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Abstract 

Duchenne muscular dy stroph y (DMD) is a se v ere disorder caused by mutations in the dystrophin gene, resulting in loss of functional dystrophin 
protein in muscle. While phosphorodiamidate morpholino oligomers (PMOs) are promising e x on-skipping therapeutics aimed at restoring dys- 
trophin e xpression, their effectiv eness is often limited by poor muscle deliv ery. We de v eloped A OC 1044, an antibody –oligonucleotide conjugate 
(AOC) that combines a PMO-targeting exon 44 with an antibody against the transferrin receptor (TfR1), enhancing delivery to muscle tissues for 
patients with DMD amenable to e x on 44 skipping (DMD44). AOC 1044 induces dose-dependent e x on 44 skipping and its mouse-active variant 
elicited dose-dependent dystrophin restoration in skeletal and cardiac muscle in a DMD mouse model. This treatment also reduced muscle 
damage, as evidenced by decreases in serum creatine kinase and k e y liv er enzymes, suggesting that restored dy strophin is functionally activ e. 
In nonhuman primates, single or repeated AOC 1044 doses resulted in dose-dependent increases in PMO concentration and e x on 44 skipping 
across a range of muscle tissues, including the heart. Collectively, these findings highlight AOC 1044 as a promising therapeutic candidate for 
patients with DMD44, offering impro v ed muscle targeting and meaningful dystrophin restoration, with potential clinical benefits in reducing 
muscle degeneration. 
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Introduction 

Duchenne muscular dystrophy (DMD) is a severe, life-limiting
genetic disorder that affects ∼1 in 5000 newborn boys. This
progressive disease is caused by mutations in the dystrophin
( DMD ) gene, which result in little to no production of func-
tional dystrophin protein [ 1 ], a critical component responsi-
ble for maintaining the strength and stability of muscle fibers.
Without dystrophin, muscles such as the heart gradually de-
teriorate, leading to loss of mobility, heart complications, and
premature death [ 2–4 ]. 

The challenge of treating DMD 

Dystrophin is essential for linking the muscle’s internal struc-
ture (cytoskeleton) to its surrounding support system, known
as the dystrophin-associated protein complex (DAPC). The
absence of dystrophin causes the muscle fibers to weaken over
time. A less severe form of the disease, called Becker muscular
dystrophy, results from partially functional or truncated dys-
trophin, suggesting that restoring even some dystrophin could
offer meaningful benefits for patients with DMD [ 5–7 ]. 

Since many cases of DMD arise from mutations that disrupt
the reading frame of the dystrophin gene, exon-skipping ther-
apies, which “skip” faulty sections of the gene during protein
production, have shown promise in restoring the production
of a shortened but functional version of dystrophin [ 8–11 ].
However, current therapies have limitations. Only four FDA-
approved phosphorodiamidate morpholino oligomer (PMO)
drugs target patients with DMD who are eligible for exon
45, 51, and 53 skipping [ 12–15 ]. Even with these treatments,
dystrophin levels remain low—typically below 1% of what is
found in healthy muscles [ 16 , 17 ]. 

The delivery problem: a barrier to success 

A key challenge for PMO therapies is effectively delivering
them to muscle tissue, including the heart. Several approaches,
such as viral vectors, lipid nanoparticles, and cell-penetrating
peptides, have been explored to boost delivery [ 18–20 ], and
some are currently being tested in the clinic, however PMOs
utilizing targeted delivery have yet to be approved. Renal
safety concerns have been identified for some cell-penetrating
peptides, with development of Sarepta’s SRP-5051 peptide-
conjugated PMO recently discontinued due to hypomag-
nesemia ( https:// www.sarepta.com/ community- letter- update- 
srp- 5051- program ). This delivery bottleneck limits the effec-
tiveness of current PMO therapies, especially in addressing
cardiac symptoms [ 21–24 ]. 

AOC 1044: A new approach with promise 

To overcome these delivery challenges, we have devel-
oped AOC 1044, an innovative drug that uses antibody–
oligonucleotide conjugate (AOC) technology [ 25 , 26 ]. AOC
1044 combines PMO44, a molecule targeting exon 44 of the
dystrophin gene, with a monoclonal antibody (mAb) directed
at the transferrin receptor 1 (TfR1). TfR1 is abundant on mus-
cle cells, making it an ideal gateway for targeted drug delivery.

Wh y A OC 1044 matters for patients with DMD 

Around 6% of patients with DMD are eligible for exon 44
skipping, but no disease-modifying therapy has been approved
for this group [ 27 ]. AOC 1044 offers a potential break-
through by efficiently delivering PMO44 to skeletal muscle
and the heart, where it promotes exon skipping and restores 
dystrophin production. In this preclinical study, AOC 1044 

demonstrated, (i) robust delivery of PMO44 to key tissues, in- 
cluding the heart; (ii) dose-dependent exon 44 skipping and 

dystrophin expression; and (iii) reduced muscle damage, evi- 
denced by lowered creatine kinase (CK) and liver enzymes [as- 
partate transaminase (AST) and alanine transaminase (ALT)].

The ability of AOC 1044 to restore dystrophin in both 

skeletal and cardiac muscle shows great potential to improve 
outcomes for patients. This novel platform has the potential 
to address the unmet needs of patients amendable to DMD44 

skipping, offering a new potential treatment for improving 
muscle function and overall quality of life for these patients. 

Materials and methods 

In vitro experiments 

Primary human skeletal muscle cells were obtained commer- 
cially (Gibco, #A11440) and were differentiated into my- 
otubes on collagen Type 1 coated 24-well plates (Gibco,
#1970788) in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 2% horse serum (HS) and 1 × ITS (Gibco,
#1 933 286) according to the manufacturer’s instructions 
for 2 days prior transfection. The Biobank of Cells, tissues,
and DNA from patients with neuromuscular diseases, mem- 
ber of the Telethon Network of Genetic Biobanks (project 
no. GTB12001), funded by Telethon Italy, and of the Euro- 
BioBank network, provided us with specimens (primary my- 
oblasts from DMD patients). Immortalized myoblasts derived 

from patients with DMD harboring deletion of exon 45 of the 
dystrophin gene were obtained from the Association Institut 
de Myologie – Centre de Recherche en Myologie (Sorbonne 
Université, France). Wild-type (WT) myoblasts derived from 

healthy muscle were obtained from the Association Institut de 
Myologie, the University of Rochester (Rochester, NY, USA) 
and the Centre de Ressources Biologiques (CRB)-Hospices 
Civils de L yon (HCL) (L yon, France) ( Supplementary Table 
S1 ). Immortalized myoblasts [ 28 ] were grown in skeletal 
muscle growth medium (GM) (Promocell) with gentamicin 

