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Delivery of antisense oligonucleotides (ASOs) to airway epithe-
lial cells is arduous due to the physiological barriers that pro-
tect the lungs and the endosomal entrapment phenomenon,
which prevents ASOs from reaching their intracellular targets.
Various delivery strategies involving peptide-, lipid-, and poly-
mer-based carriers are being investigated, yet the challenge re-
mains. S10 is a peptide-based delivery agent that enables the
intracellular delivery of biomolecules such as GFP, CRISPR-
associated nuclease ribonucleoprotein (RNP), base editor
RNP, and a fluorescent peptide into lung cells after intranasal
or intratracheal administrations to mice, ferrets, and rhesus
monkeys. Herein, we demonstrate that covalently attaching
S10 to a fluorescently labeled peptide or a functional splice-
switching phosphorodiamidate morpholino oligomer im-
proves their intracellular delivery to airway epithelia inmice af-
ter a single intranasal instillation. Data reveal a homogeneous
delivery from the trachea to the distal region of the lungs, spe-
cifically into the cells lining the airway. Quantitative measure-
ments further highlight that conjugation via a disulfide bond
through a pegylated (PEG) linker was the most beneficial strat-
egy compared with direct conjugation (without the PEG linker)
or conjugation via a permanent thiol-maleimide bond. We
believe that S10-based conjugation provides a great strategy
to achieve intracellular delivery of peptides and ASOs with
therapeutic properties in lungs.

INTRODUCTION
Delivery of therapeutic biomolecules such as antisense oligonucleo-
tides (ASOs), peptides, and proteins to the lung is challenging because
of the physical and cellular barriers formed by the airway epithelia,
the host defense mechanisms such as secretion factors, and the muco-
ciliary clearance.1–3 Among the various inhaled biomolecules investi-
gated to treat lung diseases, ASOs are attractive due to their ability to
mediate RNA degradation, alternative splicing, or suppress transla-
tion of targeted RNA sequences without affecting genomic DNA.4,5

Several ASOs have shown promising results for the treatment of res-
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piratory diseases such as asthma and cystic fibrosis (CF).6–11 Among
the different ASO derivatives, phosphorodiamidate morpholino olig-
omers (PMOs) have great potential as therapeutic biomolecules.
PMOs are ASOs in which the phosphodiester is replaced by a phos-
phorodiamidate backbone and the ribose by a morpholino subunit.
These structural modifications grant PMOs attractive features such
as strong nuclease resistance and neutral net charge, leading to high
metabolic stability and low detection by the immune system
in vivo.12–14 With such properties, PMOs have been successfully
approved by the US Food and Drug Administration (FDA) to restore
dystrophin protein expression in muscles of Duchenne muscular dys-
trophy (DMD) patients after systemic administration.15–19 Neverthe-
less, except in the case of altered tissues such as deteriorated muscle
membranes in DMD,20,21 in vitro and in vivo studies show that
PMOs are internalized into cells but remain mostly trapped in endo-
somes, which prevents them from reaching intracellular RNA
molecules.22,23

Several strategies have been developed to improve ASO delivery,
including polymer- or lipid-based nanoparticles and ligand conjuga-
tion.24–31 However, these approaches have yet to be validated with
clinical data in the context of lung delivery. Regarding PMOs, one
interesting approach consists of covalently attaching the PMO to a
cationic peptide, such as cell-penetrating peptides (CPPs), known
for their ability to improve cellular uptake.26–29 However, despite
enhancing cell entry, CPP-conjugated PMOs (CPP-PMO), also
known as peptide-morpholino oligomer conjugates (PPMOs), still
py: Nucleic Acids Vol. 35 September 2024 ª 2024 The Author(s).
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Figure 1. Cellular uptake in wild-type HeLa cells of

nls* and the mixture S10+nls*

(A) Structure of S10 (left) and nls* (right). (B) Schematic

of the delivery and cellular uptake of nls* by live

imaging microscopy. (C) Schematic of the delivery ex-

periments for the S10+nls* mixture and its intracellular

delivery by live imaging microscopy. Live imaging

was performed on a Revolve R4 hybrid inverted fluo-

rescence microscope at 20� magnification (scale

bars, 30 mm). Hoechst 33342 (blue) shows cell

nuclei and Cy5 (red) is the fluorescent dye in compound

nls*.
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struggle to escape endosomal entrapment.23 To specifically address
this issue, co-administration of PPMOs with oligonucleotide-
enhancing compounds (OECs) that promote endosomal leakage
was explored. This strategy significantly improved the intracellular
delivery of PMOs, confirming that endosomal entrapment is a major
bottleneck within the whole delivery process.23,31,32 Nevertheless, the
clinical development of such combinations can be challenging due to
differences in biodistribution and toxicity profiles of PPMOs and
OECs.31–34 As an alternative, we hypothesized that conjugation of a
PMO to the amphiphilic S10 peptide, rationally designed to combine
an endosomal leakage domain (ELD) and a CPP, could promote en-
dosomal escape and improve intracellular delivery without the need
for OECs.

In previous studies, we have demonstrated that S10 successfully
enabled the delivery of proteins and peptides into lung cells after
intranasal or intratracheal administrations tomice, ferrets, and rhesus
monkeys.35–37 Although co-administration of S10 with a biomolecule
to airways is a straightforward approach, chemically conjugating S10
with its cargo could further improve delivery efficiency and bio-
distribution throughout the respiratory system. In the present work,
we investigated conjugation strategies between S10 and biomolecules
that involve permanent thiol-maleimide (SMal) and reducible disul-
fide (SS) bonds either directly or through a PEG linker. As a first
step, S10 was conjugated to a previously described fluorescently
labeled nuclear localization signal derivative (nls*) peptide,36,37 which
can be imported to the nucleus as a confirmation of a successful cyto-
2 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
plasmic delivery.38 To demonstrate the thera-
peutic potential of S10 conjugates, we selected
a PMO that functions as a splice switching-
oligonucleotide (SSO), which restores the
EGFP fluorescence from an EGFP RNA contain-
ing a beta-globin intron with an aberrant 654
splicing mutation.23 A human cell line and
transgenic mice expressing this EGFP-654 tran-
script were used to visualize and quantify the
successful delivery of this PMO, named
PMO(EGFP). With both biomolecules (nls*
and PMO), we established that their conjugation
to S10 leads to a significantly higher delivery per-
centage than the unconjugated mixture (S10 +
nls*/PMO). Results also show that conjugation via the reducible SS
bond through a PEG linker is the most advantageous conjugation
strategy. Glutathione (GSH)-mediated reduction studies suggested
that such conjugate behaves as a smart delivery molecule in which,
the release of the biomolecule is triggered by the reducing agents pre-
sent in cells.39–41 Overall, we believe that our conjugation approach
provides a great opportunity to push forward the clinical develop-
ment of PMO-based therapies for lung diseases.

