#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Novel diamine-scaffold based N-
acetylgalactosamine (GalNAc)-siRNA conjugate:
synthesis and in vivo activitiesT

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 17461

Qiang Li, © *#® Mingxin Dong @ *2 and Pu Chen { *°¢

GalNAc-conjugated siRNA has shown remarkable potential in liver-targeted delivery in recent years. In
general, tetrahydroxymethylmethane or other branching clusters constitute the basis of GalNAC's
structure, which yields trivalent or tetravalent ligands. A novel diamine-scaffold GalNAc conjugate was
synthesized and evaluated for its efficiency in siRNA administration. It exhibits comparable siRNA delivery
effectiveness to a GalNAc NAG37 phase |l clinical drug candidate targeting ANGPTL3. In addition, it
exhibits more powerful silencing activity when connected to the 3’-end of the sense strand with an
additional PS-linkage instead of a PO linkage between the ligand and the oligomer compared to
a GalNAc L96 standard targeting TTR. Taken together, the incorporation of a diamine-scaffold into the
GalNAc conjugate structure has potential in the field of gene therapy.
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Introduction

Due to their particular physiological and physicochemical
qualities, RNA-based therapies, including antisense oligonu-
cleotides (ASOs), small interfering RNA (siRNA), and other RNA
molecules, offer considerable potential.** In fact, more than
80% of known disease-causing protein targets in the human
genome are tricky to target with appropriate binding sites
utilizing small molecules or antibodies.® RNA-based therapeu-
tics, especially ASO and siRNA which target mRNA translation
or the function of long non-coding RNA (IncRNA), are not
constrained by protein structure. They are increasingly playing
crucial roles in treating “undruggable” diseases, such as rare
diseases and metabolic diseases.”®

However, these oligonucleotides contain multiple negative
charges, resulting in low cell uptake efficiency and limiting their
potential for therapeutic efficacy.® The development of RNA-
based therapies relies greatly on developments in delivery
technology.’®** Currently, conjugated connection delivery
systems (small molecule ligands, antibodies, and other
compounds) are the most extensively employed delivery strate-
gies for siRNA."*™® Among them, N-acetylgalactosamine (Gal-
NAc) conjugates are successful and widely used for liver-
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targeted siRNA delivery due to their strong interactions with
the asialoglycoprotein receptor (ASGPR).*'7** Therefore,
a number of siRNA medicines conjugated with different GalNAc
ligands have been approved by the U.S. Food and Drug
Administration (FDA) or have shown positive results in recent
clinical investigations.?® For example, inclisiran (ALN-PCSsc),
an siRNA conjugated to the GalNAc ligand L96, reduces low-
density lipoprotein (LDL) cholesterol by directly inhibiting the
synthesis of proprotein convertase subtilisin 9 (PCSK9) in
hepatocytes.>**>

Anlylam, Arrowhead, Silence, Dicerna, and other siRNA
pharmaceutical companies have developed a series of GalNA-
cylated oligonucleotides at the 5'-end, 3’-end, or middle of the
sequence.'*® On the one hand, the modified nucleoside phos-
phoramidite with an individual GalNAc residue connected to
either the nucleobase or the 2’ or 3’ position on the ribose may
be inserted at any position of the strand during solid phase
synthesis.>* On the other hand, the trivalent or tetravalent Gal-
NAc ligands might alternatively attached to either the 5'-end or
3’-end of the sense strand." The latter relies on core structures
based on tetrahydroxymethylmethane, tris, y-glutamyl dipep-
tide, or other branched clusters.*®*?

Herein, we report the synthesis of novel diamine-scaffold-
based GalNAc ligands and introduce them at the terminal end
of the sense strand. Specifically, TG1 or TG2 was attached to the
5'-end or 3-end of oligonucleotides, respectively (Fig. 1).
Subsequent biological investigations revealed that TG1 had
delivery capabilities comparable to those of NAG37. Further-
more, the silencing effect of TG2-modified siRNA is equivalent
to that of L96-modified siRNA.
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Fig.1 The structure of 5'-end GalNAc TG1 (A) and 3'-end GalNAc TG2
(B).