(Gibco). Primary DMD cells were grown in GM composed 

of DMEM with Glutamax (Gibco), supplemented with 20% 

fetal bovine serum (Nucleus Biologics), 10 μg / ml insulin 

(Sigma), 25 ng / ml human fibroblast growth factor (hFGF) 
(Stemcell Technologies), 10 ng / ml epidermal growth fac- 
tor (Stemcell Technologies), and penicillin and streptomycin 

(Thermo Fisher Scientific). Prior to seeding, 24-well tissue cul- 
ture plates (Costar) were coated with 1% Matrigel. At ∼80%–
90% confluence, myogenic differentiation was induced by re- 
placing GM with differentiation medium (DM): DMEM with 

Glutamax supplemented with Skeletal Muscle Cell Differen- 
tiation Medium Supplement Mix (Promocell). All cell culture 
experiments were performed with PMO44 for evaluation of 
exon 44 skipping, dystrophin production, or DAPC activity.
To facilitate the PMO uptake by cells, Endo-Porter (1–2 μM,
GeneTools, #EP6P1-1) was used. 

RNA isolation 

Myotubes were collected in Trizol and stored at −80 

◦C un- 
til processing for RNA isolation. Frozen tissue samples from 

mice and monkeys were homogenized in cold Trizol using a 
TissueLyser II (Qiagen) and Bead Mill Homogenizer (OMNI 
International), respectively. Total RNA was isolated from cell 

https://www.sarepta.com/community-letter-update-srp-5051-program
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
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ysates or tissue homogenates using Direct-zol-96 RNA iso-
ation kit (Zymo) according to the manufacturer’s instruc-
ions and quantified with Nanodrop 8000 Spectrophotometer
Thermo Fisher Scientific). 

xon-skipping analysis 

 total of 100–500 ng of purified RNA was converted to
omplementary DNA (cDNA) using a High-Capacity cDNA
everse Transcription Kit (Applied Biosystems) and a Sim-
liAmp Thermal Cycler (Applied Biosystems). For quantifi-
ation by quantitative polymerase chain reaction (qPCR), re-
ctions were cycled 40 times and amplification of total and
xon 44-skipped PCR products monitored using QuantStu-
io 6 or 7 Flex Real-Time PCR instruments (Applied Biosys-
ems). Data were analyzed by QuantStudio 

TM Real-Time
CR Software v1.3 (Applied Biosystems). The % Exon 44-
kipped messenger RNA (mRNA) was calculated as 100 

2 −
CT(skipped) − CT(total)]. For quantification by droplet dig-
tal PCR (ddPCR), cDNA was partitioned into droplets, in
riplicate, in the QX200 Automated Droplet Generator (Bio-
ad) in combination with Taqman assays (Thermo Fisher
cientific), 2 × ddPCR Supermix for Probes (no dUTP) (Bio-
ad), and BamHI restriction enzyme (New England Bio-

abs). Following droplet generation, the mixture was loaded
nto a deep-well C1000 Touch Thermal Cycler (Bio-Rad) for
CR amplification. Absolute quantification of the target RNA
olecules was measured in the QX200 Droplet Reader (Bio-
ad) using the QX Manager software (Bio-Rad) [ 29 , 30 ]. Taq-
an assays are listed in Supplementary Table S2 . 

mmunocytochemistry and image analysis by 

igh-resolution microscopy for dystrophin 

uantification 

uantitative analysis of dystrophin restoration and DAPC
ssessment in DMD patient-derived cells has been previ-
usly described [ 31 ]. In brief, human myoblasts from pa-
ients with DMD (AB1323, 47811, 47989) were expanded in
M (Zenbio). At day 0, 15 000 human primary myoblasts
ere seeded per well in GM in 96-well MyoScreen 

® plates
CYTOO) coated with 10 μg / ml fibronectin (Invitrogen). In-
uction of differentiation was performed after 24 h of cul-
ure by changing the culture medium into DM composed of
MEM:Nutrient Mixture F12 (DMEM / F12; Invitrogen), 2%
S (GE Healthcare), 100 U / ml penicillin, and 100 μg / ml

treptomycin (Invitrogen). At day 3, PMO compounds were
dded to the DMD myotubes and maintained until day 8
ost-differentiation. For PMO treatment, PMOs were heated
or 5 min at 70 

◦C, then cooled down slowly before addi-
ion to the medium. In this specific condition, EndoPorter
GeneTools) was added simultaneously to the wells at 1 μM
s delivery reagent. For each experiment, a mock condition
orresponding to vehicle ± EndoPorter was included to be
sed as negative control. At day 9 of culture in MyoScreen 

®

 31 ], myotubes were fixed with formalin and permeabilized
or 15 min with 0.5% Triton in phosphate-buffered saline
PBS). For immunofluorescence staining and dystrophin quan-
ification, cells were blocked with 1% bovine serum albumin,
hen incubated 2 h at room temperature with primary anti-
odies prepared in blocking solution: myotubes were stained
ith a troponin-T specific antibody (ab45932, Abcam, 1:400
ilution) or a myosin heavy chain (MHC)-specific antibody
14-6503-82, Thermo Fisher Scientific, 1:1000). N-Terminal
dystrophin was stained using NCL-DysB antibody (Leica,
1:50). Cells were incubated for 2 h at room temperature with
the corresponding secondary antibodies in combination with
Hoechst 33 342 (Thermo Fisher Scientific, 1:10 000). Im-
ages of cells were acquired with the Operetta HCS platform
(Perkin Elmer) using a 10 × objective, with 11 fields acquired
per well. Image processing and analysis were performed using
dedicated algorithms developed on the Acapella High Con-
tent Imaging Software (Perkin Elmer) by CYTOO. Myotube
and nuclei segmentation was performed using the troponin-
T or MHC staining intensity and the Hoechst staining. The
segmentation threshold was selected to avoid the detection
of background noise and eliminate aberrant structures, and
myotube area and dystrophin mean intensity were calculated.
Four healthy donors were included in each experiment (im-
mortalized AB1167 and three primary myoblast cells: W018,
X819, AA179). The mean intensity of dystrophin expression
in these healthy myotubes was used as a reference. 

Cell profiling for DAPC restoration analysis 

For DAPC detection, utrophin (NCL-DRP2, Leica, 1:50 dilu-
tion) and alpha-sarcoglycan (ab189254, Abcam, 1:5000) anti-
bodies were used. Based on myotubes segmentation described
above, ∼500 features, such as texture and intensity-related
categories, were extracted for each myotube DAPCs in fluo-
rescent channels using CellProfiler. A machine learning model
was then built to separate the healthy and DMD populations
and evaluate efficacy of compounds at restoring a healthy-like
phenotype. 