RESULTS
S10 efficiently enables the intracellular delivery of the sulfo-Cy5-

labeled D-retro-inverso NLS (nls*) peptide in vitro

S10, composed of an ELD- and a CPP-derived domain (Figure 1A,
left), has been shown to enable the intracellular delivery of biomole-
cules such as GFP, CRISPR-associated nuclease ribonucleoprotein
(RNP), base editor RNP, and a fluorescent peptide into lung cells after
intranasal or intratracheal administrations to different animal
models.35–37 Before investigating the conjugation reactions, we estab-
lished the delivery conditions using previously described methods in
which S10 was mixed with a D-retro-inverso NLS peptide (nls) fluo-
rescently labeled via a SMal click reaction.36,37 Briefly, an nls peptide,
bearing a cysteine at the C-terminus side (nls-Cys), was reacted with a
sulfo-Cy5-Mal (sCy5-Mal) fluorescent dye via a SMal click reaction to
generate the fluorescently labeled nls-SMal-sCy5 (nls*) as depicted in
Figure 1A (right). Composed of D-amino acids,42 this nls* is protease
resistant and is actively transported to the nucleus once delivered to
the cytoplasm.38,43 In addition to these properties, this nls* has a



Figure 2. In vitro cellular uptake of conjugates in HeLa cells

(A) Structure of conjugates S10-SMal-nls*, S10-SMal-PEG-nls*, S10-SS-nls*,

and S10-SS-PEG12-nls*. (B) Dose-response of conjugates and cellular uptake

measured by flow cytometry. Statistical significance was evaluated using a two-way

ANOVA with Tukey’s post hoc test. * and + p < 0.05, ** and ++ p < 0.01, *** and +++

p < 0.001, **** and ++++ p < 0.0001 with * representing the comparison within

conjugates and + (on top of the bars) representing the comparison between the

conjugates and the corresponding control mixture (S10+nls*). (C) Fluorescence live
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molecular weight close to PMOs, which makes this peptide a suitable
cargo model for our study. Cellular delivery of nls* at 7.5 mM was
evaluated in vitro, either alone or mixed with S10 at 7.5 mM. Briefly,
nls*was incubated with HeLa cells for 24 h (Figures 1B and S21–S23),
whereas the S10+nls*mixture was incubated with cells only for 5 min
before being washed and incubated for 24 h (Figure 1C). Microscopy
images, taken at the beginning (0 h) and after 24 h of incubation, indi-
cated that nls* did not penetrate cells after short exposure. However, a
perinuclear sCy5+ signal was observed after 24 h of incubation (Fig-
ure 1B). In contrast, live imaging of cells incubated with the mixture
containing S10 and nls* (S10+nls*) shows sCy5+ cells after a 5-min
incubation (0 h). Within this condition, fluorescence was mainly de-
tected in the nucleus, indicating that S10 promoted the cytoplasmic
delivery of nls*, which was then efficiently imported to the nucleus
(Figure 1C). As expected for a stable D-retro-inverso peptide, nuclear
fluorescence did not decrease even after 24 h of incubation
(Figures 1C and S22).36,37 With such results, nls* represents a power-
ful tool to evaluate intracellular delivery over time and a suitable cargo
model for the study of biomolecules with similar molecular weights,
such as PMOs.
Conjugating S10 to nls* via a cleavable SS bond and a PEG12

linker is highly efficient for the intracellular delivery of nls*

in vitro

The delivery of nls* as a biomolecule in HeLa cells was successful
when co-incubated with S10, as expected. Even though this strategy
is very efficient, the biodistribution and fate of both compounds as
separate molecules can differ, especially in vivo, where the mixture
could be diluted in biological fluids. Hence, we hypothesized that
covalently attaching S10 to a biomolecule should maintain the prox-
imity of both entities at the cell surface and further improve delivery
in a challenging environment like lung airways. Biomolecules,
including PMOs, can be covalently attached to CPPs by direct conju-
gation or through short linkers (indirect conjugation).26–29 To the
best of our knowledge, there are no studies comparing direct and in-
direct conjugation of CPPs with biomolecules such as NLS peptides or
PMOs. Thus, we investigated the conjugation of S10 to nls* via both
conjugation strategies. Four S10-nls* conjugates were designed in this
study. The first two conjugates consisted of directly linking S10 to nls*
via a SMal permanent bond, or an SS bond, leading to S10-SMal-nls*
(S10-SMal-nls*) and S10-SS-nls* (S10-SS-nls*), respectively, as
shown in Figure 2A (top). The reducible SS bond aimed to investigate
the release of the cargo via the oxidation and reduction system within
the cellular environment.41,44 The other two conjugates, S10-SMal-
PEG12-nls* (S10-SMal-PEG12-nls*) and S10-SS-PEG12-nls* (S10-
SS-PEG12-nls*), were prepared using the same chemical bonds
(SMal and SS) but with a monodisperse polyethylene glycol (PEG12;
molecular weight = 528 Da) inserted as a linker between S10 and
imaging of conjugates showing the internalized nls* at 20� magnification (scale

bars, 30 mm) with Hoechst 33342 stained cell nuclei (blue) and nls* (red) using a

Revolve R4 hybrid inverted fluorescence microscope. Results are expressed as

means from replicates ± SD with n = 3.
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nls* (Figure 2A, bottom), representing the indirect conjugation strat-
egy. These last conjugates assessed the impact of extending the
distance between both entities to potentially decrease the steric hin-
drance between S10 and the biomolecule. Conjugation reactions are
described in the supplemental information (Section 1B). All conju-
gates were successfully obtained and were soluble in aqueous media,
which made them suitable for in vitro studies.

To determine the best conjugation strategy, all conjugates were
applied at different concentrations on HeLa cells for 5 min, after
which cells were washed for further analyses. As a quantitative mea-
surement of sCy5+ cells, flow cytometry was performed 1 h after the
5-min incubation with cells (Figures 2B and S24). Each conjugate
concentration was compared with the equivalent control mixture
(S10+nls*) at the same concentration with a 1:1 ratio to keep the
same molarity as the conjugates. Results showed that all conjugates,
at concentrations ranging from 0.5 to 5 mM, have higher delivery ef-
ficiency than their corresponding control mixtures (S10+nls*), as
shown in Figure 2B. It should be noted that below 0.5 mM of conju-
gates, fluorescence was under the detection limit, and above 5 mM,
the maximum percentage of sCy5+ cells was reached. Strikingly,
data highlighted that conjugate S10-SS-PEG12-nls* significantly out-
performed the other conjugates at low concentrations (0.5–2 mM).
This last conjugate achieved approximately 50% of cell fluorescence
at 1 mM and reached a plateau corresponding with the maximum
fluorescence (approximately 90%) at 2 mM, while the other conjugates
could only achieve approximately 50% of cell fluorescence at 2 mM,
even with S10-SS-nls* obtained through a similar reducible SS
bond, underlining the benefit of the PEG12 linker (Figure 2B). At
5 mM, flow cytometry data indicated that all conjugates had reached
the maximum fluorescence signal (Figure 2B). To investigate the
cellular localization of the sCy5 signal, live microscopy was conduct-
ed. Cells treated with 1 mM of S10-SS-PEG12-nls* displayed a strong
nuclear fluorescence signal, an indication of successful delivery of the
nls* (Figures 2C, left, and S25). Regarding the other conjugates at this
concentration, cell fluorescence in the nucleus was hardly detected af-
ter delivery, as demonstrated by the absence of colocalization of the
sCy5 signal with the Hoechst-stained nucleus, suggesting unsuccess-
ful or inefficient cytoplasmic delivery. However, at 5 mM, live imaging
showed nuclear fluorescence for all conjugates, indicating the success-
ful intracellular delivery of the nls* at this concentration (Figures 2C,
right, and S25). Nevertheless, with S10-SS-PEG12-nls* enabling the
delivery of nls* at lower concentrations, this conjugate remains the
best candidate for further evaluation in vivo.

