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DNA/RNA heteroduplex technology with cationic
oligopeptide reduces class-related adverse
effects of nucleic acid drugs
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Antisense oligonucleotides (ASOs) are a therapeutic modality
for incurable diseases. However, systemic injection of
gapmer-type ASOs causes class-related toxicities, including
prolongation of activated partial thromboplastin time (aPTT)
and thrombocytopenia. We previously reported that choles-
terol-conjugated DNA/RNA heteroduplex oligonucleotides
(Chol-HDOs) exhibit significantly enhanced gene-silencing ef-
fects compared to ASOs, even in the central nervous system, by
crossing the blood-brain barrier. In the present study, we
initially evaluated the effect of the HDO structure on class-
related toxicities. The HDO structure ameliorated the class-
related toxicities associated with ASOs, but they remained to
some extent. As a further antidote, we have developed artificial
cationic oligopeptides, L-2,4-diaminobutanoic acid oligomers
(DabOs), which bind to the phosphates in the major groove
of the A-type double-helical structure of HDOs. The DabO/
Chol-HDO complex showed significantly improved aPTT pro-
longation and thrombocytopenia in mice while maintaining
gene-silencing efficacy. Moreover, the conjugation with
DabOs effectively prevented cerebral infarction, a condition
frequently observed in mice intravenously injected with high-
dose Chol-HDO. These approaches, combining HDO technol-
ogy with DabOs, offer distinct advantages over conventional
strategies in reducing toxicities. Consequently, the DabO/
HDO complex represents a promising platform for overcoming
the class-related toxicities associated with therapeutic ASOs.

INTRODUCTION
Antisense oligonucleotides (ASOs) represent a therapeutic platform
for incurable diseases, including neurodegenerative diseases.
Although several ASOs have been marketed so far, systemic adminis-
tration of high-dose ASOs can cause various side effects.1–4 The po-
tential adverse effects of gapmer-type ASOs are classified into two cat-
egories: hybridization-dependent toxicities due to on- or off-target
effects and hybridization-independent toxicities due to non-antisense
M
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effects of ASOs including non-specific binding to various proteins
and proinflammatory activity.5 ASO hybridization-dependent toxic-
ities are caused by the binding of ASOs to RNAwith similar sequences
to that of the target RNA. On the contrary, ASO hybridization-inde-
pendent toxicities are sequence independent and class related,
accounting for most of the observed toxicities. These class-related
toxicities, such as thrombocytopenia and activated partial thrombo-
plastin time (aPTT) prolongation, are demonstrated in a drug-con-
centration-dependent manner1,4 and thus lead to safety concerns
about high-dose systemic administration of ASOs.

We have developed lipid-conjugated heteroduplex oligonucleotides
(HDOs), which produce much higher gene-silencing effects of target
RNA than ASOs by systemic administration.6,7 HDOs consist of the
DNA strand and the complementary RNA strand (cRNA), and the
center gap portion of DNA/RNA is recognized and cleaved by endog-
enous RNase H, making the parent ASO released to be active. In addi-
tion, HDOs can conjugate various ligands at the cRNA strand without
affecting the efficacy of ASO strands. The high effectiveness of choles-
terol-conjugated HDOs (Chol-HDOs) can be attributed to its
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r Inc. on behalf of The American Society of Gene and Cell Therapy.

1

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2024.102289
mailto:t-naga.nuro@tmd.ac.jp
mailto:haranuro@tmd.ac.jp
mailto:tak-yokota.nuro@tmd.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2024.102289&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Effects of ASO and HDO on activated partial thromboplastin times

(A–C) Effects on activated partial thromboplastin time (aPTT) of 14-mer ASO and HDO targeting Scarb1 mRNA (A), 16-mer ASO and HDO targeting Hdac2 mRNA (B), and

16-mer ASO and HDO targetingMalat1 RNA (C). The dotted line represents aPTT of human plasma without adding any ASO or HDO. (D) aPTT in mice intravenously injected

with 16-mer ASO and HDO targetingMalat1 RNA (20 mg/kg as the parent ASO). (E and F) Effects on complement activation of 16-mer ASO and HDO targetingMalat1 RNA

(E) and 20-mer ASO and HDO targetingMalat1 RNA (F). (G) Binding curves of 16-mer ASO and HDO to human factor H. Data are presented asmean ± SEM, n = 3 per group;

N.S., not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to ASO. In (A)–(C), aPTTs in ASO and HDO with the same concentrations are statistically

compared. In (D)–(F), only the statistical comparison between ASO and HDO among the multiple comparisons is described.
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increased blood retention in vivo, leading to higher drug concentra-
tions in the tissues and more effective cellular uptake than ASOs.6–8

Intriguingly, Chol-HDOs achieve effective gene knockdown in the
central nervous system (CNS) by crossing the blood-brain barrier
(BBB), and genes even in deep brain regions can be effectively in-
hibited by systemic injection.7 There have been some challenges
regarding oligonucleotide therapeutics targeting neurodegenerative
diseases. For example, one approved antisense drug, nusinersen,
and other drug candidates for various neurodegenerative diseases
require intrathecal administration,9–12 subjecting patients to lifelong
invasive procedures. Furthermore, despite the direct intrathecal
administration of ASOs into the CNS, they are poorly distributed
2 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
to deep brain regions.13,14 The HDO technology can overcome these
limitations of ASOs and hence is a promising therapeutic modality for
neurodegenerative diseases. However, gene inhibition in the CNS re-
quires high-dose intravenous administration of Chol-HDOs, which
sometimes causes severe side effects, including focal brain necrosis.7

L-2,4-Diaminobutanoic acid (Dab) oligomers (DabOs) were devel-
oped as artificial cationic peptides binding to the major groove of
RNA/RNA duplexes.15 Various cationic amino acid oligomers were
synthesized, and Dab, which has an aminoethyl side chain, was the
most suitable for increasing the stability of the RNA/RNA duplex.15

Their mixture spontaneously formed the complex of DabOs and



Figure 2. Structures of Dab oligomers used in this study
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RNA/RNA duplexes, and DabOs also increased the nuclease resis-
tance of small interfering RNA without disturbing RNAi activity.16

DNA/RNA duplex forms an A-type double-helical structure as
well,17 and thus DabOs are expected to bind to DNA/RNA duplex.18

Indeed, DabOs can enhance RNase A resistance of DNA/RNA
duplex, but interestingly they also increase RNase H activity.18

Remarkably, the binding affinity of DabOs to the A-type double-he-
lical structure far exceeds that of just an electrostatic interaction.
Consequently, in the complex of DabOs and RNA/RNA or DNA/
RNA duplexes, the N/P ratio, i.e., the stoichiometric ratio of the num-
ber of cationic groups (N, typically amino and guanidino groups) to
that of anionic groups (P, typically phosphodiester and phosphoro-
thioate groups in oligonucleotides), is much lower than that of the
previously reported cationic molecules.19–21 Given that many cations
potentially result in toxicity,22 DabOs have an advantage of safety in
developing therapeutic oligonucleotide drugs.