Results

First, as indicated in Scheme 1, we created a trivalent GalNAc
precursor 7. This precursor had a diamine core structure.
According to the reported literature, starting materials 1 and 4
were obtained.>®?® In brief, 1 was coupled with amino 2 in the
presence of sodium iodide and K,CO3, followed by deprotection
with HCI to produce the key intermediate 3. Subsequently,
using TMSOT as a catalyst, a traditional glycosidation reaction
between tert-butyl 3-(2-(2-hydroxyethoxy)ethoxy)propanoate 4
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Scheme 1 Synthesis of diamine-scaffold-based GalNAc precursor 7.
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and completely acetylated galactosamine produced 5.*” Tri-
fluoroacetic acid (TFA) was used to cleave compound 5's tert-
butyl ester, yielding another essential intermediate, compound
6. In order to create the core diamine scaffold, the acid 6 was
activated by EDCI and NHS, then coupled with compound 3 in
the presence of DIPEA to build the core diamine scaffold, and
deprotected to generate the OH-naked precursor 7. The struc-
tures of key compounds 3 and 6 were characterized using NMR
methods (Fig. S1 and S27).

Subsequently, two strategies for conjugation at either the 5'-
end or the 3’-end of the sense strand were considered (Fig. 1).
Therefore, on the oner hand, the phosphoramidite 8 supporting
TG1-ssRNA was obtained from precursor 7 using a conven-
tional method (Scheme 2A). On the other hand, the diamine-
scaffold-based GalNAc CPG, which can facilitate the synthesis
of TG2-ssRNA, was synthesized (Scheme 2B).** In short,
precursor 7 was activated by CDI, followed by reaction with 1-
amino-3-0-(4,4’-dimethoxytrityl)-2,3-propanediol 9 (ref. 28) to
yield carbamate 10. In the presence of Et;N and a catalytic
amount of DMAP, the reaction of 10 with succinic acid anhy-
dride yields intermediate 11 with an extended carboxyl group.*
The -COOH group of compound 11 was then conjugated with
the -NH, group of 500 A CPG through condensation, followed
by AC,O capping to produce GalNAc CPG 12.

All siRNA (24-32, as shown in Tables 1, 2 and Fig. S3, S147),
including ligand-conjugated siRNA, were synthesized using
standard solid-phase oligonucleotide synthesis methods.
Specifically, GalNAc phosphoramidite 8 or NAG37 (synthesized
with reference to Arrowhead Pharmaceuticals) is used as the
final linking unit to obtain the 5’-end GalNAc-conjugated sense
strands 14, 15, and 19. The 3’-end GalNAc-modified sense
strands 18, 16, 20, 21, and 22 were collected from solid support
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Scheme 2 Synthesis of diamine-scaffold-based phosphoramidite (A) and diamine-scaffold-based GalNAc CPG (B).

Table 1 Synthesized siRNA for fluorescence experiments

siRNA S/AS® Sequence (5'-3') Target’

24 13 gcucaacaUAUuugaucagu*a ANG3
17 u*A*c*ugAuCaAaUaUgUuGaGc*C7-NH2-AF647

25 14 TG1*gcucaacaUAUuugaucagu*a ANG3
17 u*A*c*ugAuCaAaUaUgUuGaGc*C7-NH2-AF647

26 15 NAG37*invAb*gcucaacaUAUuugaucagua*invAb ANG3
17 u*A*c*ugAuCaAaUaUgUuGaGce*C7-NH2-AF647

27 16 g*cucaacaUAUuugaucagua*TG2 ANG3

17 u*A*c*ugAuCaAaUaUgUuGaGc*C7-NH2-AF647

“ 5 indicates sense strands and AS indicates antisense strands. ? Upper-
case and lower-case letters represent 2'-deoxy-2'-fluoro (2'-F) and 2'-O-
methyl (2'-OMe) sugar-modified uridine (U), adenosine (A), guanosine
(G), and cytidine (C), respectively. * Indicates a phosphorothioate (PS)
linkage. C7-NH2, 3’-amino-modifier C7. AF647: Alexa Fluor 647
fluorophore. InvAb: inverted abasic site. TG1, TG2, and NAG37
represent different GalNAc ligands. Their structures are shown in Fig.
1 and the ESI. © ANG3, angiopoietin-like protein 3.

L96-CPG or 12, respectively. The phosphoramidite with an
inverted abasic site used in strand 15 was synthesized according
to Arrowhead Pharmaceuticals. For the fluorescent-labeled
antisense strand 17, we utilized commercially available NH,-
protected C7-CPG and AF647 NHS ester (Fig. S31). The overall
yields of these modified strands were comparable to those of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

natural strands 13 or 23 after standard deprotection and HPLC
purification. All siRNA duplexes were obtained by annealing
equimolar amounts of antisense strands with the correspond-
ing sense strands.

