4126—4147 Nucleic Acids Research, 2023, Vol. 51, No. 9
https:Ildoi.orgl10.1093narl/gkad268

Published online 18 April 2023

Impact of stereopure chimeric backbone chemistries
on the potency and durability of gene silencing by

RNA interference

Wei Liu’, Naoki Iwamotof, Subramanian Marappan, Khoa Luu, Snehlata Tripathi,

Erin Purcell-Estabrook, Juili Dilip Shelke, Himali Shah, Anthony Lamattina, Qianli Pan,
Brett Schrand, Frank Favaloro, Mugdha Bedekar, Arindom Chatterjee, Jigar Desai
Tomomi Kawamoto, Genliang Lu, Jake Metterville, Milinda Samaraweera,

Priyanka Shiva Prakasha, Hailin Yang, Yuan Yin, Hui Yu, Paloma H. Giangrande,
Michael Byrne, Pachamuthu Kandasamy and Chandra Vargeese

Wave Life Sciences, Cambridge, MA 02138, USA

Received December 08, 2022; Revised March 04, 2023; Editorial Decision March 27, 2023; Accepted March 31, 2023

ABSTRACT

Herein, we report the systematic investigation of
stereopure phosphorothioate (PS) and phosphoryl
guanidine (PN) linkages on siRNA-mediated silenc-
ing. The incorporation of appropriately positioned
and configured stereopure PS and PN linkages to
N-acetylgalactosamine (GalNAc)-conjugated siRNAs
based on multiple targets (Ttr and HSD17B13) in-
creased potency and durability of mRNA silencing
in mouse hepatocytes in vivo compared with refer-
ence molecules based on clinically proven formats.
The observation that the same modification pattern
had beneficial effects on unrelated transcripts sug-
gests that it may be generalizable. The effect of stere-
opure PN modification on silencing is modulated by
2’-ribose modifications in the vicinity, particularly on
the nucleoside 3’ to the linkage. These benefits cor-
responded with both an increase in thermal instabil-
ity at the 5’-end of the antisense strand and improved
Argonaute 2 (Ago2) loading. Application of one of our
most effective designs to generate a GalNAc-siRNA
targeting human HSD17B13 led to ~80% silencing
that persisted for at least 14 weeks after adminis-
tration of a single 3 mg/kg subcutaneous dose in
transgenic mice. The judicious use of stereopure PN
linkages improved the silencing profile of GalNAc-
siRNAs without disrupting endogenous RNA interfer-
ence pathways and without elevating serum biomark-
ers for liver dysfunction, suggesting they may be
suitable for therapeutic application.

INTRODUCTION

In 1998, the RNA interference (RNAi) pathway, or the
mechanism by which short double-stranded RNAs lead
to the degradation of specific mRNAs was first discov-
ered (1), and soon thereafter, confirmation that this gene
silencing pathway is conserved in mammalian cells was
reported (2). To leverage this endogenous mechanism for
therapeutic use, partially or fully chemically modified
double-stranded RNAs, called siRNAs, with increased
metabolic stability compared with natural RNA are needed
(3). The first siRNA approved for therapeutic use, patisiran
(https://www.fda.gov/mnews-events/press-announcements/
fda-approves-first-its-kind-targeted-rna-based-therapy-
treat-rare-disease), is partially chemically modified
with 2’-O-methyl (2'-OMe) ribose modifications and
2'-deoxythymidine dinucleotide overhangs on the 3’-ends
(4). Subsequently approved molecules, including givosiran,
inclisiran, lumasiran, and vutrisiran, feature conjugation
to N-Acetylgalactosamine (GalNAc) to enable hepatocyte
delivery (5), as well as 2'-deoxyfluoro (2'-F) ribose and
phosphorothioate (PS) backbone modifications to increase
metabolic stability (6,7). 2'-F and 2’-OMe ribose modifica-
tions are commonly used in siRNAs, as they favor a C3’-
endo sugar conformation, which is RNA-like, and provides
stability to the duplex and is compatible with Ago2 loading
(8). Incorporation of PS modifications at the termini, in
combination with ribose modifications, protects against
degradation by exonucleases (9). Importantly, siRNAs
featuring modifications that enhance stability also exhibit
improved tissue exposure, Ago2 loading and catalysis
(6,7,10).
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The advent of the PS backbone helped to launch oligonu-
cleotides as therapeutics across mechanisms (10). A conse-
quence of PS modification, however, is the creation of a chi-
ral center, where the molecule can adopt either an Rp or
Sp configuration. During traditional synthesis, this prop-
erty results in the production of stereorandom mixtures
containing 2" diastereomers where n is the number of PS-
modified positions (10,11). As the configuration of these
linkages conveys distinct pharmacology to the resulting iso-
mers (12,13), multiple groups have invested in methods to
synthesize oligonucleotides with control over chirality of PS
modifications (11,14-27). These efforts have enabled more
detailed insight into how control over this chemistry can
impact physicochemical and biological properties of these
molecules. For example, Rp PS linkages form more stable
duplexes with a target RNA, whereas Sp PS linkages tend to
have higher metabolic stability (11,12,27). The activities of
key endogenous enzymes, such as RNase H, are impacted
by backbone stercochemistry (11,28,29). The same is true
for TLRY, an innate immune receptor (12).

