Molecular Therapy

Nucleic Acids
Original Article

Design, pharmacology, and toxicology
of a novel chemically modified siRNA
targeting hepatic angiotensinogen

Ze-Ao Huang,"> Guang-Shen Ji,'> Shuo Yang,"? Yang Yang,! Yu-Cheng Wu,! Zhi-Kang Tian,'

and Geng-Shen Song!

1Beijing Youcare Kechuang Pharmaceutical Technology Co., Ltd., Kechuang 7th Street, BDA, Beijing 100176, China

Angiotensinogen (AGT) is the precursor of angiotensin II, a
potent vasopressor in the renin-angiotensin-aldosterone sys-
tem. Small interfering RNAs (siRNAs) targeting hepatic
AGT can lower blood pressure in hypertension patients by
reducing AGT levels, with effects lasting over 6 months. Exist-
ing siRNA molecules are effective, but novel ones with better
inhibitory activity and longer duration periods may be devel-
oped. In this study, we demonstrated an entire development
process for a novel siRNA targeting hepatic AGT. Through
the proper combination of bioinformatic on-target/off-target
screening on sequences, chemical modification patterns opti-
mization, and liver-targeting delivery ligands conjugation,
we have successfully developed several promising siRNAs
with equivalent or better inhibitory activity, duration of effect,
and safety profile compared with previously reported siRNA.
Moreover, our comprehensive analysis has elucidated the cor-
relation between the efficacy and free energy of siRNAs.
Currently, there exists no reliable model capable of precisely
predicting the activity and off-target risk associated with fully
modified siRNAs. Therefore, the implementation of efficient
screening procedures is of utmost importance during the
development of siRNA candidates. This study presents a
meticulous and valuable reference for the development of
potent and safe siRNAs on other targets.

INTRODUCTION

Hypertension is a serious and chronic medical condition that im-
pacts 33% of adults aged 30-79 years worldwide." It has become
the primary risk factor for mortality around the world since hyper-
tension could increase the mortality rates associated with cardiovas-
cular and kidney disease.” However, merely around one-fifth
of individuals with hypertension have their blood pressure under
control." The high incidence of uncontrolled hypertension can be
predominantly attributed to low adherence to treatment,” as well
as negative feedback of the renin-angiotensin-aldosterone system
(RAAS), which could counteract the efficacy of anti-hypertensive
drugs.*® Angiotensinogen (AGT) is a plasma glycoprotein mainly
produced by the liver.” As an important protein in the RAAS system
and the source of all angiotensin peptides, the blockade of AGT pro-

duction, whether through antisense oligonucleotides or small inter-
fering RNAs (siRNAs),”” can effectively impede the activity of
RAAS. This, in return, leads to a reduction of blood pressure. Zilebe-
siran, a siRNA that targets AGT, is currently in phase II clinical trial "’
and has shown its capacity to lower blood pressure for up to 6 months
following a single subcutaneous administration. This finding sug-
gests that AGT-targeting siRNAs could serve as an effective antihy-
pertensive treatment."’

Although Zilebesiran has already shown excellent efficacy and safety
profiles,'™"" we believe that in the future, a large number of hyper-
tensive patients will require multiple options for these promising
siRNA-based therapies." Moreover, the full potential of siRNAs re-
mains untapped, which motivates us to strive to improve the efficacy
of AGT-targeting siRNAs.

Actually, the efficacy of siRNAs is influenced by many factors, such
as sequence composition, chemical modification patterns applied to
them, and delivery systems used for their administration.'>'” Based
on Watson-Crick base pairing principles, it is feasible to design thou-
sands of distinct siRNA sequences that target a single mRNA
sequence. However, only a handful of these sequences possess suffi-
cient potency to be utilized in therapeutic applications. Currently,
accurately predicting the efficacy of siRNAs based on their sequence
composition remains fraught with numerous challenges."* Conse-
quently, screening a large number of siRNAs is essential to identify
highly potent sequences. Chemical modification represents another
pivotal factor that affects both the potency and durability of
siRNAs."> A variety of nucleotide modifications can be introduced
to siRNAs, and the distribution of these modifications along the se-
quences can be regarded as modification patterns. We found that
different sequences exhibit distinct modification preferences, further
complicating the screening process. Additionally, the delivery system
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plays a critical role in siRNA efficacy and accumulation in target tis-
sues. N-Acetylgalactosamine (GalNAc) as the ligand for the hepato-
cyte-specific asialoglycoprotein receptor (ASGPR) is widely used for
liver-targeted siRNA delivery.">""” This approach has led to the suc-
cessful approval of inclisiran, a siRNA developed by Alnylam target-
ing liver proprotein convertase subtilisin/kexin type 9 (PCSK9) to
reduce plasma low-density lipoprotein cholesterol (LDL-C) levels.
Since AGT is primarily liver-produced, GalNAc-based delivery is
also highly effective for siRNAs targeting its gene.

To the best of our knowledge, there is currently no comprehensive
systematic strategy describing the process for identifying a promising
siRNA candidate. In this report, we demonstrated that an appro-
priate combination of sequence composition, modification patterns,
and delivery systems can further enhance the efficacy and persistence
of siRNA targeting AGT in diverse animal models. We investigated
the relationship between inhibition efficacy and various features of
siRNA sequences. Additionally, we evaluated the safety profiles for
these siRNAs and discussed their toxicity and off-target effects.
The promising siRNA candidates presented in this report have
shown sufficient potency and acceptable safety in pre-clinical studies,
enabling their potential application in clinical trials for antihyperten-
sive therapy.