In this study, we initially evaluated the ASO class-related toxicities in
HDOs. Moreover, we studied the pharmacological profiles of the
DabO/Chol-HDO complex, which is a markedly distinct approach
compared to the conventional strategy employed for enhancing the
therapeutic potential of oligonucleotide drugs such as backbone or
sugar modifications.
RESULTS
The effect of HDO formation on class-related toxicities

We initially evaluated the class-related toxicities of ASOs in HDOs.
Effects of ASOs and HDOs with the same sequence on aPTT and
complement activation were investigated (Figure 1). In ex vivo assay,
phosphorothioate (PS)-ASO demonstrated dose-dependent aPTT
prolongation as previously reported,1,2,23 and HDO also demon-
strated dose-dependent aPTT prolongation. The aPTT prolongation
caused by ASOs is in a PS-related manner,24,25 and HDOs contain
PS modifications in both ASO and cRNA strands (Table S1). Howev-
er, intriguingly, HDOs demonstrated a similar or shorter aPTT
compared to ASOs with the same concentration despite having an
increased number of PS modifications (Figures 1A–1C). In the in vivo
experiment, although the HDO technology improved prolonged
aPTT after intravenous ASO injection (20 mg/kg as the parent
ASO), it remained to some extent (Figure 1D). Moreover, we assessed
the effect of HDO formation on complement activation as another
class-related toxicity. We measured C3a levels by ELISA using
ASOs and HDOs in different base lengths. HDOs significantly
decreased C3a levels compared to ASOs in both base lengths in the
ex vivo assay (Figures 1E and 1F). To address the mechanisms of
reducing toxicities, we evaluated the binding affinities of ASOs and
HDOs with human factor H, which is associated with complement
activation.26 A fluorescence polarization assay showed that HDOs
have approximately 10-fold reduced binding affinity with human fac-
tor H compared to ASOs (Figure 1G).

Dab oligomers bind to HDOor ligand-conjugatedHDObut not to

ASO

We previously showed that DabOs (Figure 2) bind to natural DNA/
RNA duplex and increase the thermal stability more than other
cationic oligopeptides, including the octamer of L-lysine.18 Also, we
confirmed that DabO increases Tm values of Chol-HDO more than
the octamer of L-lysine (Figures S1A and S1B). Here, we evaluated
the binding of DabOs to ligand-conjugated HDOs with gapmer-
type ASOs with locked nucleic acid at the wing by electrophoresis
(Figure 3). 16-mer Chol-HDO targeting for metastasis-associated
lung adenocarcinoma transcript 1 (Malat1) RNA and 20-mer Chol-
HDO targeting for superoxide dismutase 1 (SOD1) mRNA were de-
signed, and their bindings with DabOs (Dab8, Dab12, and Dab16)
were evaluated (Figure 3A and Table S1). Their parent ASO se-
quences were identical to those in previous reports.7,27 We first
confirmed the binding specificity of DabOs to Chol-HDOs compared
to ASOs using Alexa 647-labeled 16-mer ASO and Chol-HDO target-
ing for mouse Malat1 RNA and 50 fluorescein (FAM)-labeled Dab12
(Figure 3B). Most of the ASO did not change electrophoretic mobility
despite adding Dab12, and most Dab12 were stacked in the well. In
contrast, the mixture of Dab12 and Chol-HDO showed merged
bands, and the bands corresponding to Chol-HDO disappeared as
the amount of DabO increased. These results suggest that DabOs
do not strongly bind to ASOs but specifically to Chol-HDOs. We
also compared the binding property of Chol-HDO with Dab12 to
that of Chol-HDO with the dodecamer of L-lysine (Lys12)
(Figures S1C–S1E). The KD (dissociation constant) value between
Dab12 and Chol-HDO was lower than that between Lys12 and
Chol-HDO, suggesting the superiority of DabOs in the binding affin-
ity to Chol-HDO. In the following, themixingmolar ratio was defined
as the molar ratio of DabOs to Chol-HDOs in the DabO/Chol-HDO
complex.

We then evaluated the complex formation of DabOs with different
lengths and non-fluorescence-labeled ligand-conjugated HDOs with
different base lengths by electrophoresis. In this assay, 20–60 pmol
of DabOs were added to 20 pmol of Chol-HDO to form DabO/
Chol-HDO complex with different mixing molar ratios (1:1–3:1).
For 16-mer Chol-HDO, the upper band representing the complex
formation with DabO was weaker in Dab8/Chol-HDO than in
Dab12/Chol-HDO complex by a visual assessment (Figure 3C). To
quantitatively evaluate the binding affinity, the fraction of DabO/
Chol-HDO complex was determined using the equation: bound/
(bound + unbound). The fraction of the complex was then plotted
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 3
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Figure 3. Electrophoresis of ligand-conjugated HDO

and Dab oligomer/ligand-conjugated HDO complex

(A) Structures of the ligand-conjugated HDOs. The

desired lipid is conjugated to the 50 end of the cRNA

strand of the HDO. (B) Electrophoresis of 20 pmol of FAM-

labeled Dab12/Alexa 647-labeled Chol-HDO (left panel)

and 20 pmol of FAM-labeled Dab12/Alexa 647-labeled

ASO mixture (right panel) in a non-denaturing acrylamide

gel. The mixture of Dab12 and Chol-HDO showed a

merged band (yellow bands), while ASO (red bands) and

Dab12 (green bands) did not show a merged band. (C)

Electrophoresis of DabOs/16-mer Chol-HDO complex

targeting Malat1 RNA in non-denaturing acrylamide gel

with post-staining. DabOs were added to 20 pmol of

Chol-HDO and incubated for 30 min at room

temperature to form a complex. For Dab16/Chol-HDO

complex, the image for the wells is also shown above

the dotted line. (D) Binding curves of Dab8 and Dab12

to 16-mer Chol-HDO. (E) Electrophoresis of DabOs/20-

mer Chol-HDO complex targeting SOD1 mRNA in non-

denaturing acrylamide gel with post-staining. DabOs

were added to 20 pmol of Chol-HDO and incubated for

30 min at room temperature to form a complex. For

Dab16/Chol-HDO complex, the image for the wells is

also shown above the dotted line. (F) Binding curves of

Dab8, Dab12, and Dab16 to 20-mer Chol-HDO.
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versus the concentration of DabO, and KD values were calculated
(Figure 3D).28 This analysis demonstrated a stronger binding affinity
of Dab12 than Dab8 to Chol-HDO. On the contrary, the complex of
16-mer Chol-HDO with excessive Dab16 relative to Chol-HDO was
not electrophoresed (Figure 3C). Based on these results, Dab12
seemed a more optimal peptide length than Dab8 and Dab16 for
16-mer Chol-HDO in terms of the binding affinity. For 20-mer
Chol-HDO, the lower band representing non-combined Chol-HDO
disappeared in lanes where the Dab16/Chol-HDO complex at a mix-
ing molar ratio of more than 1.75:1 was applied (Figure 3E).
Conversely, the lower band representing non-combined Chol-HDO
did not disappear even in lanes where the Dab8 or Dab12/Chol-
HDO complex at a mixing molar ratio of 3:1 was applied by a visual
assessment (Figure 3E). A quantitative analysis of the gel also indi-
cated the stronger binding affinity of Dab16 compared to Dab8 and
Dab12 (Figure 3F). These results indicated that Dab16 seemed to
be a more optimal peptide length than Dab12 for 20-mer Chol-
HDO in terms of the binding affinity. Taken together, Chol-HDO
4 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
with different nucleotide lengths may have an
optimal length of DabOs and an optimal molar
ratio to DabOs.