Animal treatment and tissue collection 

All in vivo animal studies were conducted following protocols
approved by local Institutional Animal Care and Use Com-
mittee (IACUC), in accordance with the regulations outlined
in the USDA Animal Welfare Act as well as the “Guide for the
Care and Use of Laboratory Animals” [ 32 ]. 

Mouse studies using the humanized DMD mouse model
(hDMD 

del45 / mdx ) were conducted at the University of Al-
berta in collaboration with Dr Toshifumi Yokota. This DMD
mouse model expressing the human dystrophin gene with
deletion of exon 45 [ 33 ] was kindly provided by Dr Melissa
Spencer (UCLA) and crossed to the mdx mice obtained
from The Jackson Laboratory (B6Ros.Cg-Dmd 

mdx -4Cv / J, JAX
Stock# 002 378). hDMD 

del45 / mdx or WT (C57BL / 6J) male
animals aged 4–6 months were administered a single in-
travenous (IV) bolus injection of mouse-active antibody–
oligonucleotide conjugate (mAOC) 1044 (10, 30 mg / kg), un-
conjugated PMO44 (30 mg / kg), or respective vehicle. Ani-
mals were euthanized at the indicated time points post-dose
for collection of serum and muscle tissue. Serum was pro-
cessed for markers of muscle damage (ALT , AST , CK) using a
chemistry analyzer (Beckman Coulter DxC) according to the
manufacturer’s protocol. Tissue necropsy samples (gastrocne-
mius, diaphragm, and heart) were collected in 96-well col-
lection microtubes containing a stainless-steel bead and cry-
obags, snap-frozen, and processed for evaluation of PMO44
concentration, exon 44 skipping, and dystrophin protein as
described. 

Humanized DMD transgenic mice [Tg(DMD)72Thoen / J]
with the full-length human dystrophin gene [ 34 ]were ac-
quired from The Jackson Laboratory (JAX Stock# 018 900)
and studies were conducted in Explora Biolabs. Male mice,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
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aged 8–10 weeks, were administered a single dose of either
PBS or mAOC 1044 via IV bolus injection in the tail vein
at 5 ml / kg body weight. Animals were euthanized at indi-
cated time points. Tissue necropsy samples (gastrocnemius, di-
aphragm, and heart) were snap-frozen and processed for eval-
uation of exon 44 skipping. 

Studies in C57BL / 10ScSn-Dmd mdx / J (JAX Stock#
0018) mice were performed in 8–10-week-old males with
C57BL / 10ScSnJ for control groups and were conducted
at The Jackson Laboratories and Explora BioLabs. Mice
were dosed either vehicle or mAOC 23 (30 mg / kg) once
by a single IV bolus injection in the tail vein at 5 ml / kg
body weight. Animals were subjected to muscle function
analysis 4 weeks post-dose and euthanized for collection of
serum and muscle tissue. For immunofluorescence analysis,
whole quadricep muscles were dissected, weight recorded,
embedded in optimal cutting temperature compound, and
snap-frozen in isopentane and liquid nitrogen. Additional
tissue necropsy samples (gastrocnemius, diaphragm, and
heart) were snap-frozen and processed for evaluation of exon
23 skipping and dystrophin protein. 

Cynomolgus monkey studies were conducted in accordance
with the FDA Good Laboratory Practice Regulations, 21 Code
of Federal Regulations Part 58 at an AAALAC-accredited con-
tract research laboratory (Altasciences Preclinical Seattle LLC,
Everett, Washington). Forty-nine male cynomolgus monkeys
( Macaca fascicularis , of Cambodian origin; ∼1.8–2.4 years
old) were randomly assigned to control and treatment groups.
AOC 1044 or vehicle PBS was administered by IV infusion at
10 ml / kg over 60 min using a temporary catheter inserted into
a peripheral vein connected to a primed infusion line. Body
weights ranged from 1.4 to 1.9 kg at the initiation of dos-
ing. At necropsy, tissue samples were collected in tubes (Omni
Hard Tissue Homogenizing Mix, 2-ml reinforced tubes, nucle-
ase, and microbial DNA free Part #19-628D), flash-frozen in
liquid nitrogen, and analyzed for PMO44 concentration and
exon 44 skipping. 

The characterization and description of all AOCs men-
tioned in the manuscript is listed in Supplementary Tables 
S3 and S4 . 

AOC synthesis and purification 

AOCs were synthesized as detailed in Cochran et al.
[ 26 ]. PMO oligonucleotides were synthesized by WuXi
(Shanghai, China), Genetools (Philomath, Oregon), or
Ajinomoto (Tokyo, Japan). The thiol-reactive linker,
4(N-maleimidomethyl)cyclohexanecarboxylic acid N-
hydroxysuccinimide ester (SMCC), was coupled to a primary
amine on the 3 

′ end of the PMO by incubating the PMO
(50 mg / ml) in phosphate buffer (50 mM phosphate, pH 7.2)
with three equivalents of SMCC (50 mg / ml) in dimethyl sul-
foxide for 1 h. Excess unconjugated SMCC was removed by
tangential flow filtration (TFF) with a membrane molecular
weight cutoff (MWCO) of 3 kDa with acetate buffer (10
mM sodium acetate, pH 6.0). AOCs were synthesized by
reduction of the interchain disulfide bonds of the antibody
with 2 or 2.3 equivalents of Tris(2-carboxyethyl)phosphine
hydrochloride for 2 h at 37 

◦C for human immunoglobulin
G1 (IgG1) and mouse IgG2c mAb, respectively, prior to
incubation with 4.75 equivalents of the maleimide-PMO for
1 h at room temperature. Ten equivalents of ethylmaleimide
(NEM) were added to the reaction mixture at room tem-
perature for 30 min to quench unreacted cysteines. Excess 
PMO and NEM were removed from the AOC reaction 

mixture using strong cation chromatography purification 

with GE SP / HP 16 10 resin using a 25 mM acetate, 25 mM 

Phosphate Buffer (PB), pH 6 buffer ramping up to 25 mM 

acetate, 25 mM PB, 0.5 mM NaCl, pH 6. The combined 

fractions were buffer exchanged via TFF (MWCO 70 kDa) 
into histidine buffer (20 mM histidine, 120 mM sucrose, 10 

mM methionine, pH 6) and concentrated to ∼25 mg Ab / ml.
The solution was sterile filtered with a 0.22- μm membrane 
and analyzed by hydrophobic interaction chromatography 
[average drug-to-antibody ratio (DAR) = 4.0], size exclusion 

chromatography (3.3% high molecular weight), and a Limu- 
lus amebocyte lysate assay ( < 0.025 EU / mg anti-transferrin 

receptor antibody) and the product was stored at 4 

◦C. Char- 
acterization data are shown in Supplementary Figs S1 –S3 and 

Supplementary Tables S3 and S4 . 