Assessment of the disulfide bond cleavage within S10-SS-nls*

and S10-SS-PEG12-nls*

S10-SS-nls* and SS-PEG12-nls* conjugates contain the releasable SS
bond that could potentially be cleaved by the reducing agents within
cells. Yet, S10-SS-PEG12-nls* outperformed S10-SS-nls* regarding de-
livery efficiency at low concentrations. Several studies investigating
redox-responsive disulfide bonds have proved that direct conjugation
of two active compounds often suffers from steric hindrance.45 We
believe that the PEG12 linker within S10-SS-PEG12-nls* might have
4 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
an impact on the SS bond cleavage in cells, which could also explain
the in vitro results. To investigate this aspect, we evaluated SS bond
reduction within both conjugates in the presence of GSH. GSH is
one of the most abundant reducing agents in cells. The normal intra-
cellular concentration of GSH ranges between 2 and 10 mM, whereas
the extracellular concentration of GSH is only approximately 2–
20 mM.39,40 Thus, S10-SS-nls* and S10-SS-PEG12-nls* were incubated
with 20, 200, and 1000 mMof GSH, and ultra performance liquid chro-
matography (UPLC)/UV-mass spectrometry (MS) was carried out to
monitor the SS bond cleavage from the conjugates over time. With
both conjugates, even though complete SS bond cleavage could not
be visualized due to overlapping UV signals, the rate of cleavage
increased with increasing concentrations of GSH, leading to a decrease
in the UV signal of the conjugates (Figures 3A–3C, S26A–S26C, and
S26E–S26G). Note that no signal decrease was observed when conju-
gates with the SMal bond were incubated with GSH (Figures 3D,
S26D, and S26H). Strikingly, incubation of S10-SS-nls* with 20 mM
of GSH led to SS bond cleavage up to approximately 40% after 24 h,
whereas the same incubation conditions with S10-SS-PEG12-nls* led
to SS bond cleavage of less than approximately 10% after 24 h (Fig-
ure 3A). A similar trend was observed at 200 and 1,000 mM of GSH,
indicating that S10-SS-PEG12-nls* is less sensitive to GSH-mediated
reduction than S10-SS-nls*.

Conjugate S10-SS-PEG12-nls* efficiently delivers nls* to airway

epithelial cells in vivo following intranasal instillation

Since S10 enabled the delivery of peptides and proteins into the air-
ways of mice and ferrets after intranasal instillations,35–37 we assumed
that our conjugates could be administered via the same route and
reach the airways. Given the in vitro performance of the conjugates
compared with their control S10+nls* mixtures, we hypothesized
that their intranasal instillation could improve the delivery efficiency
and biodistribution throughout the airway by maintaining the prox-
imity of S10 to the nls*. With their sensitivity against cellular reducing
agents, conjugates with an SS bond are preferable since the released
biomolecule would have more freedom to exhibit its activity. S10-
SS-PEG12-nls* was identified as our best conjugate according to the
in vitro data, However, in the context of lung delivery, the impact
of the PEG linker within this conjugate in terms of SS bond cleavage
kinetic and biomolecule delivery could not be predicted and needed to
be investigated. Therefore, conjugates S10-SS-nls* and S10-SS-
PEG12-nls* were both evaluated in mouse lungs after a single intra-
nasal instillation. The nls*, as well as the S10+nls* mixture, were
used as controls to respectively eliminate non-specific cell uptake
and to assess the advantage of conjugation. Thus, single doses of
S10-SS-nls*, S10-SS-PEG12-nls*, and the control S10+nls* were
intranasally instilled at 20 and 40 mM, as reported previously,35 while
nls* was administered only at 40 mM. Mouse lungs were harvested
24 h after delivery to limit the fluorescence background due to unde-
livered material (Figures S27A–S27C and S27F). The total fluores-
cence of the whole lung was first evaluated by ex vivo fluorescence im-
aging using an in vivo imaging system (IVIS). At 24 h after instillation,
sCy5 fluorescence signal was observed throughout the respiratory tree
ranging from the trachea to the whole lung (Figure 4A and S28).



Figure 3. Release kinetics of disulfide bonds in

conjugates S10-SS-nls*and S10-SS-PEG12-nls* and

maleimide bonds in conjugates S10-SMal-nls* and

S10-SMal-PEG12-nls* at different GSH

concentrations

Level of release of the disulfide bond in conjugates S10-

SS-nls*and S10-SS-PEG12-nls*at four different time-

points in the presence of (A) 20 mM, (B) 200 mM, and (C)

1,000 mMGSH. (D) Level of release of the maleimide bond

in conjugates S10-SMal-nls* and S10-SMal-PEG12-nls*

at four different timepoints in presence of 1,000 mM GSH.
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Quantification of ex vivo total lung tissue fluorescence showed that
lungs from mice administered with S10-SS-PEG12-nls* led to a
higher sCy5 signal compared with S10-SS-nls* (with a significant dif-
ference at 40 mM) or the controls S10+nls* and nls* (Figure 4B).
Although a fluorescence signal from the whole lung is not necessarily
indicative of intracellular delivery of the nls* in airway cells, it fore-
shows the presence and retention of our compounds within the
lung. Hence, lungs from themice treated with the conjugates and con-
trols were sectioned, and histological examination was performed to
quantify the sCy5 fluorescent signal and visualize the peptide locali-
zation within the cells from the trachea and the proximal and distal
airways. In agreement with ex vivo imaging, S10-SS-PEG12-nls*
was significantly the most efficient at delivering the fluorescent
biomolecule to epithelial cells among all formulations, with a percent-
age of sCy5+ epithelial cells reaching approximately 20%–40% at
20 mM and 40%–60% at 40 mM. In addition, the fluorescent signal
in the trachea and the proximal and distal regions of the lung was rela-
tively similar, indicating a homogeneous distribution (Figures 4C–
4E). With nls* alone, fluorescence was mostly observed in isolated
cells, while S10+nls*, S10-SS-nls*, and S10-SS-PEG12-nls* enabled
intracellular delivery of the labeled nls* into epithelial cells in the tra-
chea and within the whole lung airways (Figure 4F). To further char-
acterize the lung delivery profile, immunofluorescent staining was
conducted. The sCy5+ cells, observed with S10-SS-PEG12-nls*, for
instance, in the epithelium, were identified mostly as club cells
(uteroglobin+) and ciliated cells (a-tubulin+), since both types of cells
Molecular The
were double positive for the cell-specific marker
and the sCy5 signal (Figure 4G). Since goblet
cells are rare in the conducting airways of mice
in the absence of inflammation,46,47 the delivery
to goblet cells was not examined. Immunofluo-
rescence results also showed that the sCy5+ iso-
lated cells were macrophages (F4/80+ cells) that
have likely taken up free extracellular nls* (Fig-
ure 4G). Using flow cytometry analysis on
digested whole lungs, we were able to define
the relative proportion of delivered cells per
cell type (Figure S29). With 40 mM, S10+nls*
and S10-SS-nls* reached approximately 4%–
7% of epithelial cells, while S10-SS-PEG12-nls*
enabled delivery to approximately 18% of
epithelial cells (CD45�CD326+CD31�) (Figures S27D and S27E).
These results agree with the data obtained from in vivo image analysis.
As the use of a 528 Da PEG (PEG12) in S10-SS-PEG12-nls* slowed
down the kinetics of the SS bond reduction and improved the
in vitro and in vivo delivery of the nls*, we investigated the effect of
using a larger 7,500 Da PEG (PEG170). We observed that increasing
the size of the PEG linker led to a conjugate (S10-SS-PEG170-nls*)
that enabled the intracellular delivery of nls* in HeLa cells
(Figures S30A–S30D), but required higher concentrations to reach
the level of fluorescence obtained with all conjugates. Despite this suc-
cessful intracellular delivery in vitro, intranasal instillation of this
larger conjugate at 40 mM led to a fluorescent signal mostly detected
in macrophages (Figure S31), as confirmed by F4/80 staining.

Overall, this study shows that conjugating S10 to the enzymatically
stable nls* is more efficient when performed (1) via the cleavable SS
bond allowing both entities to be released and (2) through a PEG
linker with a moderate size that reasonably separates both entities,
as demonstrated by S10-SS-PEG12-nls*, which was the most efficient
conjugate in vitro and in vivo.