We were among the first to apply control over PS stere-
ochemistry to RNAi when we investigated the application
of stereopure PS linkages in the 5'- and 3’-termini of siR-
NAs targeting Proprotein convertase subtilisin/kexin type 9
(PCSK9) and identified stereochemistry-dependent activity
differences between molecules (https://patents.google.com/
patent/WO2014012081A2/en?70q=W0O2014012081). More
recently, others have generated stereorandom mixtures of
fully PS-modified siRNAs with biased compositions of Rp
or Sp configured PS linkages, with siRNAs having higher
Rp PS content exhibiting greater silencing activity in cul-
tured cells than those with higher Sp PS content (30). Others
have generated and evaluated stereopure GalNAc-siRNAs
based on a standard siRNA design, which incorporate six
PS modified linkages—two at both termini of the antisense
strand and two at 5-terminus of the sense strand—and
found that only a handful of the 64 possible isomers are ac-
tive in mice (31). In a related study, siRNAs with a restricted
PS modification pattern—containing a PS linkage at both
termini of the antisense strand and a single PS linkage at
the 5-end of the sense strand were evaluated, and stereo-
chemistry of the PS linkage was found to impact silencing
activity, with a 5'-Rp PS and 3’-Sp PS in the antisense strand
enhancing Ago2 loading and metabolic stability (32).

In this work, we set out to further explore the impact of
stereopure PS linkages on activity and to test whether our
recently reported phosphoryl guanidine (PN) backbone can
enhance the activity, tissue distribution and durability of
siRNAs as observed with other oligonucleotide modalities
(23-25). To begin, we interrogated siRNA formats with es-
tablished clinical relevance (6,7) to determine whether con-
trol over PS stereochemistry and application of stereop-
ure PN chemistry can enhance silencing. During these in-
terrogations, we explored the impact of various chemical
and stereochemical modifications on silencing by evaluating
hundreds of stereopure siRINAs. Because we interrogated
siRNAs with a more complex PS backbone modification
pattern—with six PS modifications instead of three—this
work expands our understanding of how to configure chi-
ral PS linkages to improve silencing activity compared with
prior reports (32). We confirm that the introduction of ap-
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propriately positioned stereopure PN linkages further im-
proves the potency and durability of silencing in a man-
ner dependent upon nearby 2’-ribose modifications, partic-
ularly 3’ to the PN linkage. This improved silencing activ-
ity is due at least in part to increased Ago2 loading, with
molecular modeling providing additional insight into why
PN linkages have position- and stereo-specific effects. We
confirm that the enhanced silencing activity does not dis-
rupt endogenous RNAI pathways, and that the design prin-
ciples developed herein are applicable to multiple targets.

MATERIALS AND METHODS
Oligonucleotide synthesis and preparation

Chemically modified stereopure oligonucleotides were syn-
thesized, purified, and characterized as described previously
with minor modifications (23,25). Stereorandom oligonu-
cleotides were synthesized using standard phosphoramidite
methodologies. Tri-antennary GalNAc conjugation was ac-
complished using a solution-phase or solid-phase approach
as previously described (25). The predicted and measured
mass of all oligonucleotides are shown (Supplementary
Dataset 1).

To prepare duplexes, equimolar solutions of single
strands in water were combined, vortexed and then
Iyophilized overnight. The resultant solid was reconstituted
in 1x PBS. The concentration of the duplex solution was
measured by A,q0, using extinction coefficients calculated
from the extinction coefficients of the component single
strands and the hypochromicity factor (33). For samples as-
sayed in vivo, assessment of the percentage of remaining sin-
gle strands in duplex solution were performed by UPLC.

In vitro experiments

Primary mouse or human hepatocytes (Cat. No. MSCP10
or HMCPTS, respectively, Life Technologies) were plated
into collagen I coated 96-well plate in 108 wl of medium con-
taining ~10 x 10° cells following manufacturer’s instruc-
tion. Gymnotic treatments of siRNAs were performed by
adding 12 pl of siRNAs at the desired concentrations di-
rectly to cultured hepatocytes. Cells were incubated at 37°C
for 48 h, and total RNA was extracted and purified using
SV96 Total RNA Isolation kit (Promega, Cat. No. Z3505),
and eluted with 100 wl of nuclease-free H;O. cDNA was
produced with 5 pl of RNA sample in a total volume of
20 pl using High-Capacity cDNA Reverse Transcription
kit (ThermoFisher Cat. No. 4368813) following manufac-
turer’s instructions, and then 1:1 diluted with nuclease-free
H,0. 4 pl of cDNA product was mixed with normalizer
(Hprt and SFRS9 for mouse and human primary hepato-
cyte, respectively) and target probes in 1 pl, as well as 5
.l of iQ Multiplex Powermix (Bio-Rad, Cat. No. 1725849).
Real time PCR was performed in a CFX System (BioRad).
In vitro siRNA treatments were performed in triplicate, and
real time PCR was performed in duplicate for each cDNA
sample. To obtain the AACt for relative fold change, raw
data from siRNA treatment experiments were normalized
to mock control with no siRNA treatment. Primers for RT-
PCR are shown in Supplementary Table S1.
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Thermal denaturation (7,)

Equimolar amounts of sense and antisense strands were
combined and annealed in 0.1x PBS (pH 7.2) to obtain
a final concentration of 1 wM of each strand (3 ml). UV
absorbance at 254 nm was recorded at intervals of 30 s as
the temperature was raised from 15°C to 95°C at a rate
of +0.5°C per min, using a Cary Series UV-Vis spectropho-
tometer (Agilent Technologies). Absorbance was plotted
against the temperature, and Ty, values were calculated by
taking the first derivative of each curve.

In vivo experiments

All animal experiments were performed at Biomedical Re-
search Models, Ins. Dba Biomere (Worcester, MA, USA)
under an approved protocol and in compliance with
Biomere’s Institutional Animal Care and Use Committee
guidelines for care and use of animals. Mice were on a 12 h
light-dark cycle. Food (lab diet 5001) and water were avail-
able ad libitum. Housing rooms were maintained at 20-26°C
and relative humidity was 30-70%.

