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Abstract: Antibody-oligonucleotide conjugate (AOC) affords preferential cell targeting and enhanced cellular uptake of\
antisense oligonucleotide (ASO). Here, we have developed a modular AOC (MAOC) approach based on accurate self-
assembly of separately prepared antibody and ASO modules. Homogeneous multimeric AOC with defined ASO-to-
antibody ratio were generated by L-DNA scaffold mediated precise self-assembly of antibodies and ASOs. The MAOC
approach has been implemented to deliver exon skipping ASOs via transferrin receptor (TfR1) mediated internalization.
We discovered an anti-TfR1 sdAb that can greatly enhance nuclear delivery of ASOs. Cryo-EM structure of the sdAb-
TfR1 complex showed a new epitope that does not overlap with the binding sites of endogenous TfR1 ligands. In vivo
functional analyses of MAOCs with one ASO for single exon skipping and two ASOs for double exon skipping showed
that both ASO concentration and exon skipping efficacy of MAOC in cardiac and skeletal muscles are dramatically
higher than conventional ASOs in the transgenic human TfR1 mouse model. MAOC treatment was well tolerated in
vivo and not associated with any toxicity-related morbidity or mortality. Collectively, our data suggest that the self-
assembled MAOC is a viable option for broadening the therapeutic application of ASO via multi-specific targeting and

\delivery.

J

Introduction

One of the major advances in gene targeting therapy is the
use of anti-sense oligonucleotides (ASOs) to hybridize to a
selected region of mRNA to inhibit translation or skip
mutated exons for disease treatment.'! The best-known
successes are Eteplirsen (marketed as Exondys 51) and
Nusinersen (marketed as Spinraza), both are ASOs for exon
skipping and are the first approved disease-targeting drugs
used in treating the rare neuromuscular disorders Duchenne
muscular dystrophy (DMD)? and spinal muscular atrophy
(SMA) P! respectively. In addition to motor neuron diseases,
two ongoing ASO-based clinical programs have shown
promising results for treating Huntington’s disease, in which
ASOs were used to reduce pathological protein expression.

Additionally, clinical trials of ASOs to treat amyotrophic
lateral sclerosis (ALS), Parkinson’s disease, and Alzheimer’s
disease are under way.” The notion of using ASO to inhibit
target protein expression is highly appealing, as it is, in
principle, possible to design relatively short oligonucleotide
(16-25 bps) to silence or knock down any genes with good
specificity. Furthermore, once ASOs are taken up by cells,
they exhibit the property of being long acting,*®!

Major technical challenges, however, have been in
achieving in vivo stability and targeted cell delivery of ASO.
For addressing in vivo stability, various chemical modifica-
tions of the phosphodiester backbone have been developed
to render the oligonucleotides resistant to nucleases, such as
phosphoramidate,” phosphorothioate (PS),! and phospho-
nate analogs.”’ Furthermore, oligonucleotides with natural
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bases but fundamentally different backbone structures have
been synthesized, such as phosphorodiamidate morpholino
oligomer (PMO)" and locked nucleic acid (LNA).M"! These
unnatural nucleic acid structures can hybridize with natural
DNA and RNA but are not cleavable by natural nucleases
or recognized by any of the known innate immune
receptors.'”? Currently, most of the approved ASO ther-
apeutics are administered as free or GalNAc3 linked
oligonucleotides, or as oligonucleotides encapsulated in lipid
nanoparticle (LNP).["?

Receptor mediated ASO delivery was first demonstrated
by conjugating ASO to the triantennary N-acetyl galactos-
amine (GalNAc3) that can specifically target the asialogly-
coprotein receptor.! Since the asialoglycoprotein receptor
is overexpressed in hepatocytes, GaINAc3-ASOs are gen-
erally limited to liver tissue delivery. The receptor mediated
delivery was made more general with the use of antibody-
oligonucleotide conjugate (AOC), which mimicked the anti-
body-drug conjugate (ADC). The first demonstration of
AOC was that conjugation of thiol-modified oligonucleo-
tides to anti-transferrin receptor 1 (TfR1) antibody modified
with maleimide moiety exhibited about 3-fold higher cell
association than free oligonucleotides.™™! Subsequent appli-
cations of AOCs targeting TfR1 showed >15-fold higher
concentration to muscle tissue than unconjugated siRNA.[%
Furthermore, noncovalent charge-mediated antibody-oligo-
nucleotide association has been demonstrated to carry ASO
to cell via antibody-receptor interaction and exhibited great-
er efficacy than free ASOs.'"! These studies suggest that
AOC holds great potential in achieving cell selective
delivery of ASOs by targeting specific receptor on the cell
surface.