S10-PMO(EGFP) conjugates promote splice switching in HeLa-

EGFP-654 cells

PMOs are interesting therapeutic biomolecules due to their ability to
function as SSOs. Their FDA approval for DMD proves that PMOs
can be translated to clinics.16,18,48 While the combination of
rapy: Nucleic Acids Vol. 35 September 2024 5
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Figure 4. Quantification of cellular uptake in CD1 mice

A single dose of nls*, S10+nls*, S10-SS-nls*, and S10-SS-PEG12-nls* were

administered to the mice by intranasal instillation. All mice were euthanized 24 h

after instillation. (A) Representative images of ex vivo imaging of the whole lung

using IVIS. (B) Quantification of total fluorescence efficiency. (C) Quantification of

the percentage of sCy5+ cells in the epithelium of the trachea, (D) the proximal

region of the lung, and (E) the distal region of the lung. (F) Representative slides of

sCy5 delivery in the lung epithelium after administration of nls*, S10+nls*, S10-

SS-nls*, and S10-SS-PEG12-nls* at 40 mM (scale bars, 300 mm). (G) Co-

localization of sCy5 and F4/80 (macrophages), uteroglobin (club cells), and

alpha-tubulin (ciliated cells) staining in mice treated with S10-SS-PEG12-nls* at

40 mM (scale bars, 100 mm). Statistical significance was evaluated using a two-

way ANOVA excluding the nls* alone with a Tukey’s post hoc test. *p < 0.05,

***p < 0.001. Results are expressed as means from replicates ±SEM with n = 3

(nls*) and n = 6 (S10+nls*, S10-SS-nls*, and S10-SS-PEG12-nls*).
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PPMOs and OECs is being explored, the clinical translation of such a
two-compound formulation can be difficult due to their different fates
in vivo.31–34 Therefore, the development of effective PPMOs without
OECs could be a major step toward the clinical translation of PMO-
based lung therapies. With the delivery ability of S10, we hypothe-
sized that S10-PMO(EGFP) conjugates could achieve such prowess.
As a first step, we investigated the ability of S10 to deliver the
PMO(EGFP) by mixing both entities as performed above for
the labeled nls*. For this purpose, intracellular delivery of the
PMO(EGFP) was carried out in HeLa EGFP-654 cells, which stably
express the EGFP reporter system. Following intracellular delivery,
the PMO(EGFP) will reach and bind to the aberrant 654 splicing mu-
tation within the EGFP RNA. This binding will lead to the translation
of a functional mRNA leading to a fluorescent EGFP protein within
24 h,49 as schematized in Figure 5A. Several studies suggest that
PPMOs can be efficiently endocytosed but struggle to escape endoso-
mal entrapment and eventually require high concentrations, poten-
tially leading to toxicity.50–53 Thus, to simultaneously monitor cellular
uptake over time and EGFP fluorescence following splicing correc-
tion, the PMO(EGFP) was labeled with a fluorescent dye. Briefly, a
PMO(EGFP) bearing a DBCO was designed and reacted to a sCy5-
N3 via strain-promoted alkyne-azide cycloadditions (SPAAC), result-
ing in the sCy5-labeled PMO (PMO*), as depicted in Figure 5B.
PMO*, at 10 mM, was then incubated with HeLa EGFP-654 cells
and monitored for 24 h. In parallel, the mixture S10+PMO* at
10 mM was incubated with the HeLa EGFP-654 cells for 5 min, after
which, cells were washed and monitored for the following 24 h as
described in the materials and methods section and in Figure 5C.
Flow cytometry and live microscopy, monitoring sCy5 fluorescence,
revealed that endocytosis of PMO* started 4 h after delivery and
increased over time to reach approximately 98% of sCy5+ cells after
24 h. However, the fluorescence was mostly perinuclear, and no nu-
clear fluorescence was observed (Figures 5D, S32, and S33). The
absence of sCy5 fluorescence in the nucleus suggested that PMO*
was endocytosed, but was mostly trapped in endosomes. When
PMO* was mixed with S10, the resulting S10+PMO* mixture led
to nuclear fluorescence (approximately 75% of sCy5-positive cells)
immediately after the 5-min delivery (0 h). This nuclear sCy5 fluores-
cence persisted even after 24 h, indicating a successful intracellular
delivery of PMO*. In addition to sCy5 fluorescence monitoring, the
functionality of the PMO* was evaluated by visualizing and quanti-
fying the percentage of EGFP+ cells (Figures 5E, S32, and S33). Results
exposed the absence of EGFP+ cells when incubated with PMO*
alone, while the S10+PMO* mixture led to approximately 30% of
EGFP+ cells after 8 h. This percentage further increases to reach
approximately 70% after 24 h. Overall, these results demonstrate
that PMO* alone is efficiently internalized given the sCy5+ cells after
24 h of incubation. Still, the absence of nuclear sCy5 fluorescence and
EGFP expression confirms that, without S10, the PMO does not reach
the pre-mRNA within the nucleus.

Next, S10 was attached to the PMO via SS bond either directly or
through the PEG12 linker. Figure 6A displays the structures of S10-
SS-PMO (S10-SS-PMO) and S10-SS-PEG12-PMO (S10-SS-PEG12-
PMO), and details about the synthesis are described in the supple-
mental information. Briefly, S10-SS-PMOwas obtained after reacting
the thiol-activated S10 (S10-OPSS) to a PMO(EGFP) bearing a
cysteine on its 30 end. As for S10-SS-PEG12-PMO, a bifunctional
PEG12 bearing a DBCO and a thiol-activated OPSS (DBCO-PEG12-
OPSS) was reacted with a PMO bearing an azide on its 30 end
(PMO(EGFP)-N3) via SPAAC. S10 was then linked on the other
end of the bifunctional PEG12 via SS bond formation to yield conju-
gate S10-SS-PEG12-PMO. Both conjugates were evaluated in HeLa
EGFP-654 cells as described in the materials and methods section.
Flow cytometry analyses and live imaging show that EGFP was
efficiently expressed in delivered cells (Figures 6B, 6C, S34, and
S35). The percentage of EGFP+ cells obtained with both con-
jugates is significantly higher compared with the control mixture
(S10+PMO) at lower concentrations. For instance, at 2 mM, both con-
jugates reached approximately 43% of EGFP+ cells, while less than 1%
was detected with the S10+PMO condition. As for the comparison
between both conjugates, no significant difference was observed.

S10-PMO(EGFP) conjugates promote splice switching in lung

cells of CAG-EGFP-654 mice after a single intranasal

administration

The CAG-EGFP-654 mice are reporter mice used to track alternative
splicing manipulation. Like the HeLa-EGFP-654 cells, these mice
ubiquitously express an EGFP-654 system to report the
PMO(EGFP) SSO activity. Building upon the in vitro results, we per-
formed quantitative in vivo studies involving S10-SS-PMO and S10-
SS-PEG12-PMO. Following intranasal instillation of the PMO alone,
there were very few cells expressing EGFP (Figure 7) as expected, due
to its low cell permeability. At 40 mM, the percentage of cells express-
ing EGFP in the pulmonary epithelium increased substantially when
S10-SS-PMO and S10-SS-PEG12-PMO were administered, with
levels reaching 3%–5% of total epithelial cells by flow cytometry
and up to 45% of bronchial epithelial cells by immunofluorescence,
as shown in Figures 7A–7D and S36. Consistent with the in vitro re-
sults, no difference in EGFP expression between both conjugates was
observed, and fluorescence was relatively homogeneous in the prox-
imal and the distal regions of the lungs. Like conjugates with the
nls*, the EGFP-expressing epithelial cells were identified as club cells
(uteroglobin+) and ciliated cells (a-tubulin+), and the fluorescent iso-
lated cells in the lung parenchyma were macrophages as characterized
by immunofluorescence (Figure 7E).