C57BL/6J mice (Stock No.: 000664) were obtained from
Jackson Laboratory (Bar Harbour, ME) and utilized for all
Ttr mouse studies. Homo sapiens Hydroxysteroid 17-beta
dehydrogenase 13 (HSD17BI13) transgenic mice were gen-
erated by Biocytogen (Wakefield, MA). A targeting vec-
tor containing human HSD17BI13 transcript (NM_178135)
was incorporated into the ROSA26 locus of C57BL/6J
mice using Bioctyogen’s proprietary CRISPR /Cas9-based
extreme genome editing system. Zygote microinjection was
performed and integration of targeting allele in founder an-
imals was confirmed by PCR and subsequent sequencing.
PCR positive founder animals were bred with wild-type an-
imals to generate F1 heterozygous mice. F1 heterozygous
mice were confirmed positive by PCR. Southern blot anal-
ysis on PCR positive F1 mice confirmed PCR results and
identified no random insertion sites. A breeding colony was
established to generate animals for study. Male heterozy-
gous mice between 9-17 weeks of age at time of dosing re-
ceived subcutaneous administrations of test article and were
necropsied at doses and times, respectively, as noted in in-
dividual figures.

Blood collections were performed via submandibular
puncture at pre-dose and weekly and via cardiac punc-
ture at the time of necropsy. Approximately 100-150 ul of
blood was collected at pre-bleed and weekly and >500 ul at
necropsy. Blood was aliquoted into serum separators, spun
down at 9000 RPM for 10 min, serum was removed and
stored at —80°C until processing. At the time of necropsy,
animals were perfused with phosphate buffered saline and
livers were dissected. Four to five 4 mm biopsy punches were
taken from the right medial lobe, placed in 12-well dishes
and frozen on dry ice. The left lateral lobe was also col-
lected, wrapped in foil and frozen on dry ice. All samples
were stored at -80°C until processing.

The whole liver was pulverized into powder and kept
frozen. To isolate the RNA for gene level quantification for
each animal, an aliquot of liver tissue powder was trans-
ferred to a well containing a stainless-steel bead (Qiagen,
Cat. No. 69989) on a 96-well plate (Greiner BIO-ONE, Cat.
No. 780201). 500 wl of Triazol (ThermoFisher Scientific,

Cat. No. 15596018) was added to each well, and homog-
enization was performed at 25 Hz/sec for 3 min on Tis-
sue Lyser IT (Qiagen). After adding 100 w1 of bromochloro-
propane (ThermoFisher Scientific, Cat. No. 106862500) to
each well, the plate was shaken vigorously and then cen-
trifuged at 4000 g for 5 min. The upper-level supernatant
was transferred to the binding plate from SV96 Total RNA
Isolation kit (Promega) for RNA extraction following man-
ufacturer’s instruction. cDNA preparation and real time
PCR were the same as described for in vitro experiments.

Clinical chemistry

Serum samples were analyzed at Charles River Laboratories
(CRL Shrewsbury, MA) using clinically validated assays
on AU640 instrument. The following parameters were an-
alyzed: ALT, AST, ALP, albumin and total protein. Serum
mouse TTR protein levels was evaluated ELISA (Crystal
Chem, Cat. No. 80657) following manufacturer’s instruc-
tions.

Oligonucleotide (antisense strand) quantification by hy-
bridization ELISA

The following probes were used to selectively quantify
the antisense strand RNA by hybridization ELISA (In-
tegrated DNA Technologies): mTTR-20167-DET-REYV, /
SBioTEG/+A+A + A+ A+ CAG + TGT + T; mTTR-
20167-CAP-R,+C+T + TGC + TCT + A + T + A +
A/3AmMCO6T/; HSD-42383G-CAP, / SAmMCI12/A + A
+TGG+T+A+TC+ A+ AA; HSD-42383G-DET, A +
CC + TCA + TG + TCA/3BioTEG/.

The maleic anhydride-activated 96-well plates (Pierce,
Cat. No. 15110) were coated with 50 pl of capture probe
at 500 nM in 2.5% NaHCO; (Gibco, Cat. No. 25080-094)
for 2 h at 37°C. The plate was then washed three times with
PBS + 0.1% Tween-20 (PBST) and blocked with 5% fat-
free milk-PBST at 37°C for 1 h. Payload oligonucleotide
(single stranded antisense strand) was serially diluted into
tissue matrix. This standard, together with original sam-
ples, were diluted in lysis buffer so that the oligonucleotide
amount in all samples was < 200 ng/ml. Twenty microliters
of diluted sample was mixed with 180 pl of 333 nM de-
tection probe diluted in PBST and denatured (65°C for 10
min, 95°C for 15 min and hold at 4°C). Fifty microliters of
the denatured samples were distributed in blocked ELISA
plates (in duplicate) and incubated overnight at 4°C. After
three washes with PBST, 50 wl of 1:2000 streptavidin-AP
(Southern Biotech, Cat. No. 7100-04) in PBST were added,
and the mixture incubated at room temperature for 1 h.
After extensive washes with PBST on a plate washer, 100
wl of AttoPhos (Promega, S1000) was added, incubated at
room temperature in the dark for 10 min and read on the
plate reader (Molecular Device, M5; excitation wavelength
of 435 nm; emission, 555 nm). The concentration of anti-
sense strand in each sample were calculated according to
standard curve by four-parameter regression.

Tissue lysate preparation for assessing Ago2 loading

Tissue lysate was prepared according to prior reports
(34,35). Liver punches equivalent to 25 mg were excised



from the liver of individual treated animals and flash-frozen
at time of harvest. The frozen tissues were homogenized in
500 wl ice cold freshly prepared lysis buffer (50 mM Tris—
HCI at pH 7.5, 200 mM NacCl, 0.5% Triton X-100, 2 mM
EDTA, 1 mg/ml heparin) supplemented with Pierce pro-
tease inhibitor tablet (ThermoFisher Scientific; Cat. No.
PIA32953) at 1:10 dilution. The homogenization was per-
formed in 2 ml deep well plates with 5 mm stainless steel
beads (Qiagen Cat. No. 69989) using a tissue homogenizer
(Qiagen Tissue Lyser II) at 30 Hz for 3 min. After process-
ing, lysates were transferred to clean labeled 1.5 ml Eppen-
dorftubes and centrifuged at 21 000 g for 45 min at 4°C. The
supernatants were aliquoted, and total protein concentra-
tions were determined using Pierce®) BCA Protein Assay
Kit microplate procedure.