In addition to cell specific delivery, there is the need for
simultaneously targeting multiple genes in the same cell with
an AOC. This need arises from the fact that certain diseases
such as DMD involve multiple different mutations across
different patient populations. DMD is a devastating mono-
genic muscle-wasting disorder caused by various large
deletions and duplications (79 %) spanning more than one
exon in dmd gene." Mutations in the dmd gene result in
the absence of functional dystrophin protein, critical for
stabilizing the sarcolemma within muscle cells. Exon skip-
ping approaches aim to restore the translation reading
frame, yielding a truncated yet functional dystrophin
protein.[') It has been estimated that exon skipping might be
applicable to 65 % DMD patients, with the top three skips
targeting exons 51 (14.0%), 53 (10.1%), and 45 (9.0 %)."
Most other mutations only individually account for less than
2.0 % of the patients, and no ASOs have been developed for
these under-represented populations. Moreover, some
DMD patients have two different mutations.

In this study, by exploiting the accurate base pairing
property of L-DNA, we implemented a multimeric AOC
that is potentially capable of targeting multiple receptors for
increasing specificity while simultaneously carrying different
ASOs with defined stoichiometric ratio. This AOC is formed
with self-assembling modules each comprising a L-DNA
sequence and either single-domain antibody (sdAb) for
receptor binding or ASO for mRNA targeting, and hence
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referred to here as modular AOC (MAOC). We found that
the self-assembled oligomeric MAOC can be internalized
via receptor-mediated endocytosis and its ASO payloads can
be released into nucleus for exon skipping of the dystrophin
gene both in vitro and in vivo. We also showed that a
MAOC that carries two different ASOs can perform double
exon skipping of the dystrophin gene in mice. Our results
suggest that the MAOC platform has the potential to deliver
different ASOs to the same cell for gene therapy in a
targeted manner.

Results and Discussion
The Molecular Format of a Self-Assembled Modular AOC

In earlier study, we found that self-assembling L-DNA can
be used as a linker to conjugate toxin drug to antibody via
either direct formation of chemical bonds or non-covalent
L-DNA base pairing.”” L-DNA has the same base pairing
property of regular D-DNA but is not a substrate of any
nucleases.”! Nor it appears to be recognized by receptors of
the innate immunity.”” In that study, the HER2-targeting
ADC formed with a tetrameric L-DNA scaffold exhibited
favorable receptor-mediated internalization and toxin deliv-
ery properties.”) We hypothesized here that L-DNA
conjugated to commonly used ASO such as PS or PMO may
also be compatible with self-assembly and receptor-binding
mediated internalization of the ASOs. As such, we designed
four separate modules that can self-assemble to form AOC
complexes with the capability of multi-specific receptor and
gene targeting, designated Modular Antibody-Oligonucleo-
tide Conjugate (MAOC).

The designed modules include self-assembling L-DNAs
conjugated to either single-domain antibody (sdAb) or 1-2
PMOs (Figure 1). The sdAb was chosen owing to its
favorable properties of being small, structurally stable,
straightforward for bioconjugation chemistry, and conven-
ient for secreted expression by yeast.™ One sdAb module is
for receptor binding for enhancing cell selectivity and rate of
internalization of the MAOC. The other sdAb module is for
binding to the human serum albumin (HSA), whose
interaction with the neonatal Fc receptor (FcRn) could
direct the MAOC to the FcRn-mediated recycling pathway
and hence significantly improve the MAOC half-life in vivo.
The two ASO modules each contains two PMOs that target
the same gene and together can target a set of two different
gene fragments. In the molecular format in Figure 1, the
four L-DNA chains, designated S1, S2, S3, and S4, have
been optimized to self-assemble to only form a tetramer
(Figure S1). Given the flexibility of the L-DNA scaffold
design, it would be possible to also construct a hexameric
assembly that could carry six PMOs targeting three different
genes. As a proof-of-concept of the MAOC design, we
implemented a self-assembled TfR1-targeting MAOC com-
plex to be applied for exon skipping of the human
dystrophin gene, a proven method for treating patients with
DMD#
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i Properties |

1. Sensitive to DNA-degrading
enzymes

1. Resistant to all nucleases

2. Essentially invisible to innate
immune system 2. Detectable by innate immune
system

3. Cannot hybridize with natural

D-DNA and D-RNA 3. Could hybridize with natural

DNA and RNA

Figure 1. lllustration of the design concept of MAOC. In the figure, D- and L-DNAs are right- and left- handed DNAs, respectively; TfR1 is the
transferrin receptor 1; HSA is human serum albumin; PMO is phosphorodiamidate morpholino oligomer; S1 — S4 represent the four L-DNA

chains that self-assemble to form a holiday junction like tetramer.