To discriminate between the cells that received the PMO without
EGFP expression and the cells expressing EGFP due to mediated
splicing corrections, S10-SS-PMO was labeled with sCy5. To achieve
such labeling, we designed a new bifunctional PMO(EGFP) bearing a
thiol on its 30 end and a DBCO on its 50 end. Conjugation via SS bond
to S10 was performed on the 30 end, while labeling of the PMO(EGFP)
was carried out on the 50 end by SPAAC with a sCy5-N3, resulting in
S10-SS-PMO* (Figure 8A, details in supplemental information Sec-
tion 1Bs and 1Bt). S10-SS-PMO*, at 1 and 2 mM, was first evaluated
in vitro in HeLa EGFP-654 cells. Results show that EGFP and sCy5
fluorescence are colocalized in most cells, with an intensity that is
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 7
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Figure 5. Splicing correction and restoration of EGFP

expression in HeLa EGFP-654 using S10 delivery agent

and PMO*

(A) Scheme of the EGFP-654 assay showing, on the left,

the EGFP construct with the 654-mutation introduced in

the intronic region of the EGFP gene which leads to

intron retention and aberrant splicing (dashed lines). On

the right, the PMO(EGFP) mediated splice-switching and

reestablishment of an intact EGFP mRNA and translation of

a functional protein expression. (B) Chemical structure of

PMO*. (C) Schematic of the delivery experiments for PMO*

and S10+PMO* mixture and its incubation period before live

imaging microscopy and flow cytometry. (D) Time course of

cellular uptake and localization of PMO* with and without

S10 analyzed by flow cytometry and live microscopy.

Hoechst 33342-stained nuclei are in blue and PMO* in red.

(E) Functional evaluation of free cellular uptake and S10

delivered PMO* in HeLa EGFP-654 cells analyzed at

different time points by flow cytometry quantification of

EGFP+ expressing cells and live microscopy (Hoechst 33342

nuclei in blue, EGFP in green) using a Revolve R4 hybrid

inverted fluorescence microscope (scale bars, 30 mM).

Results are expressed as means from replicates ± SD with

n = 3.
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Figure 6. Evaluation of the splice-switching mechanism and EGFP

fluorescence in HeLa-EGFP-654 cells induced by the PMO-related

formulations

(A) Structure of conjugates S10-S10-SS-PMO and S10-SS-PEG12-PMO. (B)

Fluorescence live imaging of conjugates and the mixture S10+PMO showing the

EGFP fluorescence at 20� magnification using a Revolve R4 hybrid inverted fluo-

rescence microscope (scale bars, 30 mM). (C) Dose-response of conjugates

measured by flow cytometry. Statistical significance was evaluated using a two-way

ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. Results are expressed as means from replicates ± SD with n = 3.
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significantly higher than the control PMO* (Figures 8B, S37, and
S38). Intranasal administration of SS-PMO* demonstrated that cells
receiving the PMOmainly express EGFP, suggesting an efficient cyto-
solic delivery of the conjugate (Figure 8C). We also observed a few
cells that are EGFP+ but sCy5� (Figure 8B, zoomed-in regions), sug-
gesting that splice switching and EGFP expression are more sensitive
than sCy5 fluorescence measurement.

DISCUSSION
S10 is an amphiphilic peptide that rapidly and efficiently enables the
intracellular delivery of various biomolecules, both in vitro and in vivo.
The delivery process consists of mixing S10 with the biomolecule,
which after in vivo administration, leads to a successful delivery to
the targeted cells, tissues, or organs. In agreement with these data,
nls* internalization mostly led to a perinuclear signal after 24 h incu-
bation (Figure 1B), likely due to endosomal entrapment, whereas the
S10+nls* mixture led to nuclear fluorescence within a 5-min incuba-
tion (Figure 1C), indicating successful intracellular delivery. While
this strategy is efficient and straightforward, we demonstrated that
covalently attaching S10 to nls* resulted in conjugates (Figure 2A)
that led to a higher percentage of sCy5+ cells compared with the
S10+nls* mixture (Figure 2B). Among the conjugates, S10-SS-
PEG12-nls* emerged as the most efficient, outperforming the other
conjugates at concentrations ranging from 0.5 to 2 mM. Strikingly,
live imaging showed that, at 1 mM, S10-SS-PEG12-nls* was the only
conjugate that led to nuclear fluorescence after delivery, whereas a
perinuclear fluorescent signal was mostly observed with the other
conjugates (Figure 2C). Due to its amphiphilic nature, S10 is prone
to interact with cell membranes. Thus, S10-SMal-nls* and S10-
SMal-PEG12-nls*, obtained via permanent conjugation, could remain
trapped in lipid bilayer components (cell membrane or endosomes)
along with S10 at these concentrations, preventing the nls* from
reaching the nucleus. In this context, conjugation via a disulfide
bond seems crucial for the conjugate-mediated intracellular delivery
of the nls*, at least at 1 mM. Yet, in comparison with S10-SS-
PEG12-nls*, S10-SS-nls* mainly resulted in a low perinuclear sCy5+

signal, highlighting the impact of the PEG12 linker. To further
investigate this aspect, we conducted SS bond cleavage within the con-
jugates. GSH-mediated cleavage studies demonstrated that S10-SS-
PEG12-nls* was more resistant to SS bond reduction than S10-SS-
nls* (Figure 3). Considering that the concentration of GSH in the
cellular environment is approximately 1,000 times higher in the intra-
cellular space, we think that SS bond reduction within S10-SS-PEG12-
nls* efficiently occurs once the internalization process is initiated. In
contrast, with S10-SS-nls*, the reduction could begin in the vicinity of
the cell membrane in the extracellular environment. Hence, S10-SS-
nls* would partially behave as the mixture S10+nls*, which was more
efficient at higher concentrations (5 mM). In contrast, S10-SS-PEG12-
nls* could function as a smart delivery conjugate, releasing the nls*
only at high intracellular concentrations of a reducing agent, such
as GSH. As for the nuclear fluorescence observed with S10-SMal-
nls* and S10-SMal-PEG12-nls* at 5 mM, we believe these conjugates
simultaneously function as both a delivery agent and a cargo that can
be delivered to the cytoplasm.With such a high concentration of con-
jugates, cell membranes could become saturated, allowing the re-
maining free conjugates within the cellular environment to reach
the cytoplasm as cargos without being trapped in the lipidic
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 9
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Figure 7. Quantification of cellular uptake of

PMO(EGFP) and S10-PMO(EGFP) conjugates in

CAG-EGFP-654 mice

The PMO(EGFP) alone, S10-SS-PMO, and S10-SS-

PEG12-PMO were administered by intranasal instillation.

The mice were euthanized 72 h after administration. (A)

The percentage of EGFP+ epithelial cells in the whole

lung measured by flow cytometry. (B) The percentage of

EGFP+ cells in the epithelium of the proximal region and

(C) the distal region of the lung were quantified by EGFP

immunofluorescence. (D) Representative slides of the

PMO delivery in the epithelium following administration of

S10-PMO(EGFP) conjugates and the PMO alone at

40mM (scale bars, 100 mm). (E) The co-localization of the

EGFP and F4/80 (macrophages), uteroglobin (club cells),

and alpha-tubulin (ciliated cells) staining in the mice

treated with conjugate S10-SS-PEG12-PMO at 40 mM

(scale bars, 30 mm). Results are presented using

means ± SEM. Statistical significance was evaluated

using one-way ANOVA with Tukey’s post hoc test.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results are expressed as means from replicates ±SEM