With assembled duplexes on hand, we next investigated the
target-delivery capabilities of our 5’-end modified GalNAc ligand
TG1. AF647-labeled duplex 24-26 were subcutaneously (SC)
administered into BALB/c nude mice. Fluorescence signals were
observed in the livers of mice injected with both our GalNAc
(TG1)-modified 25 and GalNAc-NAG37-modified 26 thirty
minutes after injection, according to bioluminescence imaging.
Moreover, 1-2 hours after delivery, there was a noticeable
increase in the liver fluorescence signals (Fig. S15T). However,
no obvious accumulation of fluorescence signal was observed in
the liver of animals injected with siRNA 24. The image of mice
injected with duplex 25 shows comparatively greater fluorescent
signals in the liver as compared to the image of mice injected
with siRNA 26. It might suggest that the ligand TG1 enhances
SiRNA distribution to the liver at a faster rate than NAG37
ligand. In addition, it was noted that within 3-4 hours of drug
injection, the fluorescence signal in the bladder of all three test
mice groups was stronger than that of other organs, suggesting
that the majority of the siRNA medicines were eliminated
through urination. After nine and twenty-four hours, ex vivo
pictures of normal organs revealed that siRNAs 25 and 26 were

RSC Adv, 2024, 14, 17461-17466 | 17463
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Table 2 Synthesized siRNA for gene silencing
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mMRNA (%) rel. to PBS

SiRNA S/AS® Sequence (5'-3')° Target Day 14 Day 39

28 18 c*a*guguUCUugcucuauaal96 TTR 8.94 30.2
23 u*U*auaGagcaagaAcAcug*u*u

29 19 TG1*caguguUCUugcucuau*a*a TTR 9.39 53.3
23 u*U*auaGagcaagaAcAcug*u*u

30 20 c*a*guguUCUugcucuauaaTG2 TTR 7.37 44.2
23 u*U*auaGagcaagaAcAcug*u*u

31 21 c*a*guguUCUugcucuauaa*TG2 TTR 8.89 22.0
23 u*U*auaGagcaagaAcAcug*u*u

32 22 c*a*guguUCUugcucuaua*a*TG2 TTR 7.46 22.1
23 u*U*auaGagcaagaAcAcug*u*u

“ S indicates sense strands and AS indicates antisense strands.

Upper-case and lower-case letters represent 2'-deoxy-2'-fluoro (2'-F) and 2’-O-methyl

(2'-OMe) sugar-modified uridine (U), adenosine (A), guanosine (G), and cytidine (C), respectively. * Indicates a phosphorothioate (PS) linkage. TG1,

TG2, and L96 represent different GalNAc ligands. Their structures are shown in Fig. 1 and the ESI.

selectively targeted and deposited in the liver, while little to no
accumulation was seen in other organs (Fig. 2 and S16%). The
small amount of GalNAc-modified siRNA that was discovered in
the kidney implies that the kidneys may be able to metabolize
certain conjugates, just like they do unconjugated siRNA
medications.*

Apparently, Mice's kidneys appear to have a greater
concentration of 24 than their livers. Interestingly, ex vivo
images of mice given 24 or 26 treatment showed a higher
distribution in extrahepatic organs, such as the spleen and
uterus. In contrast, only the liver and kidneys of animals treated
with 25 showed obvious fluorescence signals (Fig. 2). Since
there are no analogous scenarios for comparable drugs, these
subtle distinctions may arise from structural variances between
GalNAc-TG1 and GalNAc-NAG37, or differences in modifica-
tion patterns of the sense strand. Furthermore, the GalNAc-
TG2-modified siRNA 27 exhibited comparable outcomes to
siRNA 25, demonstrating a noticeable accumulation of fluo-
rescence signal in the liver twenty-four hours after injection,
which was slightly higher than that of siRNA 26 (Fig. S177). Most
importantly, both the GalNAc-TG1 and GalNAc-TG2 do not
impact cell viability, even when present at high concentrations

(Fig. S18%).

liver Kidney spleen uteus lung brain heart

“RNAZ.‘E . . . n n.

siRNA2S R

24h —
—

1.0cm
Color-Scale ) i Epi-fluorescence
Min = 2800 ! T T — —
Max = 52704 10000 20000 30000 40000 50000

Fig. 2 Representative organ images showing the target-delivery
capabilities of TG1-conjugated siRNA 24 (9 h or 24 h post-injection
into mice). The organ type, fluorescence signal intensity and scale bar
are located above and below the graph, respectively.

17464 | RSC Adv, 2024, 14, 17461-17466

¢ TTR, transthyretin.