Discovery of an Anti-TfR1 sdAb that Does Not Compete with
Transferrin Binding

TfR1 is ubiquitously expressed in most tissue cells with
particularly high abundance in fast proliferating cells such as
most cancer cells.”! Owing to its strong ability to internalize,
which is an essential step of TfR1-mediated cellular iron
uptake, TfR1 has been a favorable receptor target in AOC
engineering.>!*"® To find an optimal anti-TfR1 sdAb for
carrying ASOs, we used a VHH development strategy
involving alpaca immunization with human TfR1 (hTfR1)
and yeast display selection of high-affinity VHH binders
(Figure S2A). Several sdAb clones were found to bind to
hTfR1 with ELISA-derived EC50 of 1-30 nM (Figure S2B).
The one that showed the highest stability, cross-species
reactivities, and binding affinity in the presence of TfRl1
ligand (transferrin) was TfR1-VHH9S5, with a SPR-derived
KD of 0.5 nM (Figure S2C). We also found that a human-
ized version of TfR1-VHHY95 (TfR1-hVHH95) has very
similar binding properties as TfR1-VHHO95 (Figure S2D).

To further validate specific TfR1 binding, we determined
the structure of the anti-TfR1 hVHHO95 in complex with
hTfR1 at 2.5A resolution by cryo-electron microscopy
(cryo-EM). The hVHH95 sdAb binds to each protomer of
the TfR1 homodimer at the crevice between the apical
domain and dimerization domain, resulting in the burial of a
solvent-accessible surface area of 739 A> (Figure 2A). Spe-
cifically, the complementarity determining region 3 (CDR3)
loop plays a pivotal role in recognition, bridging the apical
domain with sdAb residues N102 and Y103 and the
dimerization domain with E106 and R109 (Figure 2B). In
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addition, CDR1 T33 and CDR2NS52 are proximal to the side
chains of TfR1 D245 and Y247, respectively (Figure 2B).
The binding mode of hVHHOS is distinct from that of known
natural ligands of TfR1 and pathogen-TfR1 recognition
(Figure 2C).”"! TfR1 plays a crucial role in cellular iron
uptake by binding to holo-transferrin and facilitating its
internalization. Importantly, the epitope of hVHHO9S is
different from the binding sites of transferrin and other
endogenous ligands such as hemochromatosis protein
(HFE) and heavy-chain ferritin (H—Ft) important for iron
homeostasis,** thus avoiding potential adverse physiolog-
ical consequences associated with competitive inhibition of
endogenous ligand binding. This result is consistent with
competitive ELISA assay which showed that VHH95 could
bind to hTfR1 in the presence of holo-transferrin or HFE
(Figure S3). Another ELISA assay showed that VHH95
could also bind to cyno TfR1 but not mouse TfR1 (Fig-
ure S4). Additionally, a tetrameric hVHH95-TfR1 complex,
comprising ~20% of all complexes, is mediated by a
homotypic VHH interaction between V93 and L114. To the
best of our knowledge, the hVHHO95-hTfR1 complex
structure provides the first high resolution view of TfR1
binding to an antibody fragment.

Construction of a TfR1-Targeting MAOC for Exon Skipping

Having an optimal anti-TfR1 sdAb for receptor-binding
mediated internalization of MAOC, we also developed
several anti-HSA sdAbs with cross-species reactivities as a
half-life extension module using the same strategy as
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Figure 2. Structure of the hVHH95-hTfR1 complex. A, Cryo-EM structure showing VHH binding to each protomer of the TfR1 dimer. The two
protomers are displayed in surface and ribbon representations, respectively. The apical (pink) and dimerization (cyan) domains of the TfR1 are
highlighted in the ribbon structure. The VHH is shown in green. B, Detailed views of the hVHH95-TfR1 binding interface showing the three VHH
CDR loops in blue (CDR1), orange (CDR2), and red (CDR3). Interacting residues are shown as sticks and labeled with the corresponding CDR

colors. C, Comparison of the hVHH95 binding epitope (purple) with the binding sites of known endogenous ligands including transferrin (cyan),

[25a]

hemochromatosis protein (HFE; blue),” and H-ferritin (orange),” as well as with the binding sites of GP1 from the Machupo virus (red)®* and
PvRBP2b from P. vivax (pink).”*¥ D, Cryo-EM structure of the less populated (~20%) tetrameric h\VHH95-TfR1 complex. Top: Homodimeric
interaction between two hVHH95s, shown in yellow and purple, respectively, brings two TfR1 dimers together to form tetramer. Bottom: Detailed
view of hydrophobic interactions of V93 and L114 that mediate hVHH95 antiparallel dimerization.

described above (Figure S2A). The ability of anti-HSA
sdAbs to extend the in vivo serum half-life was evaluated by
fusing the anti-HSA sdAbs to the C terminus of TfRI1-
VHHO5 via a (GGGS)3 linker. The one that showed the
best half-life extension property was HSA-VHH118 (Fig-
ure SSA). SPR data showed that VHH118 binds to HSA
with a KD of 2.82 nM at a neutral pH of 7.4 and 1.62 nM at
an endosomal pH of 5.0 (Figure S5B and S5C). Thus, the
HSA-VHH118 binding was unaffected by endosomal pH, a
precondition for utilizing the FcRn-mediated recycling path-
way.