Competitive binding assay of Daboligomers

with different lengths to Chol-HDOs by

FRET technique

We also confirmed the binding property of
DabOs by using the fluorescence resonance en-
ergy transfer (FRET) technique (Figure S2).
Alexa 568-labeled Chol-HDO and FAM-labeled
Dab12 were used in this experiment. Before the experiments, we
confirmed the energy transfer using these fluorescent groups in PBS
(Figure S2A). Next, we evaluated the relative strength of DabOs bind-
ing to 16-mer Chol-HDO. First, Alexa 568-labeled 16-mer Chol-
HDO and non-fluorescence-labeled Dab8 or Dab12 were incubated,
and FAM-labeled Dab12 was then added. FRET signal was analyzed
at 20 min after adding FAM-labeled Dab12 by an i-control instru-
ment (Tecan, Männedorf, Switzerland).21 A high FRET signal will
be observed if the added FAM-labeled Dab12 replaces the pre-bind-
ing non-labeled DabOs (Figure S2B). FRET signal was smaller in
the Dab12 pre-incubated groups than in Dab8 pre-incubated groups,
suggesting that binding strength of Dab12 to Chol-HDO was greater
than that of Dab8 (Figure S2C). The FRET signal in an equimolar
amount of Dab8 pre-incubated group was the same as that in the con-
trol group, which can be explained by the binding capacity of the ma-
jor groove (Figure S2D). The major groove of 16-mer HDO consists
of about 16 phosphate or phosphorothioate groups. Therefore, a mole
of Dab8 cannot occupy the major groove, and FAM-Dab12 can bind



Figure 4. Ex vivo or in vivo effects of Chol-HDO and Dab oligomer/Chol-HDO complex on activated partial thromboplastin times

(A) Effects of ASO and Chol-HDO in different concentrations on aPTT in normal human plasma. The dotted line represents aPTT of human plasma without adding any ASO,

Chol-HDO, or DabO/Chol-HDO complex. (B–F) Effects of DabOs/Chol-HDO complex on aPTT. (B andC) DabOs/16-mer Chol-HDO complex targetingMalat1RNA. (B) aPTT

was significantly shorter in Dab12, 14, or 16/Chol-HDO complex at the mixing molar ratio of 1:1 than in Chol-HDO only. (C) aPTT was significantly shorter in Dab10 or 12/

Chol-HDO complex (2:1) than in Chol-HDO only, while turbidity was observed in Dab14 or 16/Chol-HDO complex solution. (D) DabOs/16-mer Chol-HDO complex targeting

DmpkmRNA. aPTT was significantly shorter in Dab12, 14, or 16/Chol-HDO complex (1:1) than in Chol-HDO. (E and F) DabOs/20-mer Chol-HDO complex targeting human

SOD1mRNA. aPTTwas significantly shorter in Dab10, 12, 14, or 16/Chol-HDO complex (1:1 or 2:1) than in Chol-HDO. Dab14/Chol-HDO complex (2:1) showed the shortest

aPTT. Results are expressed as mean ± SEM; n = 3 per group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to Chol-HDOwith the same concentrations. NE,

not examined due to aggregates identified by visual observation. Dab X eq represents the X molar equivalents of Dab oligomers to Chol-HDO.
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to the major groove together with non-labeled Dab8 (Figure S2D, up-
per panel), while two moles of Dab8 can occupy the major groove
(Figure S2D, lower panel). In Dab12 pre-incubated groups, the
FRET signal became smaller as the mixing molar ratio of unlabeled
Dab12 increased from 1:1 to 3:1 (Figure S2C). These results indicate
that length/dose dependencies of the binding potential of DabOs were
consistent with the aforementioned results of electrophoresis.
Dab oligomer/Chol-HDO complex ameliorates prolonged aPTT

ex vivo

To investigate the mitigating effect of DabOs on class-related toxic-
ities, we focused on the prolongation of aPTT caused by PS-
ASOs.1,2,23We evaluated the effect of the DabOs/Chol-HDO complex
on aPTT (Figure 4). ASO and Chol-HDO targeting mouse Malat1
RNA showed dose-dependent aPTT prolongation (Figure 4A).
Intriguingly, the complex of 16-mer Chol-HDO and Dab12, Dab14,
or Dab16 at the mixing molar ratio of 1:1 suppressed aPTT prolonga-
tion compared to Chol-HDO only at 0.3 and 0.6 nmol, while the com-
plex of Chol-HDO and Dab8 or Dab10 rather worsened aPTT (Fig-
ure 4B). Among DabOs, Dab12/Chol-HDO complex (1:1 and 2:1)
showed the shortest aPTT (Figures 4B and 4C). This ameliorating ef-
fect of DabOs on aPTT prolongation was confirmed in another
16-mer sequence targeting mouse Dmpk mRNA (Figure 4D). As for
20-mer Chol-HDO, aPTT was significantly shorter in Dab10, 12,
14, or 16/Chol-HDO complex (1:1 and 2:1) than in Chol-HDO
only (Figures 4E and 4F). Dab14/Chol-HDO complex (2:1) showed
the shortest aPTT. These results showed that the optimal length of
DabOs for different lengths of Chol-HDO to suppress aPTT prolon-
gation might exist; Dab12 seemed an optimal oligomer length for
16-mer Chol-HDO (Figures 4B–4D), while Dab14 seemed optimal
for 20-mer Chol-HDO (Figure 4F).
Site-specific effects of PS modifications in HDO in aPTT

Next, we evaluated the impact of the position of PS modifications in
HDOs on aPTT prolongation.We designed 20-mer ASOs and cRNAs
targeting Malat1 RNA with different PS modification patterns (Fig-
ure S3A), and their effects on aPTT were evaluated. For the typical
HDO structure with a fully PS-modified ASO as the parent strand,
the cRNA strand with PS modifications only in its wing portion
demonstrated the most potent suppression of aPTT (Figures S3B
and S3C). Moreover, some trends combining 30-rich PS modifications
in ASOs and 30-rich PS modifications in cRNAs led to more pro-
longed aPTT. In contrast, ASOs with full or 50-rich PS modifications
resulted in more reduced aPTT upon HDO formation (Figures S3B
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 5
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Figure 5. Pharmacokinetics, pharmacodynamics,

and histopathological study after administration of

low-dose Chol-HDO or Dab oligomer/Chol-HDO

complex

(A) Time-dependent changes of Alexa 568 signal and the

FRET signal in the mouse serum treated with FAM-labeled

Dab12/Alexa 568-labeled Chol-HDO complex (1 mg/kg

as the parent ASO) at the mixing molar ratio of 1:1.