Immunoprecipitation and small RNA quantification

Immunoprecipitation and small RNA quantification were
performed according to prior reports (34,35). For immuno-
precipitation in 96-well plate format (Corning Cat. No.
3903), 200 ng of antibody was absorbed to 50 wl of mag-
netic Protein G Dynabeads (Invitrogen Cat. No. 10004D)
during a 2-h incubation at 4°C in 100 wl of lysis buffer on
a shaker. The beads were washed twice with 100 pl lysis
buffer to remove unbound antibody. For Ago2 immuno-
precipitation and control immunoprecipitation, anti-mouse
Ago2 monoclonal antibody (Wako Cat. No. 01822021) and
mouse IgG antibody (P3.6.2.8.1 eBioscience Cat. No. 16-
4714-82) were used respectively as capture antibodies. 100
wl of lysate (300 g of total protein) was incubated with
the antibody-bound beads overnight at 4°C with mixing.
The beads were washed five times with lysis buffer, followed
by a washing with a buffer containing 50 mM Tris—HCI at
pH 7.5, 200 mM NaCl, and 0.2% Triton X-100. The small
RNAs coimmunoprecipitated with the beads were extracted
by incubation with Cell Lysis buffer (cells-cDNA II Kit) by
incubating at RT for 2 min.

Custom Tagman small RNA assay reagents for mouse
Ttr and human HSD17B13 siRNA antisense strands and
Tagman miRNA assays were obtained from ThermoFisher
Scientific. 5 wl of Cell Lysis buffer eluents were used
for quantification using stem-loop reverse transcription,
followed by real-time qPCR. Levels of siRNA antisense
strands were normalized to those of respective coimmuno-
precipitated miR-122.

Structural models and molecular mechanics minimizations

Crystal structure of the human Argonaute-2 in complex
with a micro-RNA (PDB code: 4F3T) was retrieved from
the Protein Data Bank (www.rcsb.org). The Protein Prepa-
ration Wizard in Schrédinger Maestro (version 12.9.123, in-
stalled in a Valence VWS-1690441-SMD workstation with
CentOS 7) was used to prepare the downloaded struc-
ture. PN backbone modifications were incorporated into
the RNA (placed optimally to minimize steric clashes with
neighboring side chains) using the structure editing op-
tion in Maestro. The RNA-protein complex model with PN
modifications was energy-minimized using the OPLS4 force
field as implemented in Maestro Protein Preparation Wiz-
ard using an RMSD Convergence criteria of 0.3 A on heavy
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atoms. All drawings were generated using the Maestro soft-
ware.

Statistics

Statistical analyses were run via the R computing environ-
ment (v 3.6.0) (https://www.r-project.org/) and the KNIME
(Konstanz Information Miner) platform (v 4.5.0) (36). For
all statistical comparisons, assumptions of equal variance
and normality were tested using Levene’s tests across all ex-
perimental factors and Shapiro-Wilk tests of model resid-
uals, respectively (R package rstatix, v 0.7.0.999) (https:
/lrpkgs.datanovia.com/rstatix/). For multi-factor compar-
isons of non-longitudinal data, Type 111 Two-way ANOVAs
were run to investigate all possible interactions between
factors (R package car, v 3.0-7) (37). In the event of un-
equal variance (Levene’s test P < 0.05) in non-longitudinal
data, Welch’s one-way ANOVAs were run in place of typical
one-way ANOVAs, while two-way ANOVAs were White-
adjusted to allow for unequal variance. For longitudinal
data, linear mixed effects models controlling for random
subject intercept effects were fit to the data using the
ImerTest R package (38). To compare groups in each ex-
periment, two-tailed pairwise and Dunnett post hoc tests
were extracted from the corresponding regression model
via the multcomp R package (v 1.4-13) (39). Post-hoc P
values were Bonferroni-corrected for multiple hypotheses.
For non-longitudinal experiments featuring unequal vari-
ance, robust HC3 covariance estimation was implemented
in post-hoc comparisons to allow heteroscedasticity (R
package sandwich, v 2.5-1) (40-42). For the fully factored
design of stereopure sense 5’ and 3’ chiral configurations
and stereopure antisense chiral configurations in the refer-
ence format 1 (Figure 1B), ETA? (v/?) values were calculated
from the full-interaction ANOVA model to determine pro-
portion of variance explained by each variable. A follow-up
regression model utilizing all features and interactions with
high statistical significance (P < 0.0001) was utilized to gen-
erate interaction and main effects plots.

RINA-sequencing analysis (RNA-seq)

The following protocol was used for mouse 7t ‘off-target’
experiment: QuantSeq 3'-mRNA-Seq library preparation
kit (Lexogen GmbH, Vienna, Austria) was used to prepare
the library according to manufacturer’s protocol. Briefly,
mRNA was primed by oligo(dT), second strand synthe-
sis was initiated by random priming. After magnetic bead-
based purification, the library was bar-coded by PCR, mul-
tiplexed, purified, then sequenced on NovaSeq SP chip with
100 cycle run (R1 is 100 bp + 12 bp R2).

