that act at the protein
level have minimal effects in patient-derived cells with the
3849+10 kb C→T splicing mutation, while SSOs can re-
store CFTR function. Thus SSOs may offer a major advan-
tage for some patients with this mutation. However, PMOs
cannot be translated into lung therapeutics without ad-
dressing their poor delivery in tissues and cells. In this work,
we harness the advantages of morpholino oligomers (sta-
bility and lack of toxicity), by conjugating the PMO with a
peptide and administering it with a small molecule to over-
come tissue and cell distribution and endosomal escape. To
summarize our results, the PPMO plus OEC delivery strat-
egy proved effective to correct splicing defects in lung ep-
ithelia in vivo using an informative animal model, as well as
in the most physiologically relevant cell model for CF splic-
ing studies.

It should be noted that the PPMO plus OEC combina-
tion described here is certainly not the only oligonucleotide-
based approach for pulmonary diseases. Thus, there have

been numerous studies directed at various molecular tar-
gets in the lung, many of which utilized delivery of oligonu-
cleotides via the airways (53). A particularly interesting
approach from investigators at Ionis Pharmaceuticals ad-
dressed CF using antisense oligonucleotides that target
ENaC, an epithelial sodium channel that is involved in CF
pathogenesis (54,55). Aerosol delivery was used so as to at-
tain a localized pulmonary effect and to minimize delete-
rious effects of the ENaC ASOs in other organs such as
kidney. However, CF is a multi-organ disease and thus the
aerosol delivery approach may not address all aspects of CF
pathogenesis, whereas the PPMO plus OEC approach can
attain systemic effects. Thus, both the ENaC ASOs and the
PPMO plus OEC approach may be of value depending on
the therapeutic context.

The current studies potentially provide a foundation for
future clinical development of the PPMO plus OEC ap-
proach for correction of splicing mutations in CF and other
lung diseases. However, some issues remain to be addressed.
Since these are prototype molecules, we are also pursuing
medicinal chemistry studies for the OECs and the peptide
component of the PPMO. Because the OEC and PPMO
are chemically distinct they are likely to have distinct phar-
macokinetic, pharmacodynamic and toxicity profiles. This
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suggests that it may be possible to optimize the therapeu-
tic window by altering the ratio of the two components,
similar to other combination therapies with two or three
different CFTR modulators (e.g. Orkambi®, Trikafta®).
Thus, further development of the PPMO plus OEC strat-
egy will require a fuller understanding of dose-response
relationships as well as detailed investigation of both the
therapeutic and safety consequences of multiple adminis-
trations and long-term use. Additionally, we are exploring
the obvious possibility of intra-pulmonary administration
of the PPMO plus OEC combination. Our in vitro studies
in patient-derived cells and mouse-derived tracheal cells are
very encouraging showing that the apical delivery of both
PPMO and OEC is effective in correcting splicing defects.
Moreover, conditions of concentrated mucus mimicking the
CF milieu in the lumen of airway epithelial cultures did
not greatly affect the delivery of PPMOs and OECs. Simi-
lar data was described for other oligonucleotide chemistries
in lung epithelial (56). Because CF is a systemic disease
that affects multiple organs, systemic administration may
be most beneficial. Daily dosing of current CFTR modula-
tors have beneficial systemic effects and importantly in the
maintanance/improvement of BMI (8,45–48,57–60). How-
ever, airway administration might blunt possible systemic
toxicities of the PPMO plus OEC, as well as focusing their
therapeutic effects in the lung of individuals with CF or
other severe pulmonary disease, and thus this approach
should be explored. Despite these complexities, both the
cell-based and the in vivo results presented here suggest that
the PPMO SSO plus OEC combination may have substan-
tial potential as a therapy for severe splicing mutations in
CF as well as in other diseases that may be addressed by
control of splicing (61,62).
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