with n = 6.
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membrane. We think that such a phenomenon could occur with all
conjugates at high concentrations which can bias the comparative
study. Hence, conjugate efficiency should be evaluated at low concen-
trations which outlined the potency of S10-SS-PEG12-nls*. Thus,
in vivo studies were only carried out with S10-SS-nls* and S10-SS-
PEG12-nls*, which assessed the impact of the PEG linker. Compared
with nls*, S10+nls*, and S10-SS-nls*, the S10-SS-PEG12-nls* conju-
gate was significantly the most efficient at delivering the nls* to
10 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
epithelial cells such as club and ciliated cells,
highlighting the benefit of the conjugation via
an SS bond through a PEG linker. We believe
our conjugation strategy is well tailored for the
S10 peptide given its strong hydrophobic inter-
actions with membrane lipids and the need to
release the cargo from these interactions to freely
travel within the cell and perform its biological
function. Applying the same conjugation strat-
egy with other peptide-based delivery agents
could be less efficient. For instance, the well-
known TAT and (RXR)4XB (with X =
6-aminohexanoic acid or Ahx, and B = beta-
alanine or b-Ala) CPPs,23,54–59 were conjugated
to the nls* via an SS bond through a PEG12 linker
to give respectively TAT-SS-PEG12-nls* and
(RXR)4XB-SS-PEG12-nls* (Figures S39–S42) as
performed for the synthesis of S10-SS-PEG12-
nls*. In vitro evaluation of the conjugates at
2.5, 5, and 7.5 mM for the delivery of nls* was
performed using the 5-min delivery protocol.
Results showed a strong nuclear fluorescence
with S10-SS-PEG12-nls* whereas no/low fluores-
cence was detected with the CPP-based conjugates after the 5-min de-
livery (Figure S43). Comparable results were obtained when
comparing the non-conjugated delivery peptides (S10 vs. CPPs) (Fig-
ure S44), demonstrating the delivery efficiency of S10 over the two
other CPPs in our delivery conditions. As supported by other studies,
longer incubation times (1–4 h) are required for these CPPs to effi-
ciently promote cargo delivery in cells (Figures S45 and S46). The
presence of an ELD domain in S10 provides an alternative delivery



Figure 8. Colocalization of EGFP and sCy5

fluorescence in HeLa-EGFP-654 cells and in CAG-

EGFP-654 mice after delivery of S10-SS-PMO*

(A) Structure of S10-SS-PMO*. (B) Fluorescence live im-

aging of S10-SS-PMO* at 1 mM and 2 mM in HeLa-EGFP-

654 cells. (Hoechst 33342-stained nuclei in blue, S10-SS-

PMO* in red and EGFP in green) at 20� magnification

using a Revolve R4 hybrid inverted fluorescence

microscope (scale bars, 30 mM). (C) Representative

slides of EGFP delivery in the epithelium of CAG-EGFP-

654 mice following administration of S10-SS-PMO* at

40 mM (scale bars, 100 mM).
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mechanism compared with CPPs, which could explain such results.
Therefore, attaching a peptide-based delivery agent to a cargo needs
a careful understanding of its delivery mechanism to design the
best conjugation strategy. In our case, conjugation via an SS bond
through a PEG12 linker was beneficial. Notably, the size of the PEG
linker within the conjugate seems crucial since an increase in PEG
size from PEG12 (528 Da) to PEG170 [7,500 Da] was detrimental
in vivo, despite the moderate efficiency of this larger conjugate
observed in vitro. Instead, fluorescence was predominantly detected
in isolated cells, which were identified as macrophages (Figure S31).
There is an increasing concern about PEG molecules regarding their
safety, but this depends on several parameters, including their size.
PEGs of moderate size (3,000–20,000 Da) could trigger an allergic
or an immune response, whereas smaller PEGs exhibit a lower im-
mune response.60–63 Although immunogenicity was not fully investi-
gated in the present work, F4/80 staining revealed a number of mac-
rophages that were visually higher with this larger conjugate
compared with conjugates with a smaller PEG, which agrees with pre-
vious studies. We believe that the absence of delivery to the airway
epithelium is due to the larger size of the cargo moiety within the con-
jugate containing the PEG170. While S10 can deliver substantially
larger cargo than itself using a co-incubation protocol,35–37 the direct
conjugation of this PEG170-nls* cargo (3 times larger than S10) might
Molecular The
physically interfere with the cell binding and/or
internalization process mediated by S10.64

Consequently, administration of this large con-
jugate resulted in the accumulation of undeliv-
ered material in the airways which led to macro-
phage absorption, but further investigation is
needed to support this hypothesis.

Switching the biomolecule from the nls* to the
PMO(EGFP) further highlighted the potential
of our S10-based conjugation strategy. In vitro
experiments revealed that the PMO alone was
non-functional in HeLa-EGFP-654 cells,
whereas the conjugates S10-SS-PMO and S10-
SS-PEG12-PMO led to EGFP expression that
significantly surpassed the results obtained
with the S10+PMO mixture at low concentra-
tions. Both PMO conjugates led to a similar
EGFP expression, which was surprising given that conjugation
through a PEG12 linker had outperformed the direct conjugation
when using the nls* as a cargo. We believe that a low concentration
of intracellular PMO is sufficient to mediate splicing correction, mak-
ing discrimination between S10-SS-PMO and S10-SS-PEG12-PMO
undetectable by fluorescence-based assays. Intranasal instillation in
CAG-EGFP-654 mice further confirmed the in vitro data with S10-
SS-PMO and S10-SS-PEG12-PMO delivering the cargo to approxi-
mately half of the bronchial epithelial cells. Regarding the
biodistribution profile, cargo delivery from S10-SS-PMO and S10-
SS-PEG12-PMO was homogeneous throughout the lung, with
EGFP-expressing epithelial cells predominantly being club cells and
ciliated cells, similar to S10,35,36 and conjugates S10-SS-nls* and
S10-SS-PEG12-nls*. Such data suggest that delivery using our conju-
gation strategy is independent of the biomolecule but is rather medi-
ated by S10. Labeling the conjugate S10-SS-PMO with sCy5 (S10-SS-
PMO*) further showed that most sCy5+ cells also expressed EGFP
both in vitro and in vivo, highlighting the efficiency of the conjugates.
In terms of potential therapies, club cells, and ciliated cells are
involved in pulmonary diseases such as CF and chronic obstructive
pulmonary disease (COPD),65–68 emphasizing the potential of our
conjugation strategy to address such disorders. To the best of our
knowledge, this is the first study showing that intranasal
rapy: Nucleic Acids Vol. 35 September 2024 11

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
administration of peptide PMOs is a suitable approach for the devel-
opment of drugs against disorders that involve club and ciliated cells
in the lungs. The most similar approach was performed by Dang and
coworkers which demonstrated that a combination of a CPP-
PMO(EGFP) and an OEC (UNC7938) could lead to mRNA splicing
in mice lungs, but the formulation was administered intravenously.
Although a direct comparison cannot be made due to the difference
in the administration routes, we show that our approach requires
less material (0.5–2 mg/kg vs. 12–15 mg/kg), avoids the use of
OECs, and limits systemic exposure, making it potentially more
convenient for the development of lung therapies.35,36

In conclusion, our approach showed that conjugating S10 to biomol-
ecules such as peptides and PMOs via SS bond is a viable delivery
method that bypasses endosomal entrapment, which is the main
struggle in therapeutic ASO delivery. We further showed that insert-
ing a PEG12 linker between S10 and the biomolecule can be beneficial.
The size of the PEG linker seems to influence lung delivery efficiency.
Studies investigating the impact of PEG linker size on cargo delivery
in vivo could give insights into the mechanism behind this phenom-
enon while providing a more precise guideline for a versatile conjuga-
tion strategy between S10 and biomolecules of moderate sizes. In
addition, delivery in club and ciliated cells shows the potential of
such conjugates in biomolecule delivery to airway epithelia. Further-
more, in vivo delivery in these cells is interesting as they are involved
in several pulmonary diseases, such as COPD, and CF, among
others.65–67,69–73 Thus, enabling the functional delivery of PMO to
airway cells presents an attractive opportunity for the development
of treatments for a wide range of pulmonary diseases. Considering
that lung diseases rank among the top three leading causes of global
mortality,1,2,74,75 our approach provides a promising strategy to
improve the cellular delivery of therapeutic biomolecules in lungs,
which could potentially guide the development of ASO-based drugs
against pulmonary diseases.