Reads were trimmed using cutadapt v1.15. Reads were
trimmed for both adapter sequencing as well as poly-A
sequences. Trimmed reads were then mapped to mouse
genome assembly GRCm38 (mm10). Mapping was done
with hisat2 v2.1.0 using default settings. Alignment files
were then processed using Rsubread v2.0.1 using feature-
Counts to extract counts per gene. For counting reads with
multimapping features the feature only the annotation with
the largest overlap is counted. The minimum overlap of
bases between read and feature was set to 1. Finally, DE-
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Figure 1. Application of chiral control over PS modification to siRNA. (A) General design of siRNAs showing stereorandom reference format-1 (30)
with GalNAc-modified sense strand (5’-end), with 2’-F and 2’-OMe ribose modifications and terminal stereorandom PS modification on each end (red
brackets). Antisense (AS) strands have two terminal stereorandom PS modifications on each end (red brackets). Chemical structures for phosphodiester
(PO) and phosphorothioate (PS) backbones are also shown along with legend for chemical modifications. (B) Application of PS stereochemistry to sense
and antisense strands based on stereorandom reference format 1 in mouse primary hepatocytes. We generated 4 stereopure sense strands and 16 stereopure
antisense strands with all possible combinations of Rp and Sp in the PS-modified positions shown in A. Forest plot showing summary of silencing data on
64 siRNAs (4 sense x 16 antisense) highlighting impact of PS stereochemistry in sense strand (bottom left) with SpSp configuration showing the highest
mean activity independent of AS strand. All other configurations are shown with respect to activity of SpSp. Interaction between PS stereochemistry in
5’- and 3’-ends of the AS strand is shown (bottom right). See also Supplementary Table S1 and Supplementary Figure S1. (C) Ttr mRNA expression
1-week post 2 mg/kg dose. The same stereopure sense strand (shown) was used for all indicated stereopure antisense strands. Stereopure antisense strands
are shown to the left of the graphs. TTR-2 is stereorandom reference format-1 and, NTC is stereorandom non-targeting control based on same format.
Lines represent mean mRNA expression, and each point represents a different mouse. Stats: Welch’s one-way ANOVA with Dunnett post hoc test with
comparisons to TTR-2 * P < 0.05, ** P < 0.01, **** P < 0.0001. Right graph shows concentration of antisense strand detected in liver at same time point.
Data are mean + sem. Stats as described for mRNA graphic. (D) Serum Ttr protein expression after a single 6 mg/kg dose on day 0 for the same siRNAs
shown in panel C. Data are presented as mean serum levels & sem, n = 5 per group per time point. Stats: Linear mixed effects ANOVA with post-hoc test
with comparisons to TTR-2 ** P < 0.01, **** P < 0.0001.



Seq2 v1.26 was used to determine differential gene ex-
pression between treatment groups. Differentially expressed
genes were considered to have different levels of expression
if gene expression has <0.05 adjusted P value.

RESULTS

Chiral control over PS backbone prolongs silencing activity
for siRNAs with enhanced stability

To evaluate the impact of chiral control over PS-backbone
modification, we evaluated a GalNAc-siRNA design (Fig-
ure 1A) that was based on a format reported to have en-
hanced stability (6) referred to herein as the stereorandom
reference format 1. This format contains six total PS mod-
ifications, with two PS modifications positioned at the 5'-
and 3’-ends of the antisense strand, one PS modification on
each end of the sense strand, and a 5'-GalNAc conjugate
on the sense strand. We evaluated in vitro silencing activity
of 66 siRNAs, representing all combinations of 16 stereop-
ure antisense with 4 stereopure sense strands plus 2 controls
(stereorandom reference siRNA called TTR-2 and non-
targeting control, NTC) (Supplementary Table S2, Figure
1B) targeting a previously published sequence in the mouse
Transthyretin gene (Ttr) (6) in mouse primary hepatocytes
(Supplementary Figure S1). We considered the impact of
PS stereochemistry on the sense and antisense strands inde-
pendently. The impact of chirality of the PS linkage on the
sense strand was small overall (n? < 3%, 4-way ANOVA),
indicating that the sense strand explained less than 3% of
the variance in the observed mRNA levels. An Sp PS con-
figuration on both ends of the sense strand yielded the most
activity and was significantly more active than sense strands
with 5'-Sp, 3’-Rp or 5'-Rp, 3’-Rp (Figure 1B, left panel: P
< 0.0001, main effects regression model with post-hoc test).
For the antisense strand, an SpSp PS configuration on the
3’-end drove most of the beneficial effects on activity (v/
= 15.19%, 4-way ANOVA), but we also observed an inter-
action between modifications on the two ends (v’ = 8.3%,
4-way ANOVA). For example, with the most active SpSp
configuration on the 3’-end, the siRNA with an RpRp on
the 5’-end was the most active silencer (95% mean silenc-
ing), whereas with RpSp on the 3’-end, the siRNA with an
RpSp on the 5-end was the most active (97% mean silenc-
ing) (Figure 1B, right panel). These findings are generally
consistent with but more comprehensive than prior reports
that evaluated a single stereopure PS linkage at the termini
of the antisense strand (31,32).

To understand the impact of 3’-end PS stereochemistry
on the antisense strand and silencing activity, we modelled
the oligonucleotide-human Argonaute-2 (AGO2) interac-
tion using existing crystal structures of AGO2 in complex
with a mixed population of RNAs (41) or with micro-RNA-
20a (42) (Supplementary Figure S2). In the models, Rp PS
substitutions in the two most 3’ linkages (P21 and P22) ap-
pear less favorable than Sp PS substitutions. For P21, the
Rp PS substitution is predicted to disrupt a hydrogen (H)
bond between a nonbridging oxygen in the PO linkage and
the Arg315 sidechain, where an Sp PS substitution is pre-
dicted to preserve this interaction. At the P22 linkage, al-
though the Rp PS substitution preserves key interactions
between nonbridging oxygens and amino acid side chains,
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the Sp PS substitution is predicted to both preserve key in-
teractions and create a new electrostatic interaction, which
would explain why the Sp PS modification is favored over
both the Rp PS and PO linkages (Supplementary Figure
S2).