Dotted line represents the FRET signal of serum from

PBS-injected mice. (B) Dose-response relationship of

gene inhibition after Chol-HDO or Dab oligomer/Chol-

HDO in the liver. Malat1 RNA expression levels were

measured by RT-qPCR. ED50 was calculated as the

amounts of the parent ASOs. ANOVA with post hoc

Tukey’s test was performed at the same concentrations.

(C and D) Confocal laser scanning microscopy images

of mouse livers at 0.5 h (C) or 3 h (D) after injection of

FAM-labeled Dab12/Alexa 647-labeled Chol-HDO

complex (1 mg/kg as the parent ASO) targeting mouse

Malat1 RNA. The fluorescence signal of Dab12 (green)

and that of the parent ASO (red) colocalized in the

hepatocytes (arrows) as well as the non-parenchymal

cells at 0.5 h after injection (C). On the contrary, the

signal of Dab12 was not observed at 3 h after injection.

In contrast, the parent ASO fluorescence signal was

observed in the hepatocytes and the non-parenchymal

cells (arrowheads) (D). Data are presented as the mean;

n = 3 or 4 per group; N.S., not significant. Scale bars,

50 mm.
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and S3C). The position of PS modifications in HDOs could explain
these trends. As a double-stranded structure, HDO contains some
phosphates around the 50 terminus within the major groove of the
double strand. PS modifications located in the major groove interact
less with proteins, as they are hidden in the groove and thus are less
involved in aPTT prolongation. On the contrary, PS modifications
around the 30 terminus of ASO or cRNA face outside and can freely
interact with various proteins, resulting in more prolonged aPTT.
However, aPTT prolongation remained in all patterns of HDO struc-
tures, suggesting that HDO formation is not enough to mitigate aPTT
prolongation to nearly normal levels (Figure S3B). The binding of
DabOs resulted in a marked decrease in the association between PS
modifications in the major groove and proteins corresponding to tox-
icities, thereby resulting in further attenuation of aPTT prolongation
and achieving nearly normalized aPTT (Figure 4C).
Dab oligomer/Chol-HDO complex ameliorates complement

activation ex vivo

Complement pathway activation is also known as class-related
toxicity of the PS-ASOs.23,26,29 Ex vivo study measuring C3a levels
showed high C3a levels in cynomolgus monkey serum incubated
with ASOs and Chol-HDOs for two different target RNAs as well
6 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
as with zymosan, which was used as a positive
control for complement activation (Figure S4).
The DabO/Chol-HDO complex showed signifi-
cantly lower C3a levels than Chol-HDO alone, suggesting that DabO
can mitigate complement activation induced by Chol-HDO.

To clarify the mechanism of ameliorating complement activation by
DabO, we compared the binding properties of Chol-HDOwith factor
H to DabO/Chol-HDO with factor H by gel-shift assay (Figure S5).
The electrophoretic mobility of factor H was shorter in the lanes
where Chol-HDO and factor H were added than in the lanes where
Dab12/Chol-HDO complex and factor H were added (Figures
S5A–S5C), suggesting the lower binding affinity of the Dab12/
Chol-HDO complex to factor H than Chol-HDO.

Pharmacokinetic and pharmacodynamic profile of low-dose

Dab oligomer/Chol-HDO complex in vivo

We next evaluated the pharmacokinetic study of low-dose Dab12/
Chol-HDO complex in vivo using FAM-labeled Dab12 and Alexa
568-labeled Chol-HDO complex (Figure 5A), whose fluorescent pairs
were confirmed to generate FRET ex vivo (Figure S2). Crlj:CD1 mice
were intravenously injected with 3.8 nmol of FAM-labeled Dab12/
Alexa 568-labeled Chol-HDO complex (1 mg/kg as the parent ASO)
at mixing molar ratio of 1:1. Serum was collected at 0.25, 0.5, 1, and
2 h after injection, and fluorescence intensity and FRET signal in serum
were analyzed by the i-control instrument. The fluorescence signal of



Table 1. Summary of blood chemistry analyses in mouse serum after

administration of PBS, Chol-HDO, or Dab oligomer/Chol-HDO complex

PBS Chol-HDO
Chol-HDO +
Dab12 1:1

Chol-HDO +
Dab12 1:2

T-Bil 0.053 ± 0.019 0.06 ± 0.005 0.047 ± 0.005 0.06 ± 0.005

BUN 31.9 ± 1.01 28.4 ± 1.31 36.1 ± 3.08 29.8 ± 1.85

Cre 0.123 ± 0.003 0.083 ± 0.005 0.127 ± 0.012 0.107 ± 0.005

Na 150.3 ± 0.720 150.0 ± 1.25 148.7 ± 0.272 148.0 ± 0.471

AST 72.3 ± 10.8 72.0 ± 6.53 86.0 ± 3.68 67.3 ± 9.22

ALT 23.3 ± 2.72 25 ± 2.16 26.3 ± 2.68 23.3 ± 0.981

Data are presented as the mean ± SEM; n = 3 per group. ALT, alanine aminotransferase;
AST, aspartate aminotransferase; BUN, blood urea nitrogen; Cre, creatinine; T-Bil, total
bilirubin.
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Chol-HDO (Alexa 568) was high until 0.5 h after injection. In contrast,
the FRET signal was decreased immediately after injection (Figure 5A).
The FRET signal at 2 h after injection of Dab12/Chol-HDO complex
was almost the same as that of serum from PBS-injected mice (Fig-
ure 5A, dotted line), suggesting that most Dab12 was dissociated
from Chol-HDO at least 2 h after injection of low-dose Dab12/Chol-
HDO complex. Next, dose-response curves of Malat1 RNA inhibition
in Crlj:CD1 mice liver 3 days after injection of Chol-HDO or Dab12/
Chol-HDO complex were generated (Figure 5B). There were no signif-
icant differences in ED50 between mice injected with Chol-HDO and
Dab12/Chol-HDO complex, suggesting that binding of Dab12 did
not affect silencing efficacy of Chol-HDO in the liver.

To evaluate the safety of DabO/Chol-HDO complex treatment, we
analyzed the serum levels of various biomarkers 3 days after injection
of 1.6 mg/kg Chol-HDO or Dab12/Chol-HDO complex (Table 1).
Liver dysfunction (alanine aminotransferase [ALT] level) or kidney
dysfunction (creatinine [Cre] level) was not observed in Chol-
HDO-injected mice, as previously shown.6,7 Moreover, the complex
formation of Dab12 with Chol-HDO revealed no additional toxicity,
which indicates the safety of treating the DabO/Chol-HDO complex.