Muscle function analysis 

To evaluate muscle function in by open field test, mice were 
acclimated to the arena for three consecutive days. Baseline 
spontaneous activity was monitored for 15 min, then mice 
were subjected to fatigue challenge for 10 min by hindlimb 

suspension, which was followed by monitoring of open field 

spontaneous activity for another 15 min. Distance traveled af- 
ter the fatigue challenge was quantified (VersaMax, Omnitech 

Electronics, and Ethovision XT, Noldus). 

PMO quantification in tissue samples 

Tissue samples were homogenized in Pierce radioimmunopre- 
cipitation assay (RIPA) buffer (Thermo Fisher Scientific) on 

the TissueLyser II (Qiagen). Sample homogenates were di- 
gested with Proteinase K (Promega) to remove the antibody 
from the PMO. The methodology for the fluorescent enzyme- 
linked immunosorbent assay (ELISA) for PMO quantifica- 
tion and the DNA probe design have been described previ- 
ously [ 35 ]. Briefly, sample supernatants were diluted appropri- 
ately in RIPA dilution buffer, and standard curves containing 
mPMO23 or hPMO44 were generated in pooled supernatant 
from PBS-treated control groups to the same final concentra- 
tion. After the hybridization step of PMO to a complementary 
DNA probe (Eurofins, IDT) modified with a 3 

′ -biotin and a 
5 

′ -digoxigenin, probe-PMO hybrids were added to blocked 

NeutrAvidin-coated plates and incubated with Micrococcal 
Nuclease (MNase, Thermo Fisher Scientific), which prefer- 
entially cleaves single-stranded DNA. Resulting probe-PMO 

hybrids were incubated with a monoclonal anti-digoxigenin 

antibody conjugated with an alkaline phosphatase enzyme 
before AttoPhos AP Fluorescent Substrate System (Promega) 
was added to convert the clear substrate into a fluorescent so- 
lution. The fluorescence intensity of standards and experimen- 
tal samples was read on the Tecan Spark (Tecan). Log trans- 
formed and parametric regression was performed on stan- 
dards using a 5PL curve fit in GraphPad Prism, and PMO 

concentrations of unknown experimental samples were then 

interpolated within the range of quantitation established of 
each standard curve. These ELISA assays were method trans- 
ferred over to an electrochemiluminescence assay on the Meso 

Scale Discovery Platform for increased sensitivity and preci- 
sion. This resulted in change to the anti-digoxigenin detection 

antibody to be conjugated with ruthenium sulfo-Tag and re- 
placement with streptavidin-coated plates. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
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ystrophin quantification by Jess Western System 

or protein extraction, gastrocnemius, diaphragm, and heart
issue samples were mechanically homogenized in RIPA buffer
Thermo Fisher Scientific) supplemented with Pierce Protease
nhibitor Mini Tablets (Thermo Fisher Scientific) using the

icro-Tube homogenizer (Wilmad-Labglass). The suspension
as then centrifuged at 14 000 × g for 15 min at 4 

◦C, and
lycerol (20% of final volume) was added to the supernatant
or cryoprotection. Protein concentrations were measured us-
ng the Pierce BCA Protein assay kit (Thermo Fisher Scientific)
ccording to the manufacturer’s instructions. Samples were
ormalized and Jess analysis was performed on a Jess sys-
em (ProteinSimple) according to the manufacturer’s instruc-
ions using a 66- to 440-kDa Separation Module (Protein-
imple), Anti-Rabbit Detection Module, and the Replex Mod-
le (ProteinSimple). A rabbit monoclonal anti-dystrophin an-
ibody was used (Abcam ab154168) and diluted 1:1000 in
ntibody Dilution Buffer 2 (ProteinSimple). Using Compass

oftware, the resulting electropherograms were inspected to
heck whether automatic peak detection required any manual
orrection, and peaks were quantified by calculation of the
rea under the curve (AUC). The following criteria were used
o discriminate low dystrophin signals from background: the
eak signal-to-noise ratio given by the software ≥10, and the
eak height / baseline ratio ≥3 (protocol adapted from [ 36 ]). 
To quantify dystrophin levels, a total protein detection
odule (DM-TP01, ProteinSimple) was used to correct for
ifferences in sample loading or protein content. WT sam-
les were diluted to 15%–20% ( mdx spiked) to remain in
he linear range of detection for both dystrophin and total
rotein ( Supplementary Table S5 ). Dystrophin restoration was
alculated as a percent of the averaged WT group: X animal
 UC / (WT A UC average) × 100. 

mmunofluorescence of muscle sections 

riefly, frozen muscles were cryosectioned in transverse ori-
ntation (5 μm) and collected on positively charged Super
rost slides to maximize tissue adherence. Nonspecific anti-
ody binding was blocked using Novolink Protein Block (Le-
ca) for 30 min. Sections were incubated overnight at 4 

◦C with
 mouse anti-Dystrophin antibody (Thermo Fisher Scientific,
8168, 1:50). After washing, a cocktail of secondary antibod-

es was applied for 60 min at room temperature. Secondary
ntibodies used were the following: goat anti-rat IgG (H + L)
lexa Fluor Plus 546 (Invitrogen) and goat anti-mouse IgG

H + L) Alexa Fluor Plus 647 (Invitrogen). 4’,6-diamidino-2-
henylindole (DAPI) nuclear counterstain was applied. A neg-
tive control without primary antibody was included. Sam-
les were scanned as digital whole slide images with the same
xposure times. 

harmacokinetic / pharmacodynamic modeling 

 tissue pharmacokinetic (PK) / pharmacodynamic (PD)
odel relating tissue total PMO to exon skipping and dys-

rophin levels was developed for gastrocnemius by Certara
trategic Consulting (Montreal, Quebec, Canada). A one-
ompartment tissue PK model was assumed for total PMO
n respective tissues. The increasing total PMO levels were
elated to increased exon skipping according to indirect
esponse model. A turnover model related increased skipped
xon levels to dystrophin levels. 
Statistical analysis 

GraphPad Prism software was used for all descriptive and sta-
tistical analyses. As appropriate, one- or two-way analysis of
variance (ANOVA) or t -tests were performed for the datasets
analyzed. In the case of ANOVA, an appropriate post-hoc
test was used to determine the differences among the treat-
ment groups. Significant differences were defined as P < .05
(two-sided). 