MATERIALS AND METHODS
Materials

Acetonitrile was purchased from Laboratoire Mat Inc. Formic acid
and aldrithiol-2 (DPDS), Tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP) were purchased from Millipore Sigma. GSH was pur-
chased from BioShop. Monodisperse PEGs (SDPD-dPEG12-NHS-
ester, mal-dPEG12-DBCO), and amine-DBCO were obtained from
Quanta Biodesign. OPSS-PEG7.5kDa-SCM was purchased from Bio-
pharma PEG. Sulfo-Cy5-Mal (sCy5-Mal), sulfo-Cy5-DBCO (sCy5-
DBCO), and Sulfo-Cy5-azide (sCy5-N3) were purchased from Lu-
miprobe. All peptides (, Cys-nls, nls-Cys, nls (Cys)-N3, S10, and
S10-Cys) were purchased from Expeptise. PMO, PMO-Cys, PMO-
N3, and HS-PMO-(DBCO) were obtained from Wuxi. Peptide and
PMO sequences are listed in Table S1. DMEM, RPMI 1640 media,
and fetal bovine serum (FBS) were obtained fromMulticell. Penicillin
(50 U/mL), streptomycin (50 mg/mL), L-glutamine (PSG, Fisher
MT30009CI), Puromycin (500 ng/mL, InvivoGen), trypsin 0.05%
(Corning Life Sciences), PBS 1� (homemade using standard proto-
col), Hoechst 33342 (Invitrogen, Thermo Fisher Scientific). HeLa
12 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
(human cervical carcinoma cells) were purchased from the American
Type Culture Collection (Ref. CCL-2).

Synthesis

Details about the synthesis and characterization of all compounds are
described in the supplemental information and general methods are
presented below.

General method A

Disulfide bond reduction (monomerization). All compounds bearing
a cysteine were reduced with TCEP to break all remaining disulfide
bonds and ensure their monomeric state before any further reaction.
Reactions were monitored by UPLC, and final compounds were pu-
rified by preparative high-performance LC (HPLC) and characterized
by LCMS.

General method B

Activation of thiol groups. Thiol activation was performed by reacting
DPDS with free thiol groups. Reactions were monitored by UPLC,
and final compounds were purified by preparative HPLC and charac-
terized by LCMS.

General method C: Cargo labeling

For cargo labeling, SMal click and copper-free SPAAC reactions were
performed. The reactions were monitored by UPLC. All compounds
were purified by preparative HPLC and characterized by LCMS.

Synthesis of conjugates

S10 was conjugated to cargoes (nls and PMO) with and without a
monodisperse PEG12 linker between both entities. For the direct conju-
gation (without the PEG12 linker), S10was conjugated to the cargo via a
SMal click reaction or a disulfide bond formation. In both cases, the re-
action was monitored by UPLC, purified by HPLC, and characterized
by LCMS. Regarding the conjugates with a PEG12 linker, S10 was first
PEGylated using the bifunctional PEGs (OPSS-PEG12-DBCO, and
Mal-PEG12-DBCO) via the same reactions. Both intermediates were
then purified by preparative HPLC, characterized by LCMS, and
further reacted with the cargos via SPAAC. Final products were puri-
fied by preparative HPLC or FPLC and characterized by LCMS.

GSH-mediated disulfide bond cleavage

Disulfide bond cleavage of conjugates S10-SS-nls* and S10-SS-
PEG12-nls* was evaluated using GSH as a reducing agent. Conjugates
S10-SMal-nls* and S10-SMal-PEG12-nls* with the SMal bonds were
used as negative controls. Conjugates at 250 mM were solubilized in
phosphate buffer (pH 7.4) and mixed in a solution of GSH at
40 mM, 400 mM, or 2 mM at a volume ratio of 1:1, giving mixtures
containing 20 mM, 200 mM, or 1,000 mM of GSH and 125 mM of con-
jugates. At each time point, the cleavage of the disulfide bond within
the conjugates was monitored by UPLC. Each chromatogram was
normalized using the maximum absorbance of the conjugate. The
decrease of the signal corresponding with the conjugates was inte-
grated to quantify the percentage of disulfide bond cleavage over
time (Figures 3 and S26).
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Cell culture

HeLa cells were cultured in DMEM, supplemented with 10% FBS and
1% PSG (penicillin, streptavidin, and gentamicin), and were used to
investigate the delivery of fluorescent cargos. To study the delivery
of the functional PMO(EGFP), an SSO-inducible HeLa EGFP-654
cell line was generated by nucleofection (Lonza 4D Nucleofector) of
an EGFP-654 expression cassette at the AAVS1 locus.76 Briefly,
wild-type HeLa cells were co-transfected via electroporation with a
plasmid coding for a Cas9 and a guide RNA targeting the AAVS1 lo-
cus, along with a donor plasmid containing a puromycin-resistant
gene, an EGFP-654 reporter cassette, and a homology arms to the
AAVS1 locus sequence (OriGene Technologies, CAT#: GE100023
and customized GE100024). Cells were selected for puromycin resis-
tance and single clones were isolated, validated, and used for in vitro
functional delivery of PMO studies. To ensure the stability of the
HeLa EGFP-654 cell line, cells were cultured in DMEM supplemented
with 10% FBS, 1% PSG, and puromycin (500 ng/mL).

Cell delivery assay

One day before delivery, cells were seeded in a 96-well plate (20,000
cells/well) and allowed to attach for at least 16 h at 37�C in 5%
CO2 before testing. A nuclei stain was performed using 0.2 mg/mL
of Hoechst 33342 per well. Cells, protected from light, were incubated
for 30 min at room temperature, before delivery. Cells were then
washed with sterile PBS 1� and incubated for 5 min at room temper-
ature with the delivery mixtures (50 mL per well) S10 + cargo, S10-
cargo conjugates, or cargo alone prepared in RPMI media at specific
concentrations. Following the 5-min incubation, 100 mL of complete
DMEM was added to each well to dilute and inactivate the shuttle’s
activity. Cells were finally washed with PBS 1� and incubated with
a fresh complete DMEM and incubated for 1 h at 37�C in 5% CO2

before flow cytometry and microscopy analyses.

Animals

Male CD1 mice (strain #022) were obtained at 6–7 weeks old from
Charles River Laboratories. FVB CAG-EGFP*1Rkol/RjulJ (Strain
#027617) were obtained from Jackson Laboratory and bred homozy-
gously for the animal under experimental protocols. These mice ex-
press the EGFP protein coding sequence interrupted by the intron
of human beta-globin encoding the 654-splicing mutation. The
mutant EGFP RNA is expressed in all cell types, but is nonfunctional.
Upon splicing correction with an ASO, functional EGFP is ex-
pressed.23,76 Both male and female mice aged 6–8 weeks were used
for the studies. This study was approved by the Cégep de Lévis Animal
Care Committee (#003–21 and #008–21) and complied with CACC
standards and regulations governing the use of animals for research.
Five microns filtered, activated-charcoal treated, reverse-osmosis-
treated tap water was provided to the animals. A standard certified
commercial rodent diet (Envigo 2018) was also provided ad libitum,
except during designated procedures requiring the handling of ani-
mals. For intranasal administration, mice were anesthetized by iso-
flurane inhalation (2.5%–4%) before instillation. Instillations were
conducted with 50 mL of delivery mixtures per animal according to
the respiratory rhythm. Treatment was administered dropwise while
alternating nostrils between each drop. Mice were then turned on
their back while slightly massaging their thorax for about 10 s before
returning them to their housing. Animals were euthanized by cardiac
puncture under isoflurane anesthesia 1, 24, or 72 h after instillation,
respectively, for CD1 and CAG-EGFP-654 mice. After euthanasia,
mice were tracheotomized and the lungs were washed with three
times 1 mL PBS, with the last lavage being left in the lung for inflation.
Two lobes from the right lung were collected, placed in a tube with
0.5 mL PBS, and stored on ice for flow cytometry analysis. The left
lung and the trachea were collected and weighed for ex vivo imaging
and microscopy.