We next evaluated the ability to silence gene expression in
vivo using siRNA 28-32 conjugated to our GalNAc-TG1 and
GalNAc-TG2, which were designed to target the rodent trans-
thyretin (TTR) gene (Table 2). GalNAc-L96-conjugated siRNA 28,
which is 2 nucleotides shorter than DV22 conjugate from
Alnylam, was utilized as a positive control. This siRNA variant
features the substitution of a 2'-F modified nucleoside with a 2’
OMe modified nucleoside at position 15 of the sense strand
(counted from the 3’-side, Fig. S191).** Considering the
enhanced effectiveness and prolonged activity of DV22 and
DV18 conjugates in mice, the expression of TTR in the liver was
assessed using quantitative PCR at 14 and 39 days after
administration. After 14 days of SC administration at a dose of
1 mg kg™ ', the silencing efficiency of each group was essentially
the same, with all groups achieving a silencing efficiency of over
90% (Fig. S20t). Observations in mice 39 days after SC admin-
istration of siRNA 29 with GalNAc-TG1 modification at the 5'-
end of the sense strand exhibited a that TTR mRNA levels
increased to 50% relative to animals treated with PBS controls.
In contrast, TTR mRNA expression was still 70% inhibited in
the positive control group that received siRNA 26 treatment
(Fig. 3). We speculated that the difference in the sense strand

Day 39
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Fig. 3 TTR gene silencing results of 39 days after a single subcuta-
neous dose of 1 mg kg~ with siRNA 28—32 in wild-type C57BL/6 mice
(n = 7). Error bars represent standard errors for TTR mRNA (mTTR)
measurements.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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connection site (5-end or 3’-end) between GalNAc-TG1 and
GalNAc-L96 may account for the above different result.
However, GalNAc-TG2-modified siRNA 30 does not seem to
enhance the inhibition of mTTR expression, achieving a 56%
inhibition rate which in the range of the values of siRNA 28 and
siRNA 29 (Fig. 3). Given the distinct structures of GalNAc-TG2
and GalNAc-L96, their metabolic stability in mice varies
significantly. Based on siRNA 30, more in-depth examination of
the siRNA chemistry resulted in the creation of siRNA 31, which
offers enhanced defense against 3’-exonucleases by adding a PS
linkage between GalNAc-TG2 and the oligonucleotide. It should
come as no surprise that the additional PS linkage enhanced the
inhibition of mTTR expression caused by siRNA 30, resulting in
a 78% suppression. On this basis, the siRNA 32 produced by
reintroducing an additional PS linkage did not impair its
activity. In addition, animals treated with siRNA (35-36) modi-
fied with TG3, which contains the trans-4-hydroxyprolinol (tHP)
moiety similar to L96, exhibited comparable RNAi efficacy to
that of the PS stabilized siRNA 31, either 14 days or 39 days post
subcutaneous injection (Fig. S21t). The stabilized chemical
moieties, such as PS and tHP, play a crucial role in the receptor-
specific targeted delivery of siRNA by protecting the siRNA from
nuclease degradation and prolonging the duration of gene
silencing. Therefore, the coexistence of the novel diamine-
scaffold based GalNAc and stabilized chemical moieties
provides a viable approach for RNAi therapeutics.

Conclusions

We have developed a novel GalNAc ligand precursor 7 based on
diamine scaffold, which can be easily synthesized through
several coupling steps. Starting from the precursor, the GalNAc
phosphoramidite coupled to the 5'-end of the sense strand can
be obtained through a one-step reaction, or the GalNAc CPG
attached to the 3’-end of the sense strand can be obtained
through a simple multi-step conversion. Consequently, several
TG1 or TG2 modified siRNAs were then obtained. Importantly,
TG1-modified siRNA demonstrates comparable tissue-specific
delivery efficiency to a GalNAc NAG37 phase II clinical drug
candidate, while TG2-modified siRNA exhibits enhanced inhi-
bition of mTTR expression compared to a GalNAc L96 standard.
Subsequently, an examination of the pharmacokinetics (PK)
and pharmacodynamics (PD) properties of these GalNAc-
conjugated siRNA will be conducted, encompassing an assess-
ment of their in vivo half-lives.*

Ethical statement

All the animals were acclimated under standard laboratory
conditions (ventilated room, 25 + 1 °C, 60 & 5% humidity, 12 h
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Institute of Qingdao (SYXK-2021-0009). All animal procedures
were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of “Qingdao” University and
approved by the Animal Ethics Committee of “Medical College
of Qingdao University” (QDU-AEC-2023187).
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