Results 

PMO44 Activity in DMD-patient-derived myotubes 

PMO antisense oligonucleotides have demonstrated the abil-
ity to mediate exon skipping and dystrophin production in
patients with DMD, so this chemical class was selected as
the modality for inducing exon skipping [ 12–15 ]. To identify
the lead PMO for exon 44 skipping, we conducted a small-
scale screening of several sequences proximal to the 5 

′ end
of exon 44. Screening of oligonucleotides was based on eval-
uation of predicted and experimental data that identified a
specific region most proximal to the exon 44 acceptor site
on DMD mRNA to be most favorable for exon 44 skipping
[ 37 ]. PMO44 was identified as the lead PMO sequence with
an EC 50 of ∼1 μM for skipping exon 44 (Fig. 1 A). In DMD-
patient-derived myotubes harboring an exon 45 deletion mu-
tation (DMD 

del45 ) that are amenable to exon 44 skipping,
PMO44 produced a concentration-dependent increase in the
number of exon-44-skipped DMD transcripts by up to ∼15-
fold compared with untreated cells (Fig. 1 B). Notably, there
was also an increase in total DMD mRNA transcripts with
PMO44 treatment compared with vehicle (Fig. 1 C), indicat-
ing that exon 44 skipping resulted in the formation of mature
DMD mRNA, although the increase did not reach statistical
significance. Low levels of exon 44 skipping may also occur
spontaneously in patients [ 38–41 ], which is why we can also
detect some exon 44 skipping in the vehicle-treated group. 

To evaluate whether the skipped exon 44 was able to in-
crease functional dystrophin expression, we employed im-
munofluorescence assays to measure dystrophin protein as
well as formation of DAPCs, which is characteristic of health-
ier myotubes (Utrophin and Alpha Sarcoglycan stained to
evaluate DAPCs). Treatment with PMO44 increased dys-
trophin protein in a concentration-dependent manner in
DMD 

del45 myotubes (Fig. 2 A-B). The production of dys-
trophin protein was present in most myotubes, indicating that
PMO44 was active uniformly in myotubes. DAPC formation
requires the presence of dystrophin protein to stabilize the
complex for the contraction and relaxation of myofibers [ 42–
44 ]. PMO44 treatment produced a concentration-dependent
restoration of DAPC in DMD 

del45 myotubes (Fig. 2 C). This
finding provides evidence that truncated dystrophin protein
resulting from skipping exon 44 restores towards a healthy-
like phenotype in vitro . It is worth noting that these results
were obtained from myotubes derived from patients with
DMD who had an exon 45 deletion (DMD 

del45 ), which rep-
resents the most common disease-causing mutation amenable
to exon 44 skipping [ 40 , 45 ]. 

mAOC 1044 is pharmacologically active in a 

humanized mouse model of DMD (hDMD 

del45 / mdx ) 

To evaluate the in vivo pharmacological activity of PMO44,
we leveraged a transgenic mouse model of DMD that

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
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expresses the human dystrophin gene harboring an exon
45 deletion in the mdx background (hDMD 

del45 / mdx ) [ 33 ].
We chose this mouse model because we wanted to elimi-
nate expression of a mouse dystrophin protein ( mdx back-
ground) to simulate exon 44 skipping from the disease al-
lele (hDMD 

del45 ), which is more relevant to patients with
DMD. It is also worth mentioning that we previously noticed,
from various internal cell culture data, that exon 44 skip-
ping varies greatly between a WT and a DMD 

del45 sequence
(data not shown). To further probe this observation in a rel-
evant in vivo setting and eliminate any bias due to cell cul-
ture conditions, we evaluated exon 44 skipping in a mouse
model expressing the full-length human WT dystrophin gene
and a mouse model expressing the human DMD 

del45 gene 
in the mdx background (lacking the mouse dystrophin pro- 
tein), hDMD 

del45 / mdx , which is amenable to exon 44 skip- 
ping. Given that the anti-TfR1 antibody component of AOC 

1044 does not bind to mouse TfR1, we conjugated PMO44 

to an anti-mouse TfR1 antibody and generated a mouse-active 
molecule (mAOC 1044) to enable TfR1-mediated delivery to 

muscles (Fig. 3 A). As hypothesized, exon 44 skipping was sig- 
nificantly greater in all muscles tested in the hDMD 

del45 / mdx 

model compared to the WT DMD humanized mouse model 
(Fig. 3 B and C). This data suggests the increase in exon 44 

skipping in the disease genotype is not due to differences in 

PMO tissue uptake but rather to a more permissive skipping 
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nvironment. As such, this model is more appropriate for sim-
lating skipping in human patients with DMD44. 
To further characterize mAOC 1044, we treated

DMD 

del45 / mdx at two different doses (10 or 30 mg / kg
er PMO component) with mAOC 1044 and compared it
o unconjugated PMO44 (30 mg / kg). We also harvested
uscle tissues after 2 and 4 weeks to better characterize

he drug pharmacokinetic properties. As expected, a single
ose of unconjugated PMO44 (30 mg / kg) had no detectable
MO44 in muscle tissues. Treatment with unconjugated
MOs typically requires more frequent treatments at higher
oses to achieve any meaningful activity. In contrast, a single
ose of mAOC 1044 (10 or 30 mg / kg, PMO44 component)
produced dose-dependent PMO44 concentrations in skeletal
muscle (gastrocnemius and diaphragm) and heart tissue that
remained relatively elevated even at 4 weeks post-dosing in
both the 10 and 30 mg / kg dose groups (Fig. 4 A–C). It has
been previously shown that higher overall TfR1 expression in
skeletal muscle tissue may partly explain the observed tissue
selectivity [ 25 , 46 , 47 ]. Commensurate with the delivery of
PMO44 in muscle tissue, dose-dependent exon 44 skipping
was observed at both the 10 and 30 mg / kg dose groups.
The extent of exon 44 skipping ranged from 3- to 25-fold
above that in vehicle-treated animals across skeletal and
cardiac muscles and was maintained for at least 4 weeks
post-dose (Fig. 4 D–F). More importantly, mAOC 1044
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produced marked increases in dystrophin protein levels in
muscle tissue at 10 and 30 mg / kg. The extent of dystrophin
protein production increased from 2 to 4 weeks of treatment
in all muscle tissue evaluated (Fig. 4 G–I). This increase is
likely due to the lag in protein synthesis and accumulation.
Four weeks after a single dose, mAOC 1044 at 30 mg / kg
produced 10%, 11%, and 6% of dystrophin in gastroc-
nemius, diaphragm, and heart, respectively. Vehicle-treated
hDMD 

del45 / mdx had < 1% dystrophin in these tissues and it
was undetectable in most animals. 