For preparing the sdAb-(L-DNA) conjugates, we em-
ployed a previously described method for chemically linking
L-DNA and sdAb. In brief, 5-NH2 modified L-DNA

Angew. Chem. 2025, 137, 202415272 (4 of 11)

was reacted with the bifunctional linker SM(PEG)2 to
generate SM(PEG)2-(L-DNA), which was subsequently
conjugated to a C-terminal free Cys of the sdAb under
physiological condition and molar ratio of 1:1-1:2 (Fig-
ure 3A). The desired reaction product was further purified
by sequential steps of nickel affinity chromatography and
ion exchange chromatography (Figure 3B). To prepare the
PMO-(L-DNA) conjugates, we used PMO containing a
cleavable MC-Val-Cit-PAB linker at the 3° end (PMO-MC-
vc-PAB) and L-DNA modified with thiol SS—C6 at both 5
and 3’ ends (Figure 3C). The cleavable MC-Val-Cit-PAB
linker was used to facilitate PMO release from the L-DNA
tetrameric scaffold in lysosome.? The thiol SS—C6 modified
L-DNAs were reduced and mixed with five equivalents of
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Figure 3. Bioconjugation, purification, and self-assembly of the MAOC modules. A, Lefi: Bioconjugation reaction scheme for generating the sdAb-
(L-DNA) module with reactive moieties highlighted in orange. Right: SDS-PAGE of hVHH95 and hVHH95 + S1 reaction product showing the
conjugation efficiency. B, Left: Purification of hVHH95-S1 by ion exchange chromatography (HiTrap Q HP) followed by size exclusion
chromatography (Superdex™ 75 Increase 10/300 GL). Right: SDS-PAGE of hVHH95-S1 after size exclusion chromatography. C, Left: Bioconjugation
reaction scheme for generating the PMO-(L-DNA) module with reactive moieties highlighted in orange. Right: Agarose gel electrophoresis of PMO
+ L-DNA reaction products showing the conjugation efficiency. D, Left: Separation of PMO-conjugated L-DNA from unconjugated PMO by ion
exchange chromatography (HiTrap Q HP) and separation of PMO,-(L-DNA) from PMO,-(L-DNA) by hydrophobic interaction chromatography
(HICap Butyl 4FF). Right: Agarose gel electrophoresis of M22D-S3 and M23D-S4 showing their purity. E, Schematics of all prepared modules for
assembling MAOC-001 and MAOC-002. F, Agarose gel electrophoresis and SDS-PAGE of sdAb-(L-DNA) and PMO-(L-DNA) modules and the
assembled MAOCs. The “Marker” and “MAOC-002" lanes are from the same SDS-PAGE gel. We spliced two lanes together to facilitate the

molecular weight checking of MAOC-002 sample.

PMO-MC-vc-PAB. Since PMO is significantly more hydro-
phobic than L-DNA, the L-DNA conjugated to one or two
PMOs were separated using hydrophobic interaction chro-
matography (Figure 3D).

In the current study, the four self-assembling L-DNA
chains (S1-S4) were each conjugated to sdAb or PMO using
the above conjugation strategies (Figure 3E). The sdAb-(L-
DNA) modules include anti-TfR1-S1 (hVHH95-S1) and
anti-HAS-S2 (VHH118-S2), for receptor binding and half-
life extension, respectively. The PMO-(L-DNA) modules
for single exon skipping include M23D-S3 and M23D-S4,
where M23D stands for the PMO sequence that blocks exon
23 of the mouse dystrophin gene. In addition, we prepared
M22D-S3 and M23D-S4 modules for double skipping of the
mouse dystrophin exons 22 and 23, respectively. After
preparing the above modules, the MAOC for exon skipping,
taking MAOC-002 for example, was constructed by mixing
hVHH95-S1, VHHI118-S2, M23D-S3, and M23D-S4 at
equimolar ratio (Figure 3F).