Distribution of Dab oligomer/Chol-HDO complex in liver

To assess when dissociation of the complex would occur in tissues, we
analyzed confocal laser scanning microscopy images of mouse livers
(Figures 5C and 5D) using FAM-labeled Dab12 and Alexa
647-labeled Chol-HDO. At 0.5 h after injection of 3.8 nmol
of FAM-labeled Dab12/Alexa 647-labeled Chol-HDO complex
(1 mg/kg), the fluorescence signal of Dab12 (green) colocalized
with that of the parent ASO (red) in the hepatocytes (arrows) as
well as non-parenchymal cells (Figure 5C). The images indicated
that a part of Dab12/Chol-HDO complexes was taken by hepatocytes
in the form of the complex. On the contrary, the signal of FAM-
Dab12 was not observed at 3 h after injection, while the parent
ASO fluorescence signal was observed in the hepatocytes (arrow-
heads) as well as non-parenchymal cells (Figure 5D). These findings
suggested that DabO/Chol-HDO complex was delivered to hepato-
cytes as a complex within 0.5 h after administration and that DabO
was dissociated from Chol-HDO in the cells.
Pharmacokinetic and pharmacodynamic profile of high-dose

Dab oligomer/Chol-HDO complex in vivo

To evaluate the pharmacokinetics of high-dose DabO/Chol-HDO
complex in vivo, C57BL/6 mice were intravenously injected with
189 nmol of Chol-HDO (50 mg/kg as the parent ASO) or
189 nmol of Dab8/Chol-HDO complex at mixing molar ratio of
2:1 (50 mg/kg as the parent ASO), and the ASO concentration-
time profiles in plasma were evaluated. Plasma concentration of
the parent ASO in Dab8/Chol-HDO-injected mice was lower than
that in Chol-HDO-injected mice (Figure 6A). Next, we evaluated
the effect of DabOs on the gene-silencing efficacy of high-dose
Chol-HDO in vivo. As for Dab12/Chol-HDO complex, visible ag-
gregation was observed at a mixing molar ratio of 2:1 (mixing of
800 mM of 236 mL Chol-HDO with 5 mM of 75.6 mL Dab12), and
thus only Dab12/Chol-HDO (1:1) was evaluated. This aggregation
was not observed in the lower concentrations of Dab12 and Chol-
HDO used in Figure 5 or Figures 6E and 6F. An excess amount of
DabOs may cause aggregation with Chol-HDO due to both the hy-
drophobicity of cholesterol ligand and electrostatic interaction at
high concentrations. There was no noticeable difference in gene-
silencing effects onMalat1 RNA among the groups in liver and kid-
ney (Figures 6B and 6C). Importantly, DabO/Chol-HDO was simi-
larly effective as Chol-HDO for regulating the target gene in the
brain (Figure 6D). The Dab10/Chol-HDO complex also exhibited
a gene-silencing efficacy similar to that of Chol-HDO (Figure S6).
These results indicated that complex formation with DabOs does
not interfere with the gene-silencing effect and BBB-crossing prop-
erty of Chol-HDO.

Next, we evaluated the effects of the high-dose DabO/Chol-HDO
complex on the class-related toxicities in vivo. C57BL/6 mice were
intravenously injected with 75.6 nmol of Chol-HDO (20 mg/kg as
the parent ASO) or 75.6 nmol of DabOs/Chol-HDO complex
(20 mg/kg as the parent ASO). Dab12/Chol-HDO complex at a mix-
ing molar ratio of 2:1 did not show aggregation in this dose (mixing
600 mMof 126 mL Chol-HDOwith 1 mM of 151.2 mL Dab12). Plasma
was then collected 30 min after injection, and aPTT was analyzed.
Dab10/Chol-HDO complex (2:1) showed significantly shorter aPTT
than Chol-HDO, and Dab12/Chol-HDO complex (2:1) accomplished
nearly normalized aPTT (Figure 6E). These results indicated that
DabOs/Chol-HDO complex also mitigates aPTT prolongation in vivo
as well as ex vivo. We also evaluated the effects of the DabO/Chol-
HDO complex on thrombocytopenia. C57BL/6 mice were intrave-
nously injected with 75.6 nmol of Chol-HDO or 75.6 nmol of
Dab12/Chol-HDO complex (1:2). Blood was collected 6 h after injec-
tion, and platelet count was analyzed. Dab12/Chol-HDO complex
partially ameliorated thrombocytopenia induced by high-dose
administration of Chol-HDO (Figure 6F).

Dab oligomer/HDO complex prevents acute-phase toxicity and

focal necrosis in brain section after high-dose intravenous

injection of Chol-HDO

High-dose intravenous administration of Chol-HDO (189 nmol,
50 mg/kg as the parent ASO) in C57BL/6 mice revealed acute
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Figure 6. Pharmacokinetics, pharmacodynamics, and toxicological study after administration of high-dose Chol-HDO or Dab oligomer/Chol-HDO complex

(A) Plasma concentrations of the parent ASO at 0.5, 2, 4, 8, 24, 48, or 72 h after intravenous injection in C57BL/6 mice with 189 nmol of Chol-HDO or Dab8/Chol-HDO

complex (50 mg/kg as the parent ASO) targeting mouse Malat1 RNA. (B–D) Malat1 RNA expression levels in mouse liver (B), kidney (C), and brain (D) were measured by

RT-qPCR 3 days after injection of Chol-HDOor Dab8/Chol-HDO complex. ANOVA followed by Tukey’s test was conducted for the four groups. (E) aPTT inmice intravenously

injected with 75.6 nmol of 16-mer Chol-HDO or Dab/Chol-HDO complex (20 mg/kg as the parent ASO) targetingMalat1 RNA at 30 min after injection. ANOVA followed by

Dunnett’s test was conducted for Chol-HDO and DabO/Chol-HDO-injected groups. (F) Platelet count in mice intravenously injected with 75.6 nmol of 16-mer Chol-HDO or

Dab12/Chol-HDO complex (20 mg/kg as the parent ASO) targeting Malat1 RNA at 6 h after injection. Student’s t test was conducted. Data are presented as mean (A) or

mean ± SEM (B–F); n = 2, 3 (A–E), or 6 (F) per group; N.S., not significant; **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to Chol-HDO.
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toxicities. We assessed behavioral abnormalities 0.5 h after
injection using the hunched posture scoring system and the
mouse grimace scale.30,31 Chol-HDO-injected mice presented
clinical signs of hypoactivity and hunched posture, leading to
high scores of these scoring systems (Figures 7A and 7B), although
they disappeared within 2 h after injection. The complex
formation with Dab8 (2:1) significantly improved these behavioral
abnormalities compared to Chol-HDO only (Figures 7A and 7B).
Histopathological study showed focal necrosis in the cerebral
cortex, hippocampus, inferior colliculus, and cerebellum in
Chol-HDO-injected mice (Figure 7D). On the other hand, no
evident abnormal findings were observed mice injected with 5%
dextrose vehicle (Figure 7C) and Dab8/Chol-HDO complex
(Figure 7E).
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DISCUSSION
We confirmed that class-related toxicities of HDOs were significantly
less severe than those of ASOs. These advantages of HDOs in toxic-
ities may be attributed to their substantially decreased non-specific
binding activity to serum molecules compared to ASOs.32 However,
despite reducing non-specific binding to serum proteins by HDO
structure, Chol-HDOs still exhibited some class-related toxicities,
especially in vivo. This study demonstrates that binding of DabOs
to Chol-HDOs can further mitigate these class-related toxicities
and prevent acute-phase behavioral abnormalities and focal brain ne-
crosis induced by high-dose administration of Chol-HDOs.