We evaluated whether the impact of PS stereochemistry
observed in primary mouse hepatocytes translated to wild-
type mice in vivo by assessing some of the most promis-
ing stereopure configurations. The modification pattern for
TTR-2 and NTC is as shown in Figure 1A. For all stereop-
ure siRNAs, the sense strand is the same, incorporating an
Sp PS configuration at both ends, and the antisense strands
are shown (Figure 1C). Most antisense strands tested con-
tain a fixed 3'-SpSp configuration and a variable 5-end
configuration (TTR-4—TTR-7). We also tested a stereop-
ure siRNA that was weakly active in vitro (TTR-18, which
contains a 3’-RpRp configuration) (Figure 1C). In mice
injected subcutaneously with PBS or 2 mg/kg of NTC
GalNAc-siRNA, we observed little to no silencing activity
1-week post-dose as expected (Figure 1C, left panel). The
stereorandom GalNAc-siRNA control TTR-2 yielded 7.3%
Ttr mean mRNA expression, and three of the five stere-
opure configurations outperformed stereorandom (mean
Ttr mRNA expression: TTR-5 3.8%; TTR-6 1.8%; TTR-
7 2.7%), with TTR-5 (P < 0.05, Dunnett post-hoc test),
TTR-6 (P < 0.0001), and TTR-7 (P < 0.01) exhibiting
significantly more silencing than TTR-2. The improved si-
lencing activity for these stercopure siRNAs was unlikely
due to an exposure benefit, as the mean concentrations of
these antisense strands in liver was comparable to TTR-2
(Figure 1C, right panel). Low concentrations of TTR-18
in liver were well-correlated with observed activity for this
siRNA. Observations on mRNA expression at 1 week were
generally consistent with Ttr serum protein levels observed
over longer duration after mice were treated with 6 mg/kg
GalNAc-siRNA (Figure 1D). PBS and NTC had a negli-
gible impact on serum Ttr. Stercorandom GalNAc-siRNA
TTR-2 led to ~98% decrease in Ttr protein by day 7 and re-
covered to levels comparable to PBS- or NTC-treated con-
trols by ~49 days post-treatment. TTR-18 and TTR-4 per-
formed worse than TTR-2, with Ttr serum protein levels
reaching levels significantly higher than TTR-2 from day
28 onwards (p < 0.01, post-hoc test from Linear mixed ef-
fects model). TTR-5, TTR-6 and TTR-7 performed at least
as well as TTR-2, with TTR-5 showing significantly more
serum Ttr protein reduction than TTR-2 at time points
from day 42 onwards (P < 0.01), and TTR-7 showing sig-
nificantly more Ttr protein reduction at days 42 and 49 (P
< 0.0001). TTR-5, the siRNA with the most durable effect,
differs from the other stereopure siRNAs only at the 5'-
end of the antisense strand (5'-RpSp), indicating that this
configuration yields the best potency and durability profile.
These data also indicate the impact of PS stereochemistry
on the 5-end of the antisense strand is more evident in vivo
than in vitro.

Application of PN backbone chemistry to siRNA

PN-modified backbones (Figure 2A) have recently been re-
ported to enhance the properties of oligonucleotides act-
ing via various mechanisms, including silencing with RNase
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H, splice switching, and RNA base editing with ADAR, in
preclinical studies (23-25). We investigated whether appli-
cation of a stereopure PN backbone could also enhance the
activity of siRNAs. For this evaluation, we first assessed the
impact of single Sp or Rp PN linkages in siRNAs designed
based on TTR-5 and TTR-6, which differ from each other
only in the configuration of the 5'-PS linkages (TTR-5: 5'-
RpSp PS; TTR-6: 5-SpRp PS).

To assess this question, we generated 88 antisense strands
that were duplexed with the same stereopure sense strand
used in Figure 1 (sense-1, Figure 2B, Supplementary Ta-
ble S3) to evaluate the impact of Sp and Rp PN linkages
at every position of the backbone in silencing experiments
performed in primary mouse hepatocytes. Two groups of
PN-containing siRNAs were generated and benchmarked
compared to TTR-5 and TTR-6, respectively, depending
on the PS configuration of the 5'-end. The benchmark siR-
NAs TTR-5 and TTR-6 had comparable activity in this as-
say, with 500 and 1500 pM of both siRNAs resulting in
80% and 89% Ttr mRNA reduction, respectively (Supple-
mentary Figure S3A). Data for the 88 siRINAs are summa-
rized in the heat map shown in Figure 2B. In general, we
found that the impact of PN linkages was not substantially
impacted by the PS configuration of the 5'-end, with Sp
PN linkages at most positions featuring mRNA expression
changes close to 1, indicating similar expression compared
with controls that lack PN modifications. Notably, the neg-
ative impact of Rp PN linkages seemed most profound in
the seed region (nucleotides 2—8 of the antisense strand), as
Rp PN linkages in the seed region exhibited higher levels of
mRNA expression as compared with controls lacking PN
modifications. (Figure 2B).

To understand the difference in activity between the Sp
and Rp PN linkages, we once again modelled these substitu-
tions using existing crystal structures of AGO2 (41,42) (Fig-
ure 2C, Supplementary Figure S4). In the AGO2-miRNA-
20a structure, most interactions between AGO2 and the
seed region are mediated through the phosphate backbone
(42), suggesting that the orientation of chemical modifica-
tions to the backbone could impact these interactions. In
the reference structure, R(Arg)792 and Y(Tyr)790 interact
with a non-bridging oxygen of the PO backbone between
nucleotides 3 and 4 (P3-P4) (Figure 2C, left upper and lower
panels). In the model showing replacement of this back-
bone position with an Sp PN linkage, these H bonds with
the non-bridging oxygen are preserved, and the PN mod-
ification is positioned away from the protein (Figure 2C,
lower middle). With an Rp PN linkage modelled in this po-
sition, these H bonds are disrupted, and the guanidine moi-
ety projects into AGO2, creating steric interference (Figure
2C, lower right). These observations are consistent with de-
creased silencing activity observed with siRNAs contain-
ing Rp PN substitutions in backbone position 3 of the
antisense strand (Figure 2B). We observed similar disrup-
tion of AGO2-RNA interactions with Rp PN substitutions
throughout the seed region except for the linkage between
nucleotides 7 and 8 (P7) (Supplementary Figure S4), which
is consistent with diminished activity observed for siRNAs
with Rp PN substitutions throughout the seed region, sug-
gesting the Rp PN backbone modification in the seed region
may cause steric hindrance.
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To further explore the impact of PN linkages on silenc-
ing activity, we evaluated whether varying the number of PN
linkages affected silencing activity in vitro in primary mouse
hepatocytes (Supplementary Figure S3B). We tested siR-
NAs based on TTR-5 (with 5-RpSp PS configuration), and
we added a variable number of Sp PN linkages, which gener-
ally supported more silencing activity than Rp PN linkages
(Figure 2B). These siRNAs (TTR-718, TTR-500, TTR-501,
TTR-549 and TTR-553) incorporated Sp PN linkages at
backbone positions 3, 10, 19, 8 and 16. The inclusion of up
to three Sp PN linkages in TTR-501 maintained in vitro po-
tency comparable to TTR-5 (Supplementary Figure S3B).
With the addition of four or five PN linkages (in TTR-549
and TTR-553), silencing activity declined, indicating that
three PN linkages are sufficient.