Angew. Chem. 2025, 137, 202415272 (5 of 11)

Internalization and Nuclear Entry Properties of the Self-
Assembled MAOC

We first compared MAOC internalization with that of free
PMO, sdAb-conjugated PMO, and IgG-conjugated PMO at
the same PMO concentration. In order to distinguish
MAOC that contains L-DNA from free PMO and other
conventional antibody-conjugated PMOs, the PMO (M23D)
was labeled with Alexa Fluor 594 at 5’ end and the L-DNA
chains S2 and S3 were labeled with Cy5.5 at 5° end. The
MAOC assembled for this experiment, designated MAOC-
003, comprised hVHH95-S1, Cy5.5-S2, Cy5.5-S3, and AF
594 modified PMO-S4. The overall PMO distributions of the
four different molecular formats in hTfR1-expressing C2C12
cells were monitored by confocal microscopy over a defined
time. Following a 4-hour incubation, we observed that IgG-
PMO and MAOC exhibited much more robust internal-
ization than unconjugated and sdAb-conjugated PMOs, with
MAOC-003 generating the strongest Alexa Fluor 594 signals
inside the nucleus (Figure 4A). The Alexa Fluor 594 and
Cy5.5 signals of MAOC-003 colocalized well outside the
nucleus (Figure S6A), suggesting that the MAOC-003 was
internalized intact. Consistent with the confocal images, the
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Figure 4. Analysis of internalization and nuclear entry of antibody-PMO conjugates. A, Live-cell imaging of TfR1-humanized C2C12 (hTfR1-C2C12)
cells following a 4 h incubation with fluorescently labeled PMO, BsAb-PMO, 1gG-PMO, and MAOC. The bispecific antibody, BsAb, is the anti-TfR1
hVHHO5 (cyan) fused with the anti-HSA VHH118 (orange); the IgG is the anti-TfR1 monoclonal antibody 13E4;?” the MAOC-003 is assembled with
hVHH95-S1, Cy5.5-S2, Cy5.5-S3, and AF 594 modified PMO-S4. The PMOs are labeled with Alexa Fluor 594 (red), and the L-DNAs, S2 and S3, are
labeled with Cy5.5 (assigned to green to be distinct from red). B, Lysosomal entry of hVHH95 labeled with pHrodo™ Red (hWHH95-pHrodo) as
reported by low-pH induced red fluorescence in lysosome. The plots are time courses of pHrodo™ fluorescence intensity after treating the hTfR1-
C2C12 cells with various concentrations of hVHH95-pHrodo. Data represents mean =+ SEM of 3 technical replicates. C, Time-lapse images of the
hTfR1-C2C12 cells after incubating with 100 nM of the MAOC in (a) for 10 min, 30 min, and 4 h, showing different time-dependent cellular
distribution of the PMO (Alexa Fluor 594) and L-DNA (Cy5.5) components despite being covalently linked initially. D, Nuclear entry of PMO. Lef:
Imaris reconstruction of the DAPI channel showing nuclear entry of PMO following treatment with unconjugated PMO or MAOC. Right: 3D
reconstruction maps of MAOC-treated hTfR1-C2C12 cells at 0.5 h and 4 h, showing PMO inside the nucleus (red), PMO outside the nucleus (red),
L-DNA (green), and the nucleus (light blue).

hVHHY5 with a pH-sensitive fluorescent dye (pHrodoTM  (Figure 4B). We further examined nuclear entry of MAOC-
Red) also showed that the majority of the hWVHHO95 delivery ~ 003 at the 4-hour time point by confocal microscopy. We
to late endosome or lysosome have been achieved in 4 hours  observed that at 30 min, both Alexa Fluor 594 (L-DNA)
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and Cy5.5 (PMO) signals are inside the cell and outside of
the nucleus. But, after 4 hours, very robust Alexa Fluor 594
signals appeared inside the nucleus while Cy5.5 remained
outside (Figure 4C and Figure S6B), indicating that the
PMO components of the MAOC were separated from the
L-DNA scaffold for endosomal/lysosomal escape and
nuclear entry. Similar results were obtained with super-
resolution microscopy using the Airyscan 2 system. To
quantify the amount of PMO entry into the nucleus, we
employed Imaris software to construct 3D models and
calculated the nuclear incorporation efficiency to be approx-
imately 31.4% by measuring the volume of fluorescence
incorporated within the nuclear 3D model (Figure 4D).