Ex vivo imaging

The left lung and the trachea were transferred to a Petri dish and
imaged using an in vivo imager (IVIS Lumina XR, PerkinElmer).
The fluorescence level of the whole lung was determined using the
Cy5 filter set (646/662 nm Ex/Em). The fluorescence level was
measured using the total fluorescence efficiency and the result was
normalized using the weight of the tissue.

Measurement of cargo uptake by flow cytometry

In vitro delivery efficiency analysis was performed 1 h post-delivery
for all sCy5 fluorescent cargoes and 24 h after delivery for the
EGFP expression in SSO-inducible HeLa EGFP-654 cells. For flow cy-
tometry sample preparation, media was first removed from each well,
and cells were washed with PBS 1�, then trypsinized for 10 min at
37�C in 5% CO2 using 50 mL 0.05% trypsin per well to detach all cells.
Cells were then resuspended in 100 mL of complete DMEM, to inac-
tivate the trypsin. A total of 150 mL per cell suspension was transferred
to a transparent U-bottom 96-well plate for flow cytometry analysis to
determine the percentage of positive fluorescent cells and their
emitted signal intensity (Cytoflex, Beckman Coulter). Briefly, the per-
centage of cells with a fluorescence signal greater than the maximum
fluorescence of untreated cells was used to identify positive fluores-
cent cells and determine the delivery efficiency. Furthermore, the
size and granularity measures of the cells from the cytometer allowed
for the determination of cellular toxicity for all the cargoes (% cell
viability by comparing the size and granularity (SSC) of each
delivered cell condition to its untreated control). All in vitro viability
measurements are provided in the supplemental information
(Figures S23–S37).

For in vivo studies, the lungs were minced with surgical scissors and a
2� digestion mix composed of 0.2% collagenase type IV (Fisher Sci-
entific, cat. num. NC9919937) and 0.04% DNase I (Sigma Aldrich,
cat. num. DN25, 100 mg) was added to the lung. The tissues were di-
gested for 1 h at 37�C in a water bath and mixed every 15 min by tube
inversion. The lung tissues were ground on a 70-mm cell strainer using
a 1cc syringe plunger. The cell strainer was rinsed with approximately
20 mL of PBS 1�. The Cell suspension was centrifuged at 600�g for
5 min at 4�C and the supernatant was discarded. Red blood cells
(RBCs) were lysed by the addition of 1 mL of RBC lysis buffer for
4 min, and the lysis was stopped with cold PBS 1�. Cell suspension
was centrifuged at 600�g for 5 min at 4�C and the cell pellet was
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suspended in PBS 1�. The number of cells was counted using a Moxi
cell counter. The cellular concentration was adjusted at 1 � 107 cells/
mL using PBS. Flow cytometry staining was performed on 100 mL of
the single cell suspension (1� 106 cells) in U-bottom 96-wells plates.
A pooled cell suspension from all experimental conditions was used
to perform unstained and fluorescence minus one (FMO) control.
The cells were centrifuged (600�g, 5 min at 4�C) and the supernatant
was discarded. Cells were suspended in 25 mL of Fc Block (BD Biosci-
ences, cat. num. 553142) and incubated for 10 min on ice. The extra-
cellular primary antibodies mix (2�) (25 mL) were added to the wells
and incubated for another 20 min on ice in the dark. Both Fc Block
and antibody mix were prepared in staining buffer (1% BSA, 0.1% so-
dium azide). Following incubation, the cells were centrifuged (600�g,
5 min at 4�C) and washed twice with staining buffer. For intracellular
staining, the cells were suspended in 100 mL of BD fixation/permea-
bilization solution (BD Bioscience, cat. num. 554714) and incubated
for 20 min at 4�C in the dark. The cells were washed once with BD
permeabilization buffer (BD Bioscience, cat. num. 554714) and sus-
pended with 50 mL of the intracellular primary antibody solution pre-
pared in this permeabilization buffer. The cells were incubated for
30 min at 4�C in the dark and washed twice with permeabilization
buffer. The secondary antibody was added and incubated for
30 min at 4�C in the dark. The cells were washed twice and suspended
in FACS Flow (BD Bioscience, cat. num. 336524). The fluorescence
spillover was compensated using compensation beads (BD Biosci-
ence, cat. num. 552844). The data were acquired on the BD LSR For-
tessa X-20 flow cytometer. The flow cytometry data were analyzed us-
ing FlowJo software (BD). The doublets were discriminated using
FCS-W/FCS-H and SSC-W/SSC-H and debris were eliminated
according to the size (FCS-A) and SSC-A of the recorded events.
Leukocytes were identified as CD45+, epithelial cells were identified
as CD45�CD326+CD31�and club cells were identified as
CD45�CC10+ as summarized in Table S2. Gates for cell population
were fixed based on the FMO control (Figure S29). EGFP-positive
cells were selected based on baseline fluorescence signal in PBS con-
trol mice.

Microscopy imaging

For in vitro studies, fluorescence live microscopy images of cells were
captured directly on the 96 well plate using a Revolve R4 hybrid in-
verted fluorescence microscope in the upright position (Echo,
BICO company) at 20� magnification. The focus was manually per-
formed, and the fluorescence intensity was adjusted automatically for
each well. The Hoechst 33342, EGFP+, and sCy5+ cells were analyzed
using the DAPI, fluorescein isothiocyanate, and Cy5 filters, respec-
tively. Supplemental microscopy images are provided for each condi-
tion (Figures S21, S25, S32, and S34).

For in vivo study, the left lungs were fixed with 4% PFA overnight at
4�C and immersed in a 30% sucrose solution for 24 h at 4�C. Tissues
were transferred to a 20% sucrose:OCT (1:1) solution, cut into 7-mm-
thick sections with a cryostat, and mounted on glass slides with a
coverslip using a Prolong Glass NucBlue (Invitrogen) as an antifading
medium. Sections were collected every 300 mm. Slides were incubated
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overnight in the dark before imaging. Images were taken with an
automated slide scanner (PANNORAMIC MIDI II, 3DHistech
Ltd.) within 1–4 days after mounting. To increase the sensitivity of
the EGFP detection, an immunofluorescence staining was performed.
The slides were air-dried and fixed with 4% PFA for 20 min. The tis-
sues were permeabilized with PBS, 0.3% Triton X-100 for 10 min. The
tissues were surrounded with a PAP pen and blocked with PBS 5%
BSA for 1 h. The antibody rabbit anti-mouse EGFP (Abcam, cat
no. Ab6556) was diluted 1/2,500 in the blocking buffer and incubated
overnight at 4�C. The slides were washed with PBS (3 � 5 min) and
incubated with the secondary antibody donkey anti-rabbit IgG H&L
AF594 (Cell Signaling, cat no. A32754) diluted 1/1,000 for 1 h at room
temperature. The slides were mounted with Prolong Glass NucBlue.
Quantitation of the sCy5+ and EGFP+ cells in the airway epithelium
was performed using the CellQuant module and the CaseViewer soft-
ware from 3DHistech. Supplemental microscopy images are provided
for each condition (Figures S28 and S36).
Statistical analysis

Statistical analysis and graphing were performed using Graph Pad
Prism. For in vitro studies, all represented data for a given assay indi-
cate a minimum experiment replicate of n = 3. Statistical significance
in the percentage of delivery between conjugates and the control was
determined using a two-way ANOVA and Tukey’s multiple compar-
isons tests (p % 0.05). For in vivo studies, statistical significance was
determined using a two-way or one-way ANOVA when applicable
with Tukey’s post hoc test for multiple comparisons (p % 0.05).
The presented data were generated in a single experiment with n =
3–6 per group.
DATA AND CODE AVAILABILITY
Methods for the synthesis of all compounds and characterization by
UPLC and MS, cell viability for all in vitro assays, additional data for
in vitro and in vivo studies, and UPLC chromatograms related to the
GSH-mediated disulfide bond cleavage are presented.
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