RESULTS

Sequences design and in vitro inhibition of AGT siRNA

A total of 96 siRNAs, which target the AGT mRNA with distinct se-
quences and are characterized by alternating 2'-F/2’-MOE modifica-
tions, were designed and synthesized. Each siRNA’s sequence num-
ber is marked with “AL” (as depicted in Figures S1 and S2). The “AL”
design was used to improve the stability of the siRNAs, thus circum-
venting potential uncertainty results stemming from the degradation
of unmodified sequences. In vitro QPCR screening was performed at
70 pM and 50 pM in HepG2 and Huh7 cell lines, respectively
(Figure S2). Nineteen siRNAs were selected from the aforemen-
tioned 96 siRNAs because of their relatively high efficacy in sup-
pressing the expression of AGT mRNA. Subsequently, their protein
knockdown evaluated using ELISA
(Figure 1A). Among them, 10 siRNAs outperformed others in
both cell lines. At 48 h post-transfection, they achieved over 80%
knockdown of mRNA and over 50% knockdown of protein. More-
over, their calculated ICs, values were in the sub-nanomolar range,
indicating efficient knockdown even at low concentrations
(Figure 1B; for the dose-response curves, refer to Figures S3 and S4).

efficiencies were also

Based on sequences of the 10 potent siRNAs presented in Figure 1B,
we designed 75 siRNAs with distinct modification patterns. These

siRNAs were named according to design variations (DV, as shown
in Figure S1). Compared to AL design, DV designs reduced the num-
ber of 2’-F modifications and rearranged the modification positions
with the aim of enhancing the efficacy and stability of the siRNAs.
Additionally, all of these siRNAs incorporated a 5’-(E)-VP modifica-
tion at the 5" end of antisense strands to further boost the efficacy of
the siRNAs.'® To distinguish them, the letter “P” was added to their
names, for example, DV29P. Then, another round of in vitro gPCR
screening was carried out at a concentration of 20 pM in HepG2 and
15 pM in Huh7 cell lines, respectively (Figure S5). As a result, 19
highly potent siRNAs were selected from the aforementioned 75
siRNAs because of their relatively higher efficacy in suppressing
the expression of AGT mRNA (Figure 1C). Subsequently, 13 potent
siRNAs were selected from the aforementioned 19 siRNAs, and their
ICs, values were evaluated in both HepG2 and Huh7 cell lines
(Figure 1D).

Notably, while si060-DV25P and si086-DV34P showed excellent ef-
ficacy in these cell lines (ICsq in Huh7: 2.03 pM and 2.94 pM, respec-
tively), they posed potential risks on both efficacy and safety in cyn-
omolgus monkeys. The former had a seed-region mismatch with
cynomolgus monkey AGT mRNA, and the latter had the most
potential off-target genes predicted in silico. Given that cynomolgus
monkeys are commonly used for pre-clinical efficacy and safety
proof-of-concept (POC) of human-mRNA-targeting
siRNAs, we additionally designed and synthesized seven new
siRNAs to mitigate these potential risks: six (si097-si102) based on
si060-DV25P and one (si103) based on si086-DV34P. These seven
new siRNAs, combined with the 13 previously identified potent
siRNAs, were tested using qPCR to generate dose-response curves
(Figures 1D and S6-S9). Ultimately, 13 siRNAs were selected based
on their AGT knockdown efficiency and ICs, values (Figure 1D,
names in bold) and further investigated for off-target effects.

studies

In silico off-target analysis and qPCR validation

Safety is vital for siRNA therapies. Research has suggested the hepa-
totoxicity of siRNAs is relevant to the miRNA-like off-target ef-
fects'’; thus, evaluation of off-target effects on the aforementioned
13 potent siRNAs before in vivo toxicity studies were conducted to
filter out highly toxic siRNAs. To investigate the miRNA-like off-
target effects of AGT siRNA candidates, we performed a BLAST
search for antisense siRNA sequences to identify mRNA with similar
sequences in the human RefSeq RNA library. The results showed po-
tential off-target genes with no more than one mismatch at the seed
region of the antisense strand. Potential off-target genes were de-
tected for all siRNA candidates except si061-DV27P. Subsequently,
the knockdown efficiency of candidate siRNAs on these potential

Figure 1. Screening of AGT siRNA in vitro

(A) Nineteen potent AGT candidate siRNAs were selected in primary gPCR test in HepG2 at 70 pM and in Huh7 cell line at 50 pM and tested for protein knockdown. n = 3 for
each group. Group means + SEM are shown. siRNAs are ordered by efficacy. (B) Half maximal inhibitory concentration (ICsq) for potent candidate siRNAs in HepG2 cell line
and Huh? cell line. siRNAs were tested in 4-fold serial dilution to determine ICsq values for each sequence. All calculated ICso were in the sub-nanomolar range. n = 1 for each
group. (C) Second round of siRNA screening in HepG2 at 20 pM and in Huh7 cell line at 15 pM. n = 3 for each group. Group means + SEM are shown. siRNAs are ordered by
efficacy. (D) ICsq for potent candidate siRNAs in HepG2 and Huh7 cell line. All calculated ICsq were in the sub-nanomolar range. n = 1 for each group.
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Figure 2. Off-target effects of siRNAs with DNA modifications
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Inhibition of siRNAs designed based on (A) si086-DV26P and (B) si098-DV29P on off-target genes were tested in five different concentrations using gPCR. n = 1.

off-target genes was individually verified through in-vitro qPCR.
Most candidate siRNAs exhibited little potential off-target effects
on those genes (Figures S10 and S11). However, two siRNAs,
§i098-DV29P and si086-DV26P, exerted relatively strong inhibition
on their potential off-target genes (Figures S10B and S10E), suggest-
ing that measures should be taken to prevent and control the off-
target risk.

We sought to reduce the off-target risk through chemical modifica-
tions. It is reported that the specially designed modification patterns,
such as glycol nucleic acid (GNA) modification at specific positions,
could reduce the off-target effects,'”** and such design may also help
to improve the no-observed-adverse-effect level (NOAEL) of
siRNAs. Inspired by the report that siRNAs with DNA substitution
at the 5’ end of the antisense strand can reduce off-target effects,”"**
we tried DNA substitutions at the specific positions of the seed re-
gion for candidate siRNAs to reduce their off-target effect. Several
modification patterns with substituted nucleotides at different posi-
tions on the antisense strand were designed based on si086-DV26P.
For example, DV26Pd7 was generated by replacing the 7™ nucleotide
on antisense strands of DV26P siRNAs with DNA. In the case of
DV26Pd7B, it involved substituting the nucleotide on antisense
strands as well as the complementary nucleotide on the sense
strands. Their on-target and off-target effects were analyzed in
HepG2 cells (Figure S12). The results indicated that si086-DV26P
with modification patterns d7B and d67B, which involved DNA sub-
stitution at position 7 or position 6-7 of the antisense strand and the
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corresponding position on the sense strand, could reduce its off-
target activity while retaining the on-target efficacy (Figure 2A).
The effect of DNA substitution had a higher inhibition for target
AGT compared to the same sequence with GNA substitution
at position 6 of antisense strands (labeled with “+” at the end of
the siRNA name).