Unconjugated PMO44 failed to increase exon 44 skip-
ping or dystrophin production relative to vehicle-treated an-
imals, confirming the tissue delivery limitations of unconju-
gated PMOs. In contrast, mAOC 1044 data highlight the ef-
fectiveness of the AOC platform to deliver substantial concen-
trations of PMO44 to skeletal and heart muscle tissue that are
pharmacologically active. Of note there is a sharper drop in
exon 44 skipping in the diaphragm at 30 mg / kg group (Fig.
4 E). However, this does not seem to be the case for the group
dosed at 10 mg / kg. 
A model was developed based on results obtained from gas- 
trocnemius muscle of hDMD 

del45 / mdx mice that describes the 
relationship of PMO44 concentration with exon skipping and 

dystrophin production. The dashed lines represent a model 
simulation of the change as a function of PMO44 concentra- 
tion in gastrocnemius muscle (as a representative skeletal mus- 
cle tissue) of exon skipping (blue line) and dystrophin protein 

as a % of WT (black line) overlayed with the observed hDMD 

data. PMO44 muscle concentrations above 20 nM are suffi- 
cient to produce increases in exon 44 skipping and dystrophin 

protein (Fig. 5 ). 

mAOC 1044 reduced serum biomark er s of muscle 

damage in a humanized mouse model of DMD 

(hDMD 

del45 / mdx ) 

We next wanted to evaluate whether restoration of dystrophin 

protein expression in the hDMD 

del45 / mdx mouse model can 

improve biomarkers including CK, ALT , and AST , which are 
often used in the clinical setting to evaluate muscle tissue 
damage. Indeed, treatment with mAOC 1044 not only im- 
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del45 / mdx mice. hDMD 
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roved dystrophin protein restoration as shown in Fig. 4 but
lso generally reduced the levels of these serum biomarkers
n a dose-dependent manner (Fig. 6 A–C). Given the increased
ariability in these measurements and the low power of the
tudy, while all the numerical values trended lower in all three
iomarkers, only AST in the group treated with mAOC 1044
t 30 mg / kg per PMO equivalent reached statistical signif-
cance. Treatment with unconjugated PMO trended to have
igher values in all three serum biomarkers, which was unex-
ected given that PMOs are in general well tolerated in vivo .
ollectively, these data suggest that mAOC 1044 can effec-
tively deliver PMO44 to skeletal muscle and heart tissue and
trigger exon 44 skipping, resulting in production of functional
dystrophin protein and decreased muscle damage. 

Treatment with mAOC 23 improves muscle 

function in the mdx mouse model of DMD 

To further confirm whether the AOC platform can achieve ho-
mogeneous dystrophin restoration and restore skeletal mus-
cle function in a different model, we used the well-established
mdx mouse model of DMD [ 48 ], which is amenable to exon
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23 skipping. For this model, we developed mAOC 23, an AOC
targeting exon 23, designed to restore dystrophin. Follow-
ing a single dose of 30 mg / kg mAOC 23 (per PMO com-
ponent), we observed substantial exon 23 skipping and up
to ∼20% dystrophin restoration in the gastrocnemius muscle
(Fig. 7 A). 

To assess the distribution of dystrophin, sections from the
quadriceps muscle were analyzed using immunofluorescence.
Muscle cross-sections were stained for dystrophin that align
in the sarcolemmal membrane and DAPI to mark nuclei (Fig.
7 B). As expected, WT muscle displayed robust dystrophin ex-
pression along the sarcolemma, maintaining membrane in-
tegrity. In contrast, mdx -vehicle-treated muscles exhibited lit-
tle to no detectable dystrophin, consistent with the muscle
degeneration characteristic of DMD. However, muscles from
mAOC 23-treated mdx mice showed clear dystrophin restora-
tion along the sarcolemmal membrane, mimicking WT-like
patterns, confirming the successful delivery of the PMO and
efficient exon skipping. Notably, the restored dystrophin was
evenly distributed across the evaluated myofibers, underscor-
ing the therapeutic potential of the AOC platform to achieve
homogeneous dystrophin restoration. 

Given the promising molecular results, we next sought to
determine the functional impact of mAOC 23 treatment on
muscle performance. To evaluate muscle function, the mice
underwent a muscle fatigue challenge followed by an open-
field test to monitor their movement and activity. In the open-
field assay, WT mice exhibited extensive movement repre-
sented by dense red movement tracks, reflecting normal mus-
cle function (Fig. 7 C and D). In comparison, vehicle-treated
mdx mice showed limited movement and sparse tracking,
consistent with the profound muscle weakness characteristic
of DMD. Importantly, mAOC 23-treated mdx mice demon-
strated enhanced movement capacity, as evidenced by in-
creased tracking, suggesting functional improvements corre-
sponding with the restored dystrophin expression. 
AOC 1044 is pharmacologically active in nonhuman 

primates 

To assess the pharmacological activity and sustained efficacy 
of the clinical candidate AOC 1044 in higher species, we con- 
ducted studies in NHPs (Cynomolgus monkeys), leveraging 
the cross-reactivity of AOC 1044 with the TfR1 receptor in 

this species. Nonhuman primates (NHPs) were administered 

AOC 1044 at different doses (5, 15, or 45 mg / kg PMO44) 
via IV infusion every 4 weeks for 3 months. AOC 1044 treat- 
ment resulted in dose-dependent increases in PMO44 concen- 
trations across multiple muscle tissues, including the heart,
gastrocnemius, and diaphragm (Fig. 8 A). Notably, PMO44 

accumulation was consistently higher in cardiac tissue com- 
pared to other muscle groups, indicating greater uptake in 

the heart. These findings align with previous observations in 

mouse models. Consistent with the presence of PMO44 in 

muscle, dose-dependent exon 44 skipping was achieved across 
all tested doses (Fig. 8 B). At the highest dose (45 mg / kg), exon 

44 skipping levels increased by 90- to 155-fold relative to 

vehicle-treated animals, demonstrating robust pharmacolog- 
ical engagement of the therapeutic target. In addition, AOC 

1044 exhibited pharmacological activity across a wide range 
of skeletal muscle tissues after a single 30 mg / kg dose (Fig.
8 C), underscoring the compound’s ability to induce exon skip- 
ping across muscle groups. 

Together, these results confirm the broad muscle tissue pen- 
etration, sustained activity, and target engagement of AOC 

1044 in NHPs, supporting its potential as a therapeutic candi- 
date for patients with DMD44. The observed dose-dependent 
muscle distribution and pronounced cardiac uptake are par- 
ticularly encouraging for addressing both skeletal and cardiac 
manifestations of the disease. 