To confirm these findings generally translate in vivo in
wild-type mice, we evaluated stereopure siRNAs containing
one or three PN linkages in both an Sp and Rp configura-
tion (Figure 3A). One-week after subcutaneous injection,
the reference stereorandom compound (TTR-2) decreased
Ttr mRNA expression by ~95% compared with PBS or
NTC treatment. Stercopure TTR-5, with no PN modifi-
cations, yielded about the same silencing activity. Stereop-
ure siRNAs, with one (TTR-718) or three (TTR-501) Sp
PN modifications, also yielded at least 95% Tt mRNA
knockdown, with TTR-718 slightly outperforming TTR-2
(P < 0.01). The stereopure siRNAs, with one (TTR-696) or
three (TTR-499) Rp PN linkages, yielded nominal activity,
closely matching observations in mice treated with PBS or
NTC (Figure 3B). These findings are consistent with our in
vitro observations and indicate that siRNAs with up to three
Sp PN linkages support robust silencing activity in vivo.

To confirm predictions from our modelling experiments,
we also assessed the concentration of antisense strands in
the liver and the amount of antisense mouse Ago2 load-
ing from this experiment (Figure 3C). The concentration
of NTC, TTR-2 and TTR-5 were comparable (~0.08 ug/g
liver). Antisense strands with Sp PN linkages (TTR-718 and
TTR-501) reached significantly higher tissue concentra-
tions than TTR-2 (0.2 wg/g liver, Figure 3C, left; P < 0.01
Dunnett post-hoc test). TTR-5, the stereopure siRNA with-
out PN linkages also improved Ago2 loading ~3-fold com-
pared with stereorandom TTR-2. Both siRNAs with Sp PN
linkages (TTR-718 and TTR-501) improved Ago2 loading
~8-fold compared with TTR-2, but only TTR-501 was sta-
tistically significant (Figure 3C, right; P < 0.01, Dunnett’s
post-hoc test). siRNAs with Rp PN linkages yielded nom-
inal Ago?2 loading (Figure 3C), which corresponded with
their in vivo activity profile (Figure 3B). These data are con-
sistent with our modelling, which predicted that an Rp PN
linkage in the seed region would disrupt Ago?2 interaction.
By contrast, an Sp PN linkage in the seed region supports
siRNA silencing activity that is at least comparable to stere-
orandom reference and stereopure TTR-5 siRNAs, with en-
hanced exposure in the liver and enhanced Ago2 loading.

Design of the sense strand impacts silencing activity

We next set out to determine whether the configuration of
the sense strand impacts silencing activity. We designed siR-
NAs with formats based on Stereorandom reference format
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1 and Stereorandom reference format 2 (Figure 4A). For
siRNAs based on format 1, we used the sense-1 configu-
ration, with 5'-GalNAc, terminal PS linkages on each end
of a 21mer. In this format, the 3’-end of the sense strand
aligns with the 5'-end of the antisense strand. For siRNAs
based on format 2, we used the sense-2 configuration, with
5'-GalNAc, a pair of PS linkages on the 3’-end of a 23mer.
In this format, the 3’-end of the sense strand overhangs the
5’-end of the antisense strand by two nucleotides. We tested
a series of siRNAs incorporating the same antisense strands
with either sense-1 or sense-2 formats (e.g. TTR-5-1, TTR-

5-2) in primary mouse hepatocytes (Figure 4A). For all siR-
NAs tested and at all concentrations, the siRNAs incor-
porating sense-1 showed slightly more silencing activity in
vitro in primary mouse hepatocytes than those with sense-2
configuration (Figure 4A). The trend was observed whether
the siRNAs were stereorandom or stereopure. To confirm
these findings translated in vivo, we evaluated stereopure
TTR-501-1 and TTR-501-2 in wild-type mice. TTR-501—
1 outperformed stereopure TTR-501-2, yielding lower lev-
els of Ttr serum protein at all time points evaluated, reach-
ing a statistically significant difference by day 14 (Figure
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4B) (mean Ttr levels TTR-501-1: 5%, TTR-501-2: 29%, P
< 0.001 linear mixed effects ANOVA with post-hoc test).
A statistically significant difference between silencing ob-
served with the two siRNAs was preserved from day 14
through the end of the study, with TTR-501-1 emerging as
the more effective configuration. These data indicate that
the sense strand configuration can impact silencing, with
sense strand 1 outperforming sense strand 2.