These two patterns were then applied to si098-DV29P to evaluate its
anti-off-target effects. Similar to the demonstration above, DNA sub-
stitution significantly reduced the off-target effects of si098-DV29P
without compromising the knockdown efficiency of the AGT
mRNA (Figure 2B). These two patterns were selected for further
in vivo screenings.

In vivo silencing of AGT by GalNAc-siRNAs

Although most in silico predicted off-target genes showed minimal
risk in qPCR validation, DV26Pd7B and DV26Pd67B modifications
were introduced to 12 of the 13 potent siRNAs identified in the
in vitro study (excluding si061-DV27P). Finally, a total of 34
GalNAc-siRNAs were designed and synthesized for subsequent
in vivo evaluation (Figure 3A). The humanized AGT mice were
dosed with a single subcutaneous injection (s.c., # = 6 per group)
at a dose of 3 mg per kilogram (mpk). Serum AGT levels were deter-
mined by ELISA on days 3, 7, 14, 21, and 28 post-dosing. All siRNAs
without DNA substitutions or with d7B modifications had signifi-
cantly reduced plasma hAGT levels from day 7 to day 28, with a
maximum reduction exceeding 80% (Figure 3A). However, all
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Figure 3. Selection of AGT siRNAs in human AGT transgenic mice

(A) Inhibition of serum AGT expression in mice at single dose of 3 mpk on days 7, 14, 21, 28, and 35. n = 6 for each group. Group means + SEM are shown. (B) Inhibition of
serum AGT expression in mice at single dose of 3 mpk from day 7 to day 56. n = 6 for each group. Group means + SEM are shown. (C) Inhibition of serum AGT expression in
mice at single dose of 1 mpk on days 7, 14, 21, 28, and 35. n = 6 for each group. Group means + SEM are shown.

siRNAs with d67B modifications, which were effective in vitro
screening, exhibited a significantly lower inhibitory activity in vivo.
We hypothesized that the two consecutive DNA substitutions at

the seed region of siRNAs resulted in poor resistance to nucleases
in the liver or blood, ultimately reducing their in vivo efficacy. A
pharmacokinetics test of si060-DV25PG5 and si060-DV25Pd67BG5
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Figure 4. Features and model predictions of siRNA
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in Sprague-Dawley (SD) rats was conducted to elucidate the reason
for these significant pharmacological differences between in vitro
and in vivo results (Figure S13). It was observed that the concentra-
tion of si060-DV25Pd67BGS5 in the liver decreased faster than si060-
DV25PG5, suggesting its lower stability compared to si060-
DV25PGS5.

The observation periods were extended to 56 days post-dosing for
the six most potent candidates (Figure 3B). Serum hAGT levels in
all groups reached the nadir between day 14 and day 21. Among
these, in the si071-DV26PG5, si061-DV27PG5, and Zilebesiran
groups, by day 56, the serum hAGT levels had rebounded succes-
sively, exceeding 50% of the inhibition rate at the nadir. In contrast,
the si060-DV25PG5, si060-DV25Pd7BG5, si080-DV25PG5, si097-
DV29PG5, and si098-DV29Pd7BG5 groups maintained their po-
tency even on day 56. This indicated that they exhibited a more
persistent inhibitory on serum hAGT levels compared to Zilebesiran.
Mice were then sacrificed at the end of the observation period, and
hepatic hPAGT mRNA levels were analyzed by qPCR. In line with
the serum hAGT reduction on day 56, 80% downregulation of liver
hAGT mRNA level was observed in all five potent siRNAs, while the
downregulation for the Zilebesiran group was only 34% (Figure S14).

To further differentiate the efficacy of the five potent siRNAs, a
lower-dose study was conducted. Humanized AGT mice received a
single subcutaneous injection of 1 mpk of each siRNA (n = 6 per
group). The results confirmed that all five siRNAs exhibited compa-
rable efficacy, significantly and sustainably reducing both serum
hAGT levels and liver hAGT mRNA levels over a 35-day period
(Figures 3C and S14). Notably, their efficacy surpassed that of Zile-
besiran, demonstrating significant improvement.

Predictive effect of Gibbs free energy and Katoh score on the
efficacy of alternately modified siRNAs

In silico efficacy prediction of siRNAs can be performed using a va-
riety of algorithms based on different sets of rules.”> ** To investigate
the predictive effect of existing methods using our collected data, we

6 Molecular Therapy: Nucleic Acids Vol. 36 June 2025

compared the efficacy (Inhibition%) of alternately modified siRNAs
presented in this study with scores or features calculated with exist-
ing algorithms using the i-Score tool in XLS format (Table S1).** The
correlation coefficient was low for most algorithms except for ther-
modynamic features and a model proposed by Katoh et al
(Figure 4A).*° Higher whole-sequence Gibbs free energy (Whole
dG) and Katoh score are correlated with higher siRNA efficacy,
with correlation coefficients of 0.805 and 0.751, respectively.

We next sought to distinguish high-efficacy siRNAs from all siRNAs
based on Whole dG and Katoh scores. siRNAs with higher efficacy
(dots in brighter colors) roughly have a Whole dG of over —40 kcal/
mol and a Katoh score of over 50 points (Figure 4B). Potent siRNA
candidates from in vivo screening in mice (si060-DV25PG5, si060-
DV25Pd7BG5, si080-DV25PG5, si097-DV29PG5, and  si098-
DV29Pd7BG5) also satisfied abovementioned conditions (Table S1).
These five siRNAs, together with si061-DV27PG5, were chosen for
in vivo toxicology studies in SD rats.