Gene Targeting Function of the Self-Assembled MAOC in Vitro
and in Vivo

We next investigated the exon skipping property of MAOC
in vitro using a mouse myoblast cell line C2C12 that
expresses hTfR1. For the exon skipping experiment,
MAOC-001 complex (defined in Figure 3E) and M23D
(unconjugated PMO) were applied to the cells at increasing
dose of 4, 20, 100, and 500 nM. In both cases, the dose
described refers to the dose of the PMO component of the
test articles. Both MAOC-001 and unconjugated M23D
caused partial skipping of exon 23, resulting in a PCR
product of 334 bp, which is 213 bp smaller than the

m23D
M23D(nM) 4 20 _100 _ _ 500

700 bp |

500 bp | 547 bp DMD WT
350 bp -| 334 bp A exon 23
250 bp |

M23D(nM) _4 20 _100 _ 500

Exon 23 PMO Conc.
(ng/g tissue)

Vehicle

Forschungsartikel

M23D  MAOCC-001
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endogenous dystrophin gene (Figure SA and 5B). However,
MAOC-001 clearly outperformed M23D in exon skipping
efficiency, especially at low PMO concentrations of 4 and
20nM (Figure SA and 5B). This result indicates that
receptor binding can substantially enhance PMO delivery to
the nucleus where splicing occurs, consistent with the above
internalization results and previous reports of enhanced
delivery of AOQCs.[>1617]

To examine whether MAOC also shows superior exon
skipping in vivo, we administered a single dose of 20 mg/kg
unconjugated M23D or MAOC-001 intravenously to trans-
genic mice with human TfR1 (C57BL/6), followed by tissue-
specific analyses of PMO concentration and exon skipping
on day 7 and 14 post dosing (Figure 5C and 5D). Again, in
this experiment, the dose described refers to the dose of the
PMO components in the two test articles (not including the
mass from sdAbs, L-DNAs, or linkers). The in vivo data
showed an even more drastic improvement of MAOC-001
over unconjugated M23D. Among the tissues analyzed, the
enhancement of PMO delivery by MAOC-001 is most
pronounced for heart, diaphragm, tibialis anterior, and
soleus. For these tissues, the M23D induced exon skipping
was too low to be measured on day 14 whereas MAOC-001
induced exon skipping remained at a robust level of 10—
30 %. Overall, the PMO concentration and exon skipping
delivered by MAOC-001 are correlated, both showing
reduced levels from day 7 to 14. Notably, however, the
decay of exon skipping is much slower than that of PMO

o
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Figure 5. Comparison of in vitro and in vivo efficacies of unconjugated PMO and MAOC-001 in dmd exon skipping. A, Nested PCR analysis of dmd
exon 23 skipping in hTfR1-C2C12 cells treated with unconjugated M23D or MAOC-001 with equivalent amount of M23D. Representative agarose
gels showing nested PCR of wild type (547 bp) or exon 23 skipped (334 bp) transcripts. B, Percentage of exon 23 skipping was calculated as the
intensity ratio of the 334 bp band to that of the 547 bp band in (A). The band intensities were quantified using the Image Lab software (Bio-Rad).
C, Tissue-specific PMO exposure in TfR1-humanized C57BL/6 mice after a single tail vein injection of unconjugated M23D or MAOC-001 with
equivalent amount of M23D. PMO exposure was measured using hybridization enzyme-linked immunosorbent assay? on days 7 and 14. D,
Tissue-specific exon 23 skipping in TfR1-humanized C57BL/6 mice after a single tail vein injection of unconjugated M23D or MAOC-001 with
equivalent amount of M23D. Percentage of exon 23 skipping was measured using the same method as in (A) and (B). Significance was determined
by two-way ANOVA and Sidék’s multiple comparisons test. Data represent mean & SD. *P < 0.0332, **P < 0.0021, ***P < 0.0002, **¥+*P < 0.0001
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concentration in gastrocnemius and tibialis anterior as the
measured PMO concentration plummeted by more than 3
folds from day 7 to 14 when exon skipping only decreased
by ~30 %, suggesting that once the PMO is delivered to the
site of action within the cells, its acting time can be much
longer than indicated by its half-life in the tissue.

Construction of a Self-Assembled MAOC for Double Exon
Skipping

Encouraged by the above in vivo data of the single exon
targeting MAOC, we sought to further explore the possi-
bility of precision delivery of two different types of PMOs
for skipping two different exons within the same cell.
Combinatorial assembly of multiple ASOs for targeted
delivery was the original motivation of developing MAOC.
By exploiting the modularity of the MAOC approach, we
assembled a MAOC complex for dual targeting of exons 22
and 23, designated MAOC-002 (Figure 3E). The purity of
the assembled tetrameric MAOC-002 was verified by SDS-
PAGE to be >95 % (Figure 3F).