AOC 1044 is well-tolerated in NHPs 

The AOC platform represents a novel approach for targeted 

delivery of oligonucleotide therapeutics to muscle tissues. As 
such, we evaluated the safety and tolerability of repeated ad- 
ministration of AOC 1044 in NHPs given that AOC 1044 is 
pharmacologically active in NHPs. AOC 1044 was well tol- 
erated at IV doses up to 45 mg / kg, administered every four 
weeks for nine months. No significant changes were observed 

in body weight (Fig. 9 A), and electrocardiogram parameters 
such as heart rate, PR interval, and QRS interval remained 

within normal limits throughout the study (Fig. 9 B–D). Addi- 
tionally, no treatment-related adverse effects were identified 

across a range of safety assessments, including clinical ob- 
servations, safety pharmacology parameters (e.g. respiratory 
rate, blood gas, body temperature, neurobehavioral assess- 
ments), immune function, ophthalmology , clinical pathology ,
organ weights, and macroscopic and microscopic evaluations 
of a full panel of tissues (data not shown). 

Treatment-related effects included alterations in serum iron 

levels and unsaturated iron-binding capacity, consistent with 

transient modulation of TfR1 activity. These iron-related 

changes were associated with mild, dose-dependent differ- 
ences in red blood cell parameters that were generally min- 
imal, transient, and reversed during or after the nondosing 
phase ( Supplementary Table S6 ). Additionally, minimal to 

mild basophilic granules containing PMO oligonucleotides 
were detected in specific tissues, including the renal tubu- 
lar epithelium and Kupffer cells in the liver, across all tested 

doses. At the highest dose (45 mg / kg), basophilic granules 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
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Figure 7. Pharmacological and functional activity of mAOC 23 in the mdx mouse model of DMD. Mdx mice were administered a single IV dose of 
vehicle or mAOC 23 at 30 mg / kg (per PMO23 component). WT animals were administered a single dose of vehicle. ( A ) Exon 23 skipping, and 
dystrophin protein were evaluated in gastrocnemius tissue 4 weeks after dosing. ( B ) Representative micrograph of dystrophin protein staining in 
quadriceps muscle. ( C ) Distance tra v eled in open field arena was quantified. Data are presented as means ± SEM, n = 4–8 / group, * P < .05 compared 
to mdx -vehicle group using an unpaired t -test. ( D ) A representative image of the open field arena test for a single mouse in each group is shown for 
illustration purposes. In this figure, panels (A) and (C) / (D) reflect data from different animal sets within the same experiment, while panel (B) presents 
data from different animals in an independent study. 

w  

l  

a  

c  

u  

s  

v  

 

 

 

ere accompanied by mild vacuolation of the renal tubu-
ar epithelium ( Supplementary Table S7 ). These observations
re consistent with previously reported findings for oligonu-
leotide therapeutics, including PMOs, and reflect expected
ptake and sequestration of oligonucleotides in endolyso-
omes. Importantly, these changes were considered nonad-
erse due to their minimal severity , reversibility , and the ab-
sence of any functional impairments in the kidney or liver
[ 49 , 50 ]. 

Discussion 

While several exon-skipping therapeutic approaches for DMD
have emerged, their efficacy has been hampered by challenges

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf241#supplementary-data
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in effectively delivering oligonucleotides to muscles. We have
addressed this challenge by developing the AOC platform that
demonstrates highly efficient and productive oligonucleotide
delivery in skeletal muscle and the heart tissues [ 25 ]. AOC
1044 was developed for treating patients with DMD44 and
is designed to specifically target exon 44 in the DMD pre-
mRNA, using TfR1-mediated delivery to skeletal and car-
diac muscle tissue. AOC 1044 produced durable exposure of
PMO44 to muscle tissue in a dose-dependent manner in NHPs
and in mice. These results are consistent with our previous ob-
servations with siRNA oligonucleotide-conjugated AOCs [ 25 ]
and further substantiate the utility of the TfR1 antibody in
facilitating the efficient delivery of oligonucleotides to mus-
cle and heart tissue. Its efficacy in targeting cardiac muscle is
important because cardiomyopathy accounts for a consider-
able proportion of DMD-related mortality [ 3 , 51 , 52 ]. There-
fore, delivery of PMO44 to the heart provides potential for
increased dystrophin production in this tissue that may im-
prove overall clinical outcomes. 
Therapeutic implications and functional benefits of 
AOC 1044 

Our data confirm that PMO-based exon skipping can in- 
deed restore truncated yet functional dystrophin protein,
as demonstrated by increased dystrophin levels and the 
reformation of the DAPC. This is particularly significant,
as the reformation of DAPC has been identified as essen- 
tial for stabilizing the muscle membrane, mitigating mus- 
cle damage, and preserving contractile function. Moreover,
mAOC 1044 not only restored dystrophin expression in the 
hDMD 

del45 / mdx mouse model, but also improved muscle 
health, as evidenced by reduced serum biomarkers of mus- 
cle damage (e.g. CK, ALT, and AST). These findings sug- 
gest that even partial restoration of dystrophin can yield sig- 
nificant clinical benefits, which is consistent with other pre- 
clinical studies showing that even low levels of dystrophin 

(10%–20% of normal levels) can improve physical perfor- 
mance in functional tests and substantially slow disease pro- 
gression and in DMD animal models [ 53 , 54 ]. In particular,
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he marked dystrophin restoration in cardiac tissue observed
n our study is noteworthy, given that cardiomyopathy is a ma-
or cause of morbidity and mortality in patients with DMD.
he increased cardiac uptake of PMO44 following AOC
elivery offers the potential to address both skeletal muscle
nd cardiac manifestations of the disease, which remains a
ignificant challenge in current exon skipping therapies. 

Additionally, the results from mAOC 23 treatment in the
dx model of DMD demonstrate a uniform distribution of
ystrophin along muscle fibers. This suggests that AOC ther-
py not only restores dystrophin expression but does so in a
omogeneous manner across muscle tissues, which is crucial
or maintaining muscle integrity and preventing localized ar-
as of weakness. This contrasts with gene therapy-based treat-
ents that often do not show homogeneous dystrophin ex-
ression in muscle. 
AOC 1044 also exhibited exon 44 skipping in NHPs, a

harmacologically relevant preclinical species. Repeated dos-
ng demonstrated a sustained effect in all muscle tissues that
ere evaluated, over a prolonged 3-month period. Collec-

ively, these results highlight the broad pharmacological activ-
ty of AOC 1044 in both skeletal and cardiac muscles across
ultiple preclinical species. 
Comparison of AOC 1044 with existing exon 

skipping therapies 

Targeting TfR1 for delivering oligonucleotides into cardiac
and skeletal muscles has been widely recognized for its ther-
apeutic potential in muscular diseases, as demonstrated by
our group and others [ 25 , 26 , 53 , 55 ]. Our findings also
align with the growing body of research supporting antisense
oligonucleotide-mediated exon skipping as a promising ther-
apeutic strategy for DMD [ 56 ]. For example, previous clini-
cal trials with eteplirsen targeting exon 51, casimersen target-
ing exon 45, and golodirsen targeting exon 53 have shown
some success in restoring dystrophin production in patients
with DMD; however, functional efficacy data have not been
successfully produced yet [ 12 , 13 , 15 ]. Unconjugated PMOs,
like the currently approved therapies, require multiple doses
at relatively high PMO concentrations to enable their detec-
tion in tissues and achieve minimal exon skipping ( < 1%). In
contrast, AOC 1044 achieved > 1000 × higher tissue concen-
tration compared to unconjugated PMOs when dosed at the
same PMO level, which substantially increased exon 44 skip-
ping and sustained dystrophin protein restoration for a longer
time. This gives AOC 1044 the potential to provide supe-
rior efficacy and potentially modify disease progression to a
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greater extent compared to unconjugated PMO based thera-
pies, while also reducing dose frequency and making it a more
patient-friendly treatment. 