Toxicology in SD rat

A 2-week repeat dose-range finding study (DRF) of si060-DV25PG5,
si060-DV25Pd7BG5, si080-DV25PG5, si097-DV29PG5, si098-
DV29Pd7BG5, si061-DV27PG5, and Zilebesiran in SD rats was per-
formed, respectively. In this study, SD rats were randomly allocated
into 15 groups based on body weight, 3/sex for each group. The
vehicle control group was administered with 0.9% sodium chloride,
and every candidate siRNA injection was separated into a low-dose
(50 mpk) group and a high-dose (200 mpk) group. For every dose
group, SD rats were administered via subcutaneous injection once
every two weeks for two consecutive doses (two doses in total).
51097s-DV29PG5, si098-DV29PG5, and Zilebesiran had no effect
on blood ALT, AST, or urea levels (Figures 5A and S15). Rats were
then sacrificed at the end of the study, and histopathology examina-
tions were performed on tissues of interested groups (Figures 5B
and S16-S17; Tables 1, S2, and S3). For si097-DV29PG5, histopath-
ological findings were observed in the liver (minimal to mild vacuo-
lation of hepatocytes, minimal apoptosis or single cell necrosis of
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Figure 5. Toxicology tests for candidate siRNAs in rats

(A) Blood ALT, AST, and urea levels of rats administrated with candidate siRNAs.
n = 6 for each group. Group means + SEM are shown. (B) Histopathology exami-
nations of rat livers and kidneys. Scale bar, 100 pm.

hepatocytes, minimal increased Kupffer cells, and minimal to mild
basophilic granules of Kupffer cells) and kidney (minimal to moder-
ate basophilic granules of cortical tubular epithelial cells). For Zilebe-
siran, similar histopathological findings were also observed in the
liver (minimal to mild vacuolation of hepatocytes, mild hyalinosis
of hepatocytes, and minimal apoptosis or single cell necrosis of he-
patocytes) and kidney (moderate basophilic granules of cortical
tubular epithelial cells). The number of animals with the mentioned
histopathological findings was comparable in the si097-DV29PG5
and Zilebesiran groups. Thus, it can be concluded that si097-
DV29PG5 has an equivalent safety profile to Zilebesiran.

RNAseq analysis

Previous studies have reported that rodent hepatotoxicity can largely
be attributed to RNAi-mediated off-target effects.'”** To further
assess the safety profile of candidate siRNAs, RNAseq was conducted
to investigate their off-target effects in primary human and rat hepa-

tocytes, respectively. siRNAs used in rat toxicology tests were
introduced into primary human or rat hepatocytes through free up-
take at different concentrations. Sequencing was performed, and
differentially expressed genes (DEGs) were analyzed (Table 2). Genes
whose expression decreased with elevated siRNA concentration
were enriched and considered treatment-related. Treatment-
related genes, that complementary pairing to the seed region of the
antisense strands of siRNAs were considered sequence-related.
si061-DV27PG5 has the highest number of treatment-related
or sequence-related DEGs in rats, which might explain its hepatotox-
icity in rats. On the other hand, si097-DV29PG5 and si098-
DV29PG5 with fewer DEGs in rat hepatocytes may explain their
good safety profiles in toxicology tests in rats, supporting the
opinion that off-target effects may contribute to the hepatotoxicity.
No sequence-related off-target genes were observed for si060-
DV25pG5, si097-DV29PG5, si098-DV29Pd7BG5, si061-DV27P5,
or si060-DV25Pd7BG5 in primary human hepatocytes, suggesting
a better safety profile for these siRNAs in humans.

The efficacy proof of concept in spontaneous hypertensive
cynomolgus monkeys

To further evaluate the blood pressure-lowering effect of candidate
siRNAs, the spontaneous hypertension cynomolgus monkey model,
which closely resembles primary hypertension in humans, was cho-
sen for the test. Three optimal potent siRNAs, si097-DV29PG5,
§i060-DV25PG5, and si080-DV25PG5, were selected for testing
and compared with Zilebesiran. Cynomolgus monkeys were dosed
s.c. once (6 mpk, n = 3 per group, male). Serum AGT levels
(Figures 6A and 6B) and blood pressure (Figures 6C and 6D) were
measured weekly. At 6 mpk, all candidate siRNAs were able to
achieve a maximum reduction in serum AGT levels by over 90%,
and systolic blood pressure was also lowered by over 30 mmHg
compared to baseline on day 28. Blood pressure remained around
20 mmHg below baseline on day 91 for si097-DV29PGS5, indicating
a strong and persistent blood-pressure-lowering effect. No signifi-
cant differences were observed between different groups, suggesting
equivalent inhibitory efficacy on blood pressure lowering to Zilebe-
siran under the dosage of 6 mpk. Furthermore, si097-DV29PG5 was
selected for a low-dose test wherein the spontaneous hypertension
cynomolgus monkey was administrated via s.c. once (3 mpk, n = 3
per group, male). Serum AGT levels (Figure 6B) maximally
decreased 98% for si097-DV29PG5 and 96% for Zilebesiran, whereas
the average blood pressure (Figure 6D) maximally decreased by
33 mmHg and 27 mmHg, respectively. The candidate si097-
DV29PG5 showed a better average SBP reduction effect than Zilebe-
siran even to the endpoint of the experiment (22 mmHg vs.
11 mmHg on day 84). Consistent with this difference, the inhibition
rate of AGT in monkey serum by si097-DV29PG5 remained 96% at
the endpoint, whereas in the Zilebesiran group, a rebound of AGT
inhibition rate was observed (from the highest 96% on day 21-
87% on day 84). Due to the limitation of a small sample size, a signif-
icant difference has not been observed. However, the abovemen-
tioned results may still indicate the potential superiority of si097-
DV29PG5 compared to Zilebesiran.
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Table 1. Major microscopic pathologic changes from animals sacrificed on D23