For testing double exon skipping in vivo, the TfR1-
humanized C57BL/6 mice were administered a single dose
of vehicle, unconjugated M22D +M23D combination (600
nmol/kg each), or MAOC-002 (600 nmol/kg) intravenously,
followed by tissue-specific analyses of PMO concentration
and exon skipping on day 4, 7, 14, and 21 post dosing. M22D
and M23D exposures in muscle tissues were measured using
phosphorothioate/DNA reverse complement capture probes
for M22D and M23D, respectively. In the MAOC-002 study
group, both M22D and M23D were efficiently delivered in
all skeletal and cardiac muscle tissues analyzed, and the
exposure levels of M22D and M23D were quite close at all
time points (Figure 6A), suggesting that MAOC-002 was
able to efficiently deliver two different types of PMOs to the
same cell. Dramatically lower levels of PMO were measured
in the unconjugated M22D +M23D combination group.
Moreover, the M22D and M23D exposure levels were not
strongly correlated, especially in tissues far from heart such
as quadriceps, gastrocnemius, and tibialis anterior (Fig-
ure 6A), suggesting that targeting two genes with separate
ASOs is much less efficient than using linked ASOs.

Double exon skipping was assessed using nested PCR
and agarose gels as described above. We observed both
single and double exon skipping occurrences in mice in the
two test study groups. The PCR product of the wild-type
DMD was dominant with an expected size of 547 bps.
Skipping single exon 23 produced a 334 bp PCR product
while double skipping of exons 22 and 23 resulted in a
product with 188 bps. In addition, the DMD product with
single skipping of exon 22 (401 bps) was also observed in
some tissues (Figure S7). The sequencing data confirmed the
correct sequence in the skipped and wild type products
(Figure 6B). We found that in the MAOC-002 study group,
very robust double exon skipping could be measured in
most of the tissues even on day 21, whereas the uncon-
jugated M22D +M23D combination group showed very
minimal double exon skipping in some of the tissues only
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within 14 days (Figure 6C). Particularly in heart tissue, the
double exon skipping activity of MAOC-002 remained in an
upward trend from day 4 to 21 despite decreasing PMO
concentration. It is worth mentioning that the percentage of
double exon skipping among total exon skipping (including
single and double exon skipping) in the MAOC-002 study
group is higher than that of the unconjugated M22D +
M23D combination group (Figure S7), suggesting that
MAOC has compelling advantages on precision delivery of
multiple oligonucleotides to the same cell.

Conclusion

We have demonstrated that the method of L-DNA medi-
ated self-assembly of modular AOCs can link multispecific
sdAbs to multiple types of ASOs with defined stoichiometric
ratio, and that the resulting multimeric AOC complex can
be delivered in mice for simultaneous skipping of two
different exons in the dmd gene for regaining expression of
the dystrophin protein. ASO can be used to modulate gene
expression through a variety of mechanisms. In the nucleus,
it can redirect pre-mRNA polyadenylation to increase gene
expression,” skip exons to restore expression of mutated
genes,P” or block an exon or intron, which leads to RNA
cleavage by RNase H, to downregulate gene expression.l!!
In the cytoplasm, ASO hybridizing with mature mRNA can
reduce protein expression by disrupting ribosomal assembly
at the 5’ cap to inhibit translation®™ or by recruiting RNase
H for mRNA cleavage.’! Given the diverse mechanisms by
which ASO can modulate gene expression, its targeted and
versatile delivery holds great potential in suppressing
difficult-to-target oncogenic proteins such as transcription
factors and risk factors in neurodegenerative diseases. The
MAOC platform offers a convenient avenue for multi-
specific targeting of cells and multispecific manipulation of
genes for testing preclinical and clinical hypotheses.

The primary challenges of oligonucleotide-based drugs
have been productive tissue delivery and uptake efficiency.
Many therapeutic applications will also benefit from delivery
of multiple different ASOs for simultaneous down regula-
tion of multiple target genes. While the self-assembled L-
DNA scaffold affords the opportunity to deliver multiple
different ASOs to knock down multiple genes, it was not
clear if the large L-DNA tetramer can be used to deliver
the hydrophobic PMOs for nuclear entry via the lysosomal
pathway. Our internalization experiments have shown that
the self-assembled anti-TfR1 MAOC can achieve similar
PMO delivery efficiency as the anti-TfR1 IgG-PMO con-
jugate. Notably, while co-localized L-DNA and PMO
fluorescent spots in the context of the intact MAOC were
observed in the cytoplasm, only PMO fluorescence was
detected within the cell nucleus, indicating very minimal L-
DNA translocation into the nucleus. Nanobody conjugation
to L-DNA has previously been documented to enhance the
resolution of intranuclear detection.” Thus, the electro-
static influence on L-DNA nuclear entry is likely negligible.
We posit that the barrier to L-DNA nuclear entry is
attributed mostly to the structured tetrameric L-DNA
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Figure 6. Comparison of in vivo efficacies of unconjugated PMO and MAOC-002 in double dmd exon skipping. A, Tissue-specific PMO exposure in
TfR1-humanized C57BL/6 mice after a single tail vein injection of vehicle, unconjugated M22D + M23D or MAOC-002 with equivalent amounts of
M22D and M23D. PMO exposure was measured using hybridization enzyme-linked immunosorbent assay on days 4, 7, 14, and 21. B, Sequencing
data of fragments from the wild type and exon-skipped PCR products of skeletal and cardiac muscles. The arrows indicate the position of skipped
exons. C, Tissue-specific exons 22 and 23 skipping in TfR1-humanized C57BL/6 mice after a single tail vein injection of vehicle, unconjugated
M22D + M23D or MAOC-002 with equivalent amounts of M22D and M23D. The percentage of double exon skipping was measured using nested
PCR and Image Lab software as described above. Significance was determined by two-way ANOVA and Siddk’s multiple comparisons test. Data