This enhanced delivery efficiency and dystrophin protein
restoration underscore the advantage of using the AOC plat-
form. AOCs that engage TfR1 expressed in muscle tissues im-
prove the bioavailability and tissue penetration of therapeutic
molecules, addressing a key limitation in existing exon skip-
ping strategies. 

Comparison of AOC 1044 with alternative delivery 

strategies 

While our AOC technology consists of mAbs, alternative
modalities such as antibody fragments (Fabs) have also been
explored. An anti-TfR1-Fab with PMO23 also demonstrated
improved exon skipping compared with the unconjugated
oligonucleotide in mdx mice [ 53 ]. Notably, differences in
study designs and methodologies preclude definitive conclu-
sions or direct comparisons across various technologies. How-
ever, there are a few potential benefits using the AOC plat-
form over Fab-based technology. Fab-based delivery vehicles
can have faster plasma clearance rates due to their smaller size
compared to full-size antibodies, resulting a short half-life in
plasma which can reduce the amount of PMO delivered to tis-
sues. Another potential advantage of using full-size antibod-
ies in the AOC platform is the ability to conjugate multiple
PMOs per antibody. AOC 1044 has an average DAR of about
4, meaning it has about four PMOs attached to each antibody.
Fabs in general have lower DARs, which reduces the amount
of PMO that can be delivered. 

Other strategies aim to improve in vivo delivery and cellu-
lar uptake of PMOs through conjugation to peptides, facili-
tating PMO entry into cells across the cell membrane. These
approaches include peptide–PMO conjugates (PPMOs), such
as cell-penetrating peptides, PMO internalization peptides,
muscle-targeting peptides, and endosomolytic peptides [ 23 ,
24 , 54 , 58 ]. Unfortunately, direct comparison of published
data from different PPMOs in mdx mice is not feasible. How-
ever, the overall pharmacology data are comparable to the
mAOC 23 data shown herein. However, it remains unclear
whether renal toxicity associated with high PPMO doses can
be mitigated without compromising cardiac delivery and ef-
ficacy [ 21 , 24 ]. In contrast, AOC 1044 was well-tolerated in
NHPs for up to 9 months with minimal, treatment-related ef-
fects and no signs of toxicity. 

In summary, our studies with AOC 1044 in NHPs, a phar-
macologically relevant preclinical model, highlight the safety
and efficacy profile of the AOC platform. 

Challenges in exon-skipping evaluation 

Evaluating exon-skipping therapies with precision, sensitivity,
and reproducibility remains a challenge. In non-DMD geno-
types, exon skipping disrupts the dystrophin gene reading
frame rather than restoring it, complicating the evaluation.
Other studies have suggested that DMD transcripts with out-
of-frame mutations are expected to be unstable and prone to
degradation, making accurate measurement more challenging
[ 57 ]. 

Here, we chose to present the data as skipped copies to
avoid any normalization bias. Using ddPCR, a method that
allows precise quantification of transcript levels, we observed
lower exon 44 skipping in healthy NHPs compared to the
hDMD 

del45 / mdx mouse model. We have only shown percent- 
skipping in Fig. 1 A, because in that initial experiment we uti- 
lized RT-qPCR before switching to ddPCR for greater preci- 
sion. Comparative studies with humanized DMD mouse mod- 
els expressing the full-length WT or mutant dystrophin gene 
confirmed that exon skipping is more pronounced in models 
with DMD mutations than in those with the intact WT gene.
Hence, the exon 44 skipping data from hDMD 

del45 / mdx mice 
may have a better predictive value for forecasting skipping in 

human patients with DMD. Data from NHPs may be used to 

confirm activity and PMO delivery with the clinical candidate 
AOC 1044 since the TfR1 antibody has similar affinity to the 
NHP TfR1 receptor. 

Clinical development and broader potential 

The encouraging preclinical results of AOC 1044 sup- 
port its potential as a promising treatment for DMD44.
Preclinical pharmacokinetics and pharmacodynamics data 
in DMD mouse models suggested that PMO44 concen- 
trations > 20 nM in muscle are sufficient to produce at 
least 5% increase in dystrophin production. In this regard,
allometric scaling of monkey plasma and muscle tissue 
pharmacokinetics was used to identify doses of AOC 1044 

in humans that would achieve at least 20 nM muscle tissue 
concentrations. AOC 1044 is currently being evaluated in 

the EXPLORE44 clinical trial for patients with DMD44 

(NCT05670730), with positive preliminary data in Phase 1 / 2 

(https: // aviditybiosciences.investorroom.com / 2024-08-09- 
Avidity-Biosciences-Announces-Positive-AOC-1044-Data- 
Demonstrated-Significant-Increase-of-25-in-Dystrophin- 
Production-and-Reduction-of-Creatine-Kinase-Levels-to- 
Near -Normal-in-People-Living-with-Duchenne-Muscular - 
Dystrophy-Amenable-to-Exon-44-S). Beyond DMD, the 
versatility of AOC therapeutics extends to other muscle 
diseases. Clinical trials for AOC 1001 and AOC 1020 are 
ongoing for myotonic dystrophy type 1 (MARINA-OLE; 
NCT05479981) and facioscapulohumeral muscular dystro- 
phy (FORTITUDE; NCT05747924), respectively. 

Conclusion 

In summary, AOC 1044 offers significant advantages over tra- 
ditional PMO therapies and a promising approach for treat- 
ing DMD44 by achieving enhanced delivery, potent exon skip- 
ping, and sustained dystrophin restoration across multiple tis- 
sues. The favorable safety profile and pharmacological activ- 
ity observed in preclinical models, along with ongoing clin- 
ical trials, suggest that AOC technology may revolutionize 
the treatment of muscular diseases through RNA therapeu- 
tics. These advancements highlight the potential of AOCs to 

provide disease-modifying therapies for a broad spectrum of 
skeletal muscle and cardiac disorders. 
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