Males Females
§i097- $i097-
Test articles Saline DV29PG5 Zilebesiran Saline DV29PG5 Zilebesiran
Group 1 2 3 14 15 1 2 3 14 15
Dose (mpk) 0 50 200 50 200 0 50 200 50 200
Number of examined animals 3 3 3 3 3 3 3 3 3 3
Liver
Vacuolation, hepatocytes 1 1 1 1 2 3 2 3 0 3
minimal 1 1 0 0 1 3 2 2 0 1
mild 0 0 1 1 1 0 0 1 0 1
moderate 0 0 0 0 0 0 0 0 0 1
Hyalinosis, hepatocytes 0 0 0 0 1 0 0 0 0 0
mild 0 0 0 0 1 0 0 0 0 0
Increased mitotic figures, hepatocytes 0 0 0 0 0 0 0 0 0 0
minimal 0 0 0 0 0 0 0 0 0 0
Increased Kupffer cells 0 0 0 0 0 0 0 1 0 0
minimal 0 0 0 0 0 0 0 1 0 0
Apoptosis/single cell necrosis, hepatocytes 0 0 0 1 3 0 0 3 0 1
minimal 0 0 0 1 3 0 0 3 0 1
Basophilic granules, Kupffer cells 0 0 0 0 0 0 0 3 0 0
minimal 0 0 0 0 0 0 0 2 0 0
mild 0 0 0 0 0 0 0 1 0 0
Cholestasis, Kupffer cells 0 0 0 0 0 0 0 0 0 0
minimal 0 0 0 0 0 0 0 0 0 0
Kidney
lj:;:philic granules, cortical tubular epithelial 0 3 3 0 3 0 3 3 3 3
minimal 0 3 0 0 0 0 2 0 3 0
mild 0 0 1 0 0 0 1 0 0 0
moderate 0 0 2 0 3 0 0 3 0 3
DISCUSSION inherent chemical instability, alternating 2'-F/2’-MOE modifications

siRNA therapeutics have emerged as a highly promising approach
for treating chronic diseases associated with the overexpression of
specific mRNAs, particularly following the groundbreaking success
of Zilebesiran, a siRNA agent targeting AGT mRNA, in hypertension
treatment.”'' However, the development of potent siRNA agents still
faces many significant challenges. The absence of a precise tool for
the prediction of structure-activity relationships makes it difficult
to design an siRNA with satisfactory efficacy and safety. In this study,
we have introduced an innovative and comprehensive drug discov-
ery platform specifically designed to optimize the synergistic integra-
tion of sequence composition, modification patterns, and targeted
delivery mechanisms.

By using this innovative platform, several novel and potent siRNAs

targeting AGT were successfully developed. Initially, to avoid the sus-
ceptibility of naked siRNAs to ribonuclease degradation and their
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(termed “AL”) were introduced. From the initial pool of 96 siRNA se-
quences, 19 AL-modified sequences (Figure 1A) were selected based
on their dose-dependent efficacy in HepG2 and Huh?7 cells. Further
evaluation had determined 10 potent AL-modified sequences
(Figure 1B). Notably, the most potent sequence, si060-AL, demon-
strated remarkable inhibitory activity with ICsy values of 2.25 pM in
HepG2 cells and 2.26 pM in Huh7 cells, which is 4.4-fold and 2.9-
fold better respectively over Zilebesiran-AL (with ICs, of 9.98 pM in
HepG2 and 6.60 pM in Huh?7). This significant enhancement in po-
tency highlights the superiority of these sequences compared to Zile-
besiran. Based on these results, 75 siRNAs with diverse modification
patterns were designed from the 10 potent sequences and subse-
quently screened in both HepG2 and Huh7 cells (Figure S5).

As a result, 13 highly potent siRNAs were identified. Although
eight modification patterns (Figure S1), DV25P-DV29P and
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Table 2. AGT inhibition (%) and no. of DEGs in human and rat primary hepatocytes

AGT inhibition

(human)/% No. of DEGs  No. of seed-region- AGT inhibition (rat)/% No. of seed-region-
Test articles 100nM  10nM  1nM  in human related DEGs in human  100nM  10nM 1 nM No. of DEGs in rat  related DEGs in rat
Zilebesiran 67.36 51.84 31.87 159 6 —13.21 —6.39 3.32 83 4
si060-DV25Pd7BG5  73.54 53.55 25.09 22 0 —28.25 -2035 —18.13 77 0
5i097-DV29PG5 81.85 59.05 29.67 43 0 —15.66 —2794 2551 6 2
5i080-DV25PG5 75.08 55.77 3461 30 6 —13.86 —-20.08 —1693 3 2
si098-DV29Pd7BG5  75.91 58.76 2713 3 0 12.03 18.91 —1595 6 0
5i061-DV27PG5 56.38 44.80 2929 2 0 —26.31 —3225 2421 136 4
5i060-DV25PG5 68.62 48.90 3050 1 0 —14.65 —24.44 531 27 0

DV32P-DV34P, were designed and screened, four of them were su-
perior and emerged in several distinct sequences (DV25P, DV26P,
DV27P, and DV29P). For instance, si89, si97, si98, and si99, with
modification pattern DV29P, exhibited excellent target inhibition ef-
fects (Figures 1C and 1D). Notably, si89-DV29 had achieved ICs,
values of 3.30 pM in HepG2 cells and 1.83 pM in Huh?7 cells, which
was 5.2-fold and 1.7-fold better, respectively, over Zilebesiran
(17.27 pM in HepG2 and 3.09 pM in Huh?7). These results highlight
the enhanced efficacy of these siRNAs, which may be attributed to an
optimal combination of sequence composition and modification
patterns.

Furthermore, the successful transfer of effective modification pat-
terns across different sequences suggests their broad applicability.
However, modification patterns may not be universal. Despite using
the DV29 pattern, si102-DV29P had shown a significantly weaker in-
hibition (ICsq values of 61.50 pM in HepG2 and 15.08 pM in Huh?7).
This underscores the sequence specificity of modification patterns,
emphasizing the necessity of screening experiments for the identifi-
cation of the most effective combinations.

Next, the potential off-target effects of siRNAs were analyzed by in
silico analysis, leveraging insights from evaluation reports of several
approved siRNAs.”” Among the 13 potent modified siRNAs selected,
12 had exhibited potential off-target effects (Figures S10 and SI11).
qPCR validation in both HepG2 and Huh?7 cells revealed that si86-
DV26P may have a significant off-target effect on the gene CCNA2
and showed a dose-dependent inhibition at a concentration range
of 16 pM to 10 nM, with a maximum inhibition of up to 80%
(Figure S10F). To address this, a DNA substitution strategy was first
explored, and two modified patterns, DV26Pd7B and DV26Pd67B,
were applied on si86 to design two new compounds, si86-DV26Pd7B
and si86-DV26Pd67B (Figure 2A). The GNA modification pattern,
reported by Alnylam,'**" was also involved in si86-DV26P+ as a
comparison.