represent mean 4 SD. *P < 0.0332, **P < 0.0021, ***P < 0.0002, ****P < 0.0001.

scaffold though the structural basis is yet to be character-
ized. In contrast, PMOs are released from MAOC after
linker cleavage and can traverse the NPC unhindered.
Therefore, we hypothesize that MAOC undergoes stepwise
dissociation akin to a “rocket” during orbit entry, i.e.,
detachment of the MAOC scaffold during lysosomal escape,
allowing free PMOs to enter the nucleus to regulate gene
transcription. Moreover, the inclusion of the anti-HSA sdAb
module in MAOC is expected to improved plasma pharma-
cokinetic properties by binding to endogenous albumin
during systemic circulation and by FcRn-mediated drug
recycling.

The TfR1 binding mediated ASO internalization has
been exploited largely in the context of IgG or ligand. Our
finding showed that a sdAb binding to TfR1 that does not
overlap with any of the natural ligand binding sites can
equally facilitate internalization via the TfR1 recycling

Angew. Chem. 2025, 137, 202415272 (9 of 11)

pathway. Furthermore, the unique epitope of our anti-TfR1
sdAb avoids potential interference with transferrin-medi-
ated iron uptake and other physiological function of the
TfR1 receptor. Moreover, during cryo-EM single particle
classification, we unexpectedly discovered a tetrameric
hVHHO95/TfR1 complex (~20%) mediated by hVHH95
dimerization, suggesting a potential clustering mechanism in
receptor-mediated MAOC internalization. The hVHH95
homodimerization could enhance its binding affinity with
TfR1 by avidity and thereby promote the intracellular
delivery of MAOC by TfRI1.

The accurate self-assembling property of the MAOC
allows for flexible replacement of its sdAb or ASO
components to meet specific requirements of a disease
treatment. Moreover, the production of the MAOC is also
modularized with each assembling module prepared and
preserved separately, which greatly simplifies the making of
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highly complicated AOCs, e.g., AOCs with bispecific
receptor binding and double or triple gene targeting. The
sdAbs of MAOC are produced using the pichia pastoris
expression system, which is cheaper to operate than most
mammalian expression systems. We also found that the
conjugation chemistry for linking L-DNA to sdAbs and
PMO are straightforward and efficient, with conjugation
yields of 70-90 % and 95-99 %, respectively.

In conclusion, our study demonstrates the feasibility of
delivering ASOs in a multispecific receptor- and gene-
targeted manner using the MAOC approach. To date, there
are 15 FDA approved ASO drugs, all with rare genetic
disease indications (ClinicalTrials.gov). In addition to rare
diseases, there have been 195 registered clinical trials of
ASO drugs for cancer treatments. Although most of these
trials did not show significantly improved progress-free
survival, complete or partial response have been observed in
many patients, i.e., 15 have advanced to phase 2/3 thus far.’!
The potential of ASO in cancer treatment has been limited
by two major factors.’ One is the low specificity and
efficiency of drug delivery which, as shown in Figures 4-6,
can be partially addressed by antibody conjugation. Since
the mode of antibody binding to a receptor could strongly
influence its internalization, the receptor binding module of
MAOC could be used to screen various sdAb clones to
identify the one that supports the highest rate of internal-
ization of the PMO modules. The other is the complex
nature of cancer that requires simultaneous targeting of
multiple genes within the same cell.® In this case, the self-
assembling nature and combinatorial flexibility of the
MAOC method could afford rapid hypothesis testing of
combination gene targeting. Thus, the MAOC represents a
versatile research tool for modulating gene expression but
also exhibits in vivo properties compatible with future
clinical trials.
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