PS-ASOs show high binding affinity to the target RNAs and
increased binding potentials to proteins.33 Although PS



Figure 7. Histopathological analysis after administration of high-dose Chol-HDO or Dab oligomer/Chol-HDO complex

(A and B) Hunched posture scoring system (A) and mouse grimace scale (B) 0.5 h after high-dose systemic administration of Chol-HDO or DabO/Chol-HDO complex. (C–E)

Representative H&E staining of brain sections frommice injectedwith 5%dextrose (C), Chol-HDO (D), or Dab8/Chol-HDO complex (mixingmolar ratio = 2:1) (50mg/kg as the

parent ASO) (E) at 3 days after injection. Histopathological analysis revealed focal necrosis in the cerebral cortex, hippocampus, inferior colliculus, and cerebellum (blue circle)

in Chol-HDO-injected mice (D). No abnormal findings were observed in PBS-injected (C) or Dab8/Chol-HDO complex-injected (E) mice. Scale bars represent 2 mm for the

panels on the left and 200 mm for those on the right. n = 3 (A and B) per group; ***p < 0.001, ****p < 0.0001 compared to Chol-HDO. In (A) and (B), only the statistical

comparison between Chol-HDO and Dab8/Chol-HDO complex among the multiple comparisons is described.
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modification increases nuclease stability resulting in better efficacy,
non-specific binding between PS-ASOs and serum/cellular
proteins causes various toxicities.34 Here, we showed that some
toxicities of PS-ASOs can be ameliorated by HDO formation
because HDO structure hides PS modifications in the parent ASO
strand in HDO’s major groove, resulting in decreased binding to
serum proteins.32 However, aPTT prolongation could not be
normalized by HDO formation even with various locations of PS
modifications, suggesting that HDO formation is insufficient to
normalize aPTT. DabOs specifically bind to the PS modifications
in the major groove of Chol-HDOs, which can strongly inhibit
the interaction between PS modifications in the major groove and
serum proteins. Therefore, the antidote effects of DabOs presented
in the current study are probably mediated by the further decreased
non-specific interaction of the DabO/Chol-HDO complex with
serum proteins related to toxicities, combined with the effect of
HDO structure.
The conjugation of a cholesterol ligand increases binding affinities to
various proteins in the blood.35 The cholesterol conjugation to ASOs
or HDOs extends their blood retention after systemic injection,7

which probably emphasizes some toxicities. Indeed, cholesterol-con-
jugated ASOs cause some lethal toxicities,36 and Chol-HDOs show
more pronounced aPTT prolongation (Figure 6E) in vivo. The
DabOs/Chol-HDO complex still showed high blood retention in vivo
(Figure 6A) while reducing the acute toxicities. Taken together, com-
plex formation with DabOs reduces PS modification-related toxicities
while maintaining high blood retention attributed to the cholesterol
ligand.

We demonstrated that HDOs and Chol-HDOs with PS modifications
caused aPTT prolongation and complement activation, as did the
parent ASOs, suggesting the same mechanism underlying the toxic-
ities of HDOs as ASOs. Complement activation is reported as one
of the non-specific protein-binding effects of ASOs.26,29 Complement
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 9
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activation is mediated by the direct interaction of PS-ASOs with
plasma factor H, a negative regulator of the alternative pathway
cascade.26 Factor H has polyanion binding sites,37,38 and the electro-
static interaction between factor H and PS-ASOs leads to the seques-
tration of factor H, which promotes activation in this pathway. In this
study, we demonstrated the lower binding affinity of HDO to factor H
than ASO and the lower binding affinity of Chol-HDO to factor H
than DabO/Chol-HDO. Together, HDO structure with DabO miti-
gates complement activation by reducing the binding affinity to factor
H. Complement activation may not be a critical problem in devel-
oping oligonucleotide therapeutics because it is rarely observed in hu-
mans.26 However, our results about the antidote effect of DabOs on
complement activation emphasize the utility of DabOs in reducing
the toxicities of Chol-HDO induced by electrostatic binding with
proteins.

The same mechanism, that is, reduced protein binding of Chol-HDO
by DabOs, possibly also underlies the mitigation of other toxicities.
The aPTT prolongation by PS-ASOs is mediated by inhibition of
the intrinsic tenase complex and takes place in a PS-related
manner.24,25 DabO/Chol-HDO complex has fewer PS modifications
that can interact with proteins because the protonated amino groups
of the DabO bind to the phosphates of Chol-HDO, which may
decrease the interaction with the intrinsic tenase complex and there-
fore reduce aPTT prolongation. Thrombocytopenia caused by sys-
temic injection of high-dose ASOs has been reported as an adverse ef-
fect in clinical trials.4,39 Interactions between PS-ASOs and some
proteins, such as platelet collagen receptor glycoprotein (GPVI) and
platelet factor 4 (PF4), are associated with thrombocytopenia in a
PS-related manner.40–42 GPVI has positively charged basic residues
lining a groove on domain D1 with which negatively charged ASOs
can interact,40 and PF4 is also a positively charged protein known
to be associated with heparin-induced thrombocytopenia.43 It is
hence speculated that the DabO/Chol-HDO complex has fewer PS
modifications to electrostatically interact with GPVI or PF4 because
DabOs bind to the phosphates of Chol-HDO, resulting in the miti-
gating effect on thrombocytopenia. These toxicities might be pre-
vented by subcutaneous administration,7 but subcutaneous injection
sometimes causes severe skin disorders,44 and the permissible amount
of drugs is limited.45 Complex formation with DabOs can be one of
the alternatives to overcome the acute side effects of Chol-HDO.