The ideal outcome is to eliminate off-target gene inhibition without
compromising on-target gene suppression. However, achieving this
target can be a challenge since modifications that reduce off-target
effects could also diminish on-target efficacy. Our results showed

that GNA modification in si86-DV26P+ has reduced the inhibition
of CCNA2 but also slightly impaired AGT suppression. In contrast,
si86-DV26Pd7B and si86-DV26Pd67B had effectively minimized
CCNA2 inhibition while maintaining robust on-target activity.
Similar results were also observed for si98-DV29P (Figure 2B), con-
firming the efficacy of DNA substitution strategy in mitigating off-
target effects. As a precaution, DV26Pd7B and DV26Pd67B modifi-
cations were applied to 11 additional siRNAs together (excluding
si061-DV27P, which had no off-target genes found), resulting in
the design of 34 GalNAc-siRNA conjugates for further in vivo eval-
uation (Figure 3).

During siRNA-mediated gene silencing, the RNA-induced silencing
complex (RISC) demonstrates high specificity in binding target
mRNA.”® However, due to significant genetic homology differences
between species, siRNAs designed for human mRNA often fail to
effectively recognize their counterparts in wild-type mice. This lim-
itation can be overcome by using humanized mouse models, which
provide a suitable genetic background for successful siRNA targeting
and enable effective translation of pharmacodynamic profiles to
humans.”

In this study, we utilized humanized AGT mice for in vivo screening
to evaluate the efficacy of GaINAc-siRNA conjugates. Following a
single subcutaneous injection of siRNAs at 3 mpk, we identified 6
out of 34 conjugates that showed equivalent or superior efficacy
compared to Zilebesiran (Figures 3A and 3B). While the nadir
AGT levels of these potent siRNAs and Zilebesiran were comparable
at both 3 mpk and 1 mpk doses, significant differences between
candidate siRNAs and Zilebesiran were observed during the rebound
phase, revealing distinct long-term performance profiles among the
candidates (Figures 3B and 3C). Notably, si097-DV29PG5 outper-
formed Zilebesiran in both AGT inhibition and duration of effect
in vivo. This finding aligned with the in vitro results, where the
non-GalNAc-conjugated counterpart, si097-DV29, also demon-
strated superior efficacy over Zilebesiran (Figure 1D). However,
promising in vitro results may not always be reserved in vivo due
to the complexity of siRNA delivery. For instance, although
siRNAs with d67B modification (has DNA substitutions at positions
6 and 7 of the antisense strand) had achieved a favorable balance
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Figure 6. AGT inhibition and blood-pressure-lowering effects of candidate
siRNAs in cynomolgus monkeys

(A) and (B) Systolic blood pressure of subject monkeys. n = 3 for each group. Group
means + SEM are shown. (C) and (D) Serum AGT expression of monkeys treated
with candidate siRNAs by 6 mpk s.c. n = 3 for each group. Group means + SEM are
shown.

between off-target and on-target effects in vitro, rapid clearance of
these siRNAs from tissues had resulted in poor in vivo efficacies
(Figures 3A, S12, and S13). In summary, mitigating off-target effects
through siRNA modifications remains a significant challenge and re-
quires thorough validation in both in vitro and in vivo settings.

With the abundant pharmacodynamic profile of siRNAs in hand, we

aimed to establish a prediction model to elucidate the relationship
between the sequence composition and efficacy. Given that the
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AGT mRNA exceeds 2,000 nt in length, thousands of siRNAs with
diverse sequence compositions can be designed. While in silico effi-
cacy prediction of siRNAs can be performed using various algo-
rithms based on different rule sets,”> > most existing models have
shown low correlation coefficients when applied to alternately modi-
fied siRNAs in this study when evaluated using the i-Score tool
(Figure 4).>* Notably, thermodynamic features and the model pro-
posed by Katoh et al.. were exceptions,”® as we have demonstrated
that higher whole-sequence Gibbs free energy (Whole dG) and Ka-
toh score correlated with increased in vitro siRNA efficacy. Thermo-
dynamic features were known to influence siRNA efficacy,’* >
the Katoh score, derived from siRNA base composition, could also
impact inhibitory.% The failure of other features, rule sets, or models
to predict the efficacy of alternately modified siRNAs likely stems
from their reliance on datasets of unmodified siRNAs,'* which are
less effective for modified sequences. Additionally, unmodified
siRNAs possess some disadvantages compared to fully modified
siRNAs'’ and thus might be influenced by different parameters.
Currently, few models are trained on data from modified siRNAs,
underscoring the continued necessity of in vitro or in vivo screening
to identify potent sequences.

and

Beyond pharmacodynamic considerations, safety profiles are equally
critical for the development of therapeutic siRNAs. To assess the
safety of six candidate compounds identified in the pharmacodynamic
study using humanized AGT mice, in vivo toxicology tests were con-
ducted in SD rats (Tables S2 and S3). While si097-DV29PG5 had
demonstrated safety (Figure 5; Table 1), although some “safe”
siRNAs, particularly si061-DV27PGS5, still induced liver or kidney
damage (Figures S14-S17). Despite having the lowest number of pre-
dicted off-target genes, si061-DV27PG5 caused the most significant
adverse effects, including elevated ALT, AST, and urea levels, as
well as histopathological liver and renal damage. Hepatotoxicity in
rats is primarily driven by RNAi-mediated off-target effects, and stra-
tegies to reduce seed-mediated off-target binding could improve the
safety of GalNAc-siRNA therapeutics.'® Although in silico analysis
is widely used for off-target risk assessment, our findings align with
recent reports demonstrating that many predicted off-target genes
may not be accurate when validated by qPCR. Given the complexities
of predicting the off-target effect of siRNA, even with perfect sequence
matches, it is unsurprising that most candidate siRNAs exhibited no
inhibitory effects on predicted off-target genes.