Importantly, complex formation with DabOs did not interfere with
the gene-silencing efficacy of Chol-HDO. Although many chemical
modifications effectively overcome the toxicities of PS-ASOs,46–48

detailed modifications were needed to maintain their silencing effi-
cacies. These reports also indicate the trade-off relationship between
gene-silencing efficacies and toxicities when ASO backbones or 20 po-
sition of the ribose sugars were chemically modified. On the other
hand, DabO is an oligopeptide that does not properly bind to sin-
gle-stranded ASO but specifically interacts with the A-type double-
helical structure of Chol-HDO, representing an alternative approach
to reducing the adverse effects of oligonucleotide therapeutics.
Furthermore, the non-covalent binding of DabOs to the phosphates
10 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
enables the separation of the DabO/Chol-HDO complex in vivo
within a few hours after administration. Although some DabO/
Chol-HDO complexes were delivered to hepatocytes in complex
forms (Figure 5A), the DabO/Chol-HDO complex could be dissoci-
ated in the cells because the parent ASO strand and cRNA strand
of HDO are separated at the early endosomes.8 After the dissociation
of the DabO/Chol-HDO complex, the parent ASO strand would
escape from the endosome and be transported to the nucleus. At
the same time, DabO is possibly degraded in the late endosome or
lysosome. Based on these intracellular processes, DabOs do not
disturb the gene-silencing efficacy of Chol-HDO. In addition,
DabOs show the advantage of not interfering with the potency of con-
jugated delivery ligands at the 50 terminus of the cRNA strand of
HDOs. The enhanced delivery to the liver or the BBB-crossing ability
is a distinctive feature of lipid-conjugated HDO,6,7 and these advan-
tages depend on the lipid ligands.7 We demonstrated that the DabO/
Chol-HDO complex could cross the BBB and effectively suppress
CNS genes, indicating that DabOs do not interfere with the BBB-
crossing property of cholesterol ligands.

Notably, the mitigation of the toxicities of Chol-HDOs was accom-
plished with a small amount of cation by using DabOs. In this study,
the N/P ratio is 0.8, even in the 1:2 complex of Chol-HDO and Dab12.
On the other hand, most conventional oligo-/polycationic molecules
used in the complex with oligonucleotide-based drugs are used with
an N/P ratio of much more significant than 1, which means that large
excess amounts of cation are used.19,20,49,50 Since a high N/P ratio
potentially leads to toxicity deriving from such cationic mole-
cules,19,20 improving the properties of oligonucleotide-based drugs
with a small amount of cation is advantageous for their safety and
druggability. Unlike most conventional cationic molecules, DabOs
are designed to specifically bind to the major groove of A-type dou-
ble-helical structure, including HDO. Therefore, it is reasonable
that their specific binding with high affinity to HDO is the key tomiti-
gating the toxicities of Chol-HDO with an N/P ratio of less than 1.

This study has some limitations. First, the effects of DabO on the
toxicity were evaluated for a few sequences, Malat1, Dmpk, and
SOD1. DabO showed a favorable impact on aPTT prolongation,
although the degree of the effect varied by sequence (Figure 4).
These variations are probably because sequence-dependent mecha-
nisms other than PS modifications are related to aPTT prolongation
while DabO reduced only PS modification-related toxicities. Sec-
ond, the binding affinity between DabOs and Chol-HDO was as-
sessed in only a few sequences. Based on our gel electrophoresis
results, the binding affinity may vary depending on the base length
of Chol-HDO and the length of DabOs, which should be further
studied to lead to the consequences. Finally, our study did not
directly compare the mitigating effects of the toxicities between
DabO and backbone or sugar modifications. However, DabOs do
not interfere with the activity while mitigating toxicities and can
be used together with other chemical modifications such as back-
bone modifications, emphasizing their potential to reduce the toxic-
ities of oligonucleotide therapeutics.
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In summary, our study demonstrated that the ASO class-related tox-
icities could be ameliorated by HDO formation despite the increased
number of PS modifications. Moreover, complex formation with
duplex-specific DabOs further mitigates these toxicities by maintain-
ing a high gene-silencing efficacy of Chol-HDOs in many tissues,
including the brain. These antidote effects are probably due to pre-
venting non-specific protein bindings of Chol-HDOs. DabOs can
be an alternative approach for reducing toxicities of oligonucleotide
therapeutics with duplex structure, which is entirely different from
the conventional approaches.

MATERIALS AND METHODS
Design and synthesis of oligonucleotides

A series of oligonucleotides were synthesized by GeneDesign (Osaka,
Japan). The sequence and modifications of ASOs and cRNAs used in
this study are listed in Table S1. To generate HDO, we hybridized
equimolar concentrations of ASOs and cRNAs by denaturing them
at 95�C for 5 min and slowly cooling (1�C/min) to 37�C to
anneal them.

Synthesis of Dab/HDO complexes

Dab oligomers were synthesized by Scrum (Tokyo, Japan) and Toray
Research Center (Tokyo, Japan). A tripeptide of glycine, glycine, and
tyrosine was conjugated to Dab oligomers to evaluate their amounts
easily. DabOs were diluted with PBS. Ligand-conjugated HDOs were
bound with DabOs in molar ratios (ligand-conjugated HDOs/
DabOs) ranging from 1:1 to 1:3 by incubating them at room temper-
ature for at least 30 min.

UV melting analysis

Absorbance-versus-temperature profile measurements were conduct-
ed. All the experiments were conducted in 10 mM phosphate buffer
containing 100 mM NaCl at pH 7.0. The concentration of Chol-
HDO was 5 mM. The UV absorbance at both 260 and 320 nm was
monitored with the temperature. The samples were rapidly heated
to 95�C, maintained at this temperature for 20 min, and finally al-
lowed to cool to room temperature at a rate of 0.5�C/min. The disso-
ciation was recorded by heating the samples to 95�C at a rate of
0.5�C/min.

Mouse experiments

For the mouse experiments presented in Figures 1, 5, 6E, and 6F, and
Table 1, 5-week-old wild-type male Crlj:CD1 (ICR) mice were ob-
tained from Oriental Yeast (Tokyo, Japan). For the mouse experi-
ments presented in Figures 6A–6D and 7, 12-week-old wild-type
male C57BL/6J mice were obtained from Charles River, Japan
(Kanagawa, Japan). These mice were maintained on a 12:12-h light/
dark cycle in a pathogen-free animal facility with free access to
food and water. HDOs were administered to mice via the tail vein.
All oligonucleotides were diluted with PBS or 5% dextrose. For the
mouse experiments presented in Figures 1, 5, 6E, and 6F, and Table 1,
mice were anesthetized with 4% isoflurane and euthanized by trans-
cardial perfusion with PBS. For the mouse experiments presented in
Figures 6A–6D and 7, mice were euthanized by decapitation. All pro-
tocols followed the ethics and safety guidelines for animal experimen-
tation and were approved by the Ethics Committee of Tokyo Medical
and Dental University (#A2022-085A) or the Institutional Animal
Care and Use Committee of Shonan Health Innovation Park (#AU-
00020599).