To further investigate, we employed RNAseq to comprehensively
evaluate the off-target effects of siRNAs for toxicology studies.
Differentially regulated genes were selected based on the assumption
that siRNA-mediated gene regulation should follow dose-dependent
patterns (Table 2). Among the tested siRNAs, si061-DV27PG5
induced the highest number of downregulated genes in rat hepato-
cytes, a finding that strongly correlated with toxicology test results.
However, the discrepancy between the number of downregulated
genes and off-target genes predicted using NCBI blast raised ques-
tions regarding the extent to which these genes were affected by
miRNA-like off-target mechanisms. To answer this question, we
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utilized DSIR to identify genes with a 3'UTR sequence complemen-
tary to the siRNA seed region. The results revealed that less than 5%
of these genes were dose-dependently downregulated by siRNA,
underscoring the significant challenges in the accurate prediction
of off-target effects. Together, these findings highlight the need for
more robust predictive models to improve the in silico forecasting
of off-target effects of siRNAs.

Based on their comparable efficacy in humanized AGT mice and
favorable safety profiles, three potent siRNAs—si60-DV25PGS5,
si80-DV25PG5, and si097-DV29PG5—were selected for further
validation in spontaneous hypertensive monkeys (Figure 6). Single
subcutaneous injections of the respective siRNAs were given to an-
imals. Both si60-DV25PG5 and si80-DV25PG5 demonstrated com-
parable efficacy in AGT inhibition and systolic blood pressure
(SBP) reduction to Zilebesiran (Figures 6A and 6C). Notably,
§i097-DV29PG5 had achieved >90% reduction in serum AGT
levels, regardless of the administered dose (6 mpk and 3 mpk)
(Figure 6B). This may suggests a saturation of siRNA activity at 3
mpk. Importantly, si097-DV29PG5 maintained sustained AGT in-
hibition throughout the observation period, whereas Zilebesiran
had exhibited a marked rebound trend. Despite these differences
in AGT suppression, both siRNAs had demonstrated comparable
blood pressure reduction, indicating that the achieved AGT knock-
down levels may be sufficient to sustain the antihypertensive effect
in the cynomolgus monkeys. Given its prolonged maximal AGT
suppression, si097-DV29PG5 holds significant potential to be a su-
perior antihypertensive therapy compared to Zilebesiran, particu-
larly at equivalent or lower doses.

In conclusion, this study established a comprehensive framework for
therapeutic siRNAs development, integrating efficacy and safety
considerations. We successfully developed a novel siRNA, si097-
DV29PG5, targeting hepatic AGT for hypertension treatment.
Compared to Zilebesiran, a phase II clinical trial candidate, si097-
DV29PG5 exhibited superior efficacy and prolonged duration of ef-
fect, positioning it as a promising solution for uncontrolled hyper-
tension. Throughout development, we have fully considered both
high efficacy and rigorous safety evaluation, ultimately identifying
si097-DV29PGS5 as a potent and safe AGT-targeting siRNA. How-
ever, its clinical safety and efficacy require further validation. The
systematic approach established in this study can be extended to
other siRNA-based therapies, providing a versatile blueprint for
therapeutic discovery.

MATERIALS AND METHODS

Care and use of laboratory animals

All studies were conducted using protocols consistent with appli-
cable local regulations and were approved by the Institutional
Animal Care and Use Committee (IACUC, TACUC20231113-
PDO02.01). The test articles were diluted with 0.9% NaCl or PBS to
achieve appropriate dosing concentrations and were administered
subcutaneously to C57/BL6 mice (6-8 weeks old), Sprague-Dawley
rats (6-8 weeks old), or cynomolgus monkeys (6-14 years old).

Randomization was performed to avoid bias. Investigators were
not blinded to the group allocation during the experiment or when
assessing the outcome.

siRNA design and synthesis

siRNAs targeting AGT were designed based on mRNA sequence
NM_001384479.1 obtained from NCBI. All possible siRNA se-
quences were generated, and sequences with immunostimulatory
motifs were filtered with DSIR.*® The sequence and modification
of Zilebesiran were collected from whom INN recommended list
86 (https://www.who.int/publications/m/item/inn-rl-86). The effi-
cacy of sequences was predicted using different rule sets or
models,”*>**** then sequences used in screening were picked
manually. We alternately modified siRNAs with 2’-F and 2’-MOE
for sequence composition screening. We managed to identify several
siRNAs with different sequence compositions, most of which were
more potent compared with Zilebesiran congener, which also had
the same alternative modification as all the candidates. Then
different modification patterns were applied on siRNAs for modifi-
cation screening.

The fully protected single strands of the siRNA were synthesized us-
ing a Tsingke 192P or 12P synthesizer. Nucleotide phosphoramidite
of 2/-F, 2’-Ome, DNA, and GNA were obtained from commercial
sources. GalNAc G5 was synthesized and then attached to the
controlled pore glass (CPG) solid-phase support. The 5" end of
GalNAc G5 was protected by 4,4’-dimethoxytrityl (DMT). This pro-
tecting group can be removed at the start of nucleotide assembly, al-
lowing GalNAc G5 to conjugate with the 3’ end of the sense strand
during solid-phase synthesis. After the solid-phase synthesis was
completed, the antisense strand and sense strand were separately
cleaved from the synthesis support. This cleavage was achieved by
subjecting them to a 28% ammonia solution at 85°C for a duration
of 2 h. After that, the system was cooled to room temperature. The
mixture was then transferred to a filter press and eluted with a mixed
solution of purified water and ethanol. The filtrates were combined,
passed through a chromatography column, desalted, and concen-
trated using a 1 KD ultrafiltration tube to obtain a single-strand so-
lution. The purified sense and antisense strands were mixed in a 1:1
ratio, heated to 95°C and held at this temperature for 3 min, and then
slowly cooled to room temperature to form double-stranded siRNA.
After lyophilization, the siRNA was obtained as a white powder. The
identities and purities of all oligonucleotides were confirmed using
LC-MS and HPLC, respectively. Before testing in vitro or administra-
tion to the animals, the oligonucleotide solution was prepared to a
certain concentration using PBS buffer.

Cell line culture and dosing

HepG2 (Cyagene, H1-1701) and Huh7 (NIFDC, DR-Cell-01) cells
were grown in Dulbecco’s modified Eagle’s medium (Macgene,
CM10013) supplemented with 5% fetal bovine serum (FBS; Vistech,
SE100-011) and 1% penicillin-streptomycin (Gibco, 15070063).
Reverse transfections were performed in a 24-well plate using Lipo-
fectamine RNAIMAX (Invitrogen, 13778150), according to the
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manufacturer’s instructions. Briefly, test articles were dissolved in
water, diluted using Opti-MEM (Gibco, 31985070), and mixed
with an equal volume of Lipofectamine RNAIMAX dispersed in
Opti-MEM. The mixture was incubated for 15 min at room temper-
ature to form siRNA-Lipofectamine RNAiMAX transfection com-
plexes. Cells were detached and diluted in Opti-MEM such that
500 pL contains 75,000 cells. One hundred microliters of transfection
complexes were added to each well, and 500 pL of diluted cells were
added to a final volume of 600 pL. The plates were gently mixed by
rocking them back and forth.

Analysis of hAGT knockdown in transgenic mice

Male hAGT transgenic mice were dosed with 3 mg/kg (mpk) or 1
mpk GalNAc-siRNAs via subcutaneous injection at a dose volume
of 5 mL/kg (n = 6 animals per group); 0.15 mL blood sample was
collected from each mouse 3 days before dosing and every 7 days af-
ter dosing. Blood samples were centrifuged at 3,000 rpm at 4°C to
separate plasma, and hAGT levels in serum were determined using
ELISA (Sino Biological, KIT10994). Mice were sacrificed at the end
of the observation period, and their livers were collected and lysed
in TRIzol (Invitrogen, 15596018CN). RNA was extracted and used
for cDNA synthesis using PrimeScript RT Master Mix (Takara,
RR036B), and then hAGT mRNA levels in the liver were determined
by quantitative real-time PCR using TB Green Premix Ex Taq
(Takara, RR420L) on ABI 7500 according to the manufacturer’s
instructions.

RNAseq

Primary human hepatocytes (Liver Biotechnology, LV-PHHO001)
and rat hepatocytes (Milestone Biotechnologies, CRH-100SDP-
PQ) were thawed in a water bath at 37°C. Resuscitation medium
was added, and the cell suspension was centrifuged at 50 xg for
2 min. The supernatant was removed, seeding medium was added,
and cells were gently resuspended. The cells were seeded in
24-well, collagen-coated plates and cultured for 24 h. siRNAs were
diluted to 100 nM, 10 nM, or 1 nM with maintenance culture me-
dium. The seeding medium was then replaced with siRNA solution,
and hepatocytes were cultured for 48 h before being harvested with
TRIzol (Invitrogen, 15596018CN). RNA extracted from TRIzol was
used for cDNA library preparation using the Hieff mRNA Library
Prep Kit (Yeasen, 12309ES08) and sequenced on a HiSeq sequencer
(Nlumina), according to the manufacturer’s instructions. Raw RNA-
seq reads were trimmed and filtered using Trimmomatic software.
Filtered reads were aligned to human or rat genomes using
HISAT2, and expression was quantified using StringTie. Differen-
tially expressed genes were analyzed using DESeq.

Clinical pathology

Whole-venous blood was collected into serum separator tubes (BD
Microtainer). Serum chemistry was analyzed using an AU5800
chemistry analyzer (Beckman Coulter), with reagents provided by
Beckman Coulter. Blood cell counting was performed using a Sys-
mex XN 1,000V hematology analyzer, and blood coagulation charac-
teristics were analyzed on a Sysmex CS-5100. Differences between
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group means were evaluated for statistical significance using one-
way analysis of variance (ANOVA) in GNU PSPP.

Histopathology

All animals were sacrificed according to the standard operating pro-
cedures, and tissues of interest were collected. All tissues were fixed
in 10% neutral buffered formalin (10% NBF) for 72 h. Tissues were
trimmed, embedded in paraffin blocks, sectioned at 4 pm, stained
with H&E using TissueTek Prisma A1D (Sakura), and coverslipped
using TissueTek Glass g2 (Sakura). Two sections were examined
microscopically from each liver in an unblinded fashion, followed
by a blinded assessment to confirm subtle findings. The range of
severity grade for each histologic finding was graded on a scale of
1-5, with 1 indicating minimal severity and 5 indicating severe
severity.

Analysis of AGT knockdown and blood-pressure-lowering
effects in spontaneous hypertensive cynomolgus monkeys

The blood pressure of 6- to 14-year-old male cynomolgus monkeys
was monitored using blood pressure monitors with a cuff, and mon-
keys with systolic blood pressure over 140 mmHg in two consecutive
measurements were considered spontaneously hypertensive animals
and included in the test. The animals were randomized and allocated
to different groups (1 = 6 per group) based on systolic blood pressure
and body weight to avoid bias. All animals were dosed with 6 mpk
GalNAc-siRNAs. Blood pressure was monitored, and blood samples
were collected every 7 days. Serum AGT levels were determined us-
ing ELISA.

qPCR

For cell line samples, total RNA was extracted using the MiniBest
Universal RNA Extraction Kit (Takara, 9767). For animal tissue
samples, total RNA was extracted using TRIzol (Invitrogen,
15596018CN) following the manufacturer’s instructions. RNA was
reverse-transcribed using PrimeScript RT Master Mix (Takara,
RR036B). qPCR was performed with TB Green Premix Ex Taq
(Takara, RR420L) according to the manufacturer’s instructions on
ABI 7500 using following primers: hAGT-F: 5-ACTATCTCCCCG
GACCATCC-3’, hAGT-R: 5-CCTGATGCGGTCATTGCTCA-3,
hGAPDH-F: 5-AGTATGACAACAGCCTCAAG-3', hGAPDH-R:
5'-TCATGAGTCCTTCCACGATA-3', mGAPDH-F: 5-CCTCGT
CCCGTAGACAAAATG-3, mGAPDH-R: 5'-TTGACTGTGCCGT
TGAATTTG-3'. Data were analyzed using AACt normalized to
the control group (cells treated with Lipofectamin RNAiMAX alone
or animals treated with PBS).
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