Electrophoresis analysis

Twenty picomoles of ASO, Chol-HDO, DabO/Chol-HDO complex,
or Lys12/Chol-HDO complex, were diluted in PBS to make a 10-mL
volume of the mixture. Two microliters of 10% sucrose buffer was
used as a loading buffer to avoid the possible effects of dye-containing
loading buffers. The mixture was loaded onto a non-denaturing bis-
acrylamide 16% gel with Tris-borate-EDTA buffer for 3 h at 100 V.
After electrophoresis, acrylamide gel was incubated with GelRed
(Wako Pure Chemical Industries, Osaka, Japan) for 15 min, and an
image was acquired with a ChemiDoc system (Bio-Rad, Hercules,
CA, USA). KD values were calculated according to the previous pa-
per.28 The exposure time was 1.6 s for Figures 3C, 3E, S1C, and
S1D, 8.0 s for the Alexa 488 filter in Figures 3B, and 1.0 s for the Alexa
647 filter in Figure 3B.

FRET analysis

The energy transfer reaction between DabO and Chol-HDOwas eval-
uated by FRET analysis using an i-control instrument (Tecan). Fluo-
rescence intensity was measured at 518 and 603 nm with excitation at
492 nm. The FRET signal was defined as the fluorescence intensity ra-
tio: [intensity at 603 nm]/[intensity at 518 nm]. The energy transfer
reaction in vivo was also evaluated by FRET analysis. Serum from
mice injected with FAM-labeled Dab12/Alexa 568-labeled Chol-
HDO complex was collected 15, 30, 60, and 120 min after the injec-
tion. First, serum was obtained, after which FRET signals were
analyzed using the aforementioned methods.

aPTT assays

Activated partial thromboplastin time (aPTT) was analyzed by vali-
dated methods using CA50 (Sysmex, Kobe, Japan) (n = 3 per group).
For ex vivo study, oligonucleotides or DabO/Chol-HDO complexes
were added to pooled human plasma (George King Bio-Medical,
Overland Park, KS, USA) and vortexed, then incubated for 3 min at
37�C. The same lot number of human plasma was used for all the
ex vivo assays. For in vivo study, collected mouse plasma was incu-
bated for 3 min at 37�C. After the incubation, 0.05 mL of thrombo-
check-APTT-SLA (Sysmex) was added and incubated for 1 min, fol-
lowed by the addition of 0.025 mol/L CaCl2 (0.05 mL) and incubation
for 2 min, before determining the clotting time.

Complement activation assays

Complement activation in cynomolgus monkey serum samples
(KAC, Kyoto, Japan) was evaluated by MicroVue C3a Plus (Quidel,
San Diego, CA, USA). Dilutions of oligonucleotides or peptide-
HDO complexes were added to serum at a 1:10 to 1:20 ratio, v/v.
For in vitro complement activation studies, oligonucleotides or
DabOs/Chol-HDO complexes were incubated with monkey serum
at 37�C for 45 min. Activation was terminated by placing the aliquots
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in a container of crushed ice. Zymosan (2.5 mg/mL) (Nacalai Tesque,
Tokyo, Japan) was used as a positive control.
Fluorescence polarization assays

Native human factor H (Sigma-Aldrich, Burlington, MA, USA) and
Alexa 647-labeled nucleic acids were incubated at 37�C for 30 min.
Complexes were excited with polarized light at 635 nm, and emission
light at 670 nm was measured as fluorescence polarization signals
(Tecan). KD values were calculated with GraphPad Prism 9 software
(GraphPad Software, San Diego, CA, USA).
Gel-shift assays

Chol-HDO or Dab12/Chol-HDO complex (20 pmol) was added to 0–
50 pmol of native human factor H (Sigma-Aldrich), and the mixtures
were incubated at 37�C for 30 min. The samples were resolved by
electrophoresis on a 4%–20% gradient gel (Bio-Rad) for 60 min at
100 V. The gels were then stained by Coomassie brilliant blue (Naca-
lai Tesque,). An image was acquired with a ChemiDoc system (Bio-
Rad). The exposure time was 0.6 s.
RNA extraction and RT-qPCR

RNA was extracted from culture cells and mouse tissues using the
MagNA Pure 96 system (Roche Diagnostics, Penzberg, Germany)
or Isogen (Nippon Gene, Tokyo, Japan). Isolated total RNA was
reverse-transcribed with Takara 5� Prime Script RTMaster Mix (Ta-
kara Bio, Shiga, Japan) followed by real-time qPCR analysis with the
Light Cycler 480 Real-Time PCR Instrument (Roche Diagnostics).
The results were normalized against b-actin (Actb) mRNA. Primer se-
quences for Malat1 RNA and Actb mRNA were identical to those in
our previous paper.7
Histopathological analyses

For pathological analyses of brain tissue, mice were injected with
50 mg/kg Chol-HDO or Dab8-Chol-HDO complex. Mice were
euthanized 3 days after injection. After euthanasia, organs were post-
fixed in 4% paraformaldehyde (PFA) (FUJIFILM Wako Pure Chem-
ical, Osaka, Japan) in PBS for 6 days, embedded in paraffin, cut into 3-
mm-thick sections using gliding microtome TU-213 (Yamato Koki,
Saitama, Japan), and stained with hematoxylin (Merck, Darmstadt,
Germany) and eosin (FUJIFILM Wako Pure Chemical). To analyze
the biodistribution of peptide-Chol-HDO complex, mice were in-
jected with the complex of 1 mg/kg Alexa 647-labeled Chol-HDO
and equimolar concentrations of Dab oligomer. Mice were eutha-
nized at 30 min or 3 h after injection. After euthanasia, organs were
postfixed in 4% PFA (Wako Pure Chemical Industries) in PBS for
24 h, rapidly frozen, and cut into 10-mm-thick sections using a Leica
CM 3050S cryostat (Leica Microsystems, Wetzlar, Germany). The
sections were stained with DAPI (Vector Laboratories, Newark,
CA, USA) to visualize nuclei and Alexa Fluor 568 phalloidin (Thermo
Fisher Scientific, Waltham, MA, USA) to visualize cell membranes.
The slides were analyzed using a Nikon A1R laser scanning confocal
microscopy (Nikon, Tokyo, Japan).
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Determination of parent ASO plasma concentrations

Parent ASO in plasma samples was extracted using a phenol-chloro-
form liquid-liquid extraction method and analyzed by liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS). MS was per-
formed using a Sciex API 4000 instrument (Sciex, Framingham,
MA, USA) with an electrospray ionization source (Applied Bio-
systems, Waltham, MA, USA/Sciex).

Statistical analysis

All data represent mean ± standard error of the mean (SEM) unless
otherwise mentioned. Differences among more than three groups
were analyzed by one-way analysis of variance (ANOVA) with post
hoc Tukey’s test for Figures 1D–1F, 5B, 6B–6D, 6F, 7A, and 7B, or
ANOVA with post hoc Dunnett’s correction for Figures 4B–4F and
6E for multiple comparisons. Statistical differences between the two
groups were analyzed by Student’s t test. The significance criterion
was set at p < 0.05. All statistical analyses were performed using
GraphPad Prism 9 software.
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