To further explore whether PN chemistry could improve
the activity of siRNAs based on stereorandom reference
format 2 (TTR-2-2) (Figure 5A). Stereopure siRNAs were

designed in the same general format (Figure 5A). After 1
week of treatment, all sSiRNAs led to dose-dependent de-
creases in 7tr mRNA expression in the mouse liver (Figure
5B). TTR-5-2, the stereopure non-PN containing siRNA,
decreased Ttr mRNA (69% decrease) significantly more
than TTR-2-2 at the 2 mg/kg dose (57% decrease; P < 0.05,
2-way ANOVA with post-hoc test). TTR-501-2, the siRNA
containing Sp PN linkages, decreased 77 mRNA signifi-
cantly more than TTR-2-2 at the 2 mg/kg and 6 mg/kg
doses (2 mg/kg: TTR-2-2 57%, TTR-501-2 83%; 6 mg/kg:
TTR-2-2 81%, TTR-501-2 96%; P < 0.01, 2-way ANOVA
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with post-hoc test). Thus, the inclusion of three Sp PN link-
ages in TTR-501-2 significantly improved the potency of
these siRNAs in vivo in mouse liver.

To understand the reason for this increased potency, we
evaluated loading into Ago?2 for the middle dose and con-
centration of antisense strand in the liver at all doses (Fig-
ure 5C, Supplementary Figure S5). At 2 mg/kg, TTR-5-2
yielded ~7-fold more Ago2 loading of the antisense strand
than TTR-2-2 (P < 0.0001, Welch’s 1-way ANOVA with
post-hoc test). At the same dose, TTR-501-2 yielded ~17-
fold more Ago2 loading than TTR-2-2 and ~2.5-fold more
than TTR-5-2 (P < 0.05. Welch’s 1-way ANOVA with
post-hoc test). At most concentrations, TTR-2-2, TTR-
5-2, and TTR-501-2 accumulated to comparable concen-
trations in the liver, except at the highest dose where

TTR-501-2 reached concentrations ~3-fold higher than
the other antisense strands (Supplementary Figure SS5).
These data suggest potency improvements for stercopure
TTR-5-2 and PN-containing TTR-501-2 over stereoran-
dom TTR-2-2 are likely driven by improvements in Ago2
loading.

We next evaluated the durability of these siRNAs in vivo.
For this experiment, we also included siRNA TTR-499-
2, which contains Rp PN linkages at the same position as
the Sp PN linkages in TTR-501-2 to confirm the impact
of PN chirality persists over time. In this experiment, mice
received a single 6 mg/kg dose of siRNA and serum Ttr
protein was evaluated for over a month. TTR-2-2 the ref-
erence compound led to maximum silencing (83%) around
I-week post-dose, and silencing decreased over time until
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day ~35 when serum Ttr levels no longer differed signif-
icantly from those in mice treated with PBS (Figure 5D).
TTR-5-2 and TTR-501-2 followed the same general pat-
tern as TTR-2-2, with greater maximal silencing (TTR-5-
2 91%; TTR-501-2 95%) that was significantly lower than
that observed for TTR-2-2 through day 21 for TTR-5-2 (P
< 0.01, linear mixed effect ANOVA with post-hoc test) and
at all time points between days 14 and 35 for TTR-501-2
(P < 0.01, linear mixed effects ANOVA with post-hoc test).
By contrast, TTR-499-2 (with Rp PN linkages) showed an
activity profile comparable to PBS. These data confirm that
control over PS stereochemistry can improve the silencing
profile for siRNAs and demonstrate that the inclusion of
Sp but not Rp PN modifications in the antisense strand
provide additional activity benefits due to improved Ago2
loading.

Application of stereochemistry and PN backbone chemistry
to another siRNA format

The design of siRNAs in the stereorandom reference for-
mat was improved by decreasing the amount of 2'-F-
modifications (7) This newer enhanced stability format is
shown in Figure 6A (Stereorandom reference format 3).
To determine whether control over stereochemistry and PN
backbone chemistry have a beneficial impact on reference
format 3, we applied them using the same general design
strategy that we employed in Figure 5, placing Sp PN link-
ages at backbone positions 3, 10 and 19 of the antisense
strands, with RpSp (TTR-824) or SpRp (TTR-825) PS link-
ages on the 5’-ends. The sense strand incorporated an Sp PS
linkage at each end (Figure 6B). We evaluated these stere-
opure siRNAs compared to Reference 3 in wild-type mice.
After a 2 mg/kg dose, Reference 3 led to a mean 97% re-

duction in Ttr serum protein ~1-week post-dose. Ttr serum
proteins remained below 50% of those in PBS-treated mice
through ~43 days and recovered to match those in PBS-
treated mice by 63-days post dose. TTR-824 and TTR-825
followed this same general trend, suggesting that this config-
uration of stereochemistry and PN backbone chemistry did
not significantly improve siRNA-mediated silencing com-
pared with Reference 3.

Optimization of PN backbone placement with 2’-ribose
chemistry shows silencing benefit

Given the impact that PN chemistry had on silencing with
the initial sSiRNA formats, we were surprised that there ap-
peared to be minimal benefit with reference format 3. We
suspected that the lack of effect related to non-optimal
placement of the linkages. To evaluate this possibility, we
considered other changes in the format that could nega-
tively impact the effect of PN chemistry that may need to
be optimized in parallel. Compared with the reference for-
mats 1 and 2, reference 3 had both fewer 2'-F modifica-
tions and more 2’-OMe modifications (Figure 7A). To in-
vestigate whether there was an interaction between 2’-ribose
modifications and PN chemistry, we performed another
structure-activity relationship analysis by creating 90 anti-
sense strands that evaluate a single Rp PN or Sp PN linkage
at every position in a stereopure antisense strand based on
reference 3 (Figure 7B, Supplementary Figure S6A, Sup-
plementary Table S4). In parallel, we also assessed another
series of 90 stereopure antisense strands to evaluate a single
Rp PN or Sp PN linkage in combination with a 2'-F modifi-
cation on the nucleoside on the 3’-side of the linkage (Figure
7B, Supplementary Figure S6A, Supplementary Table SS5).
Within each series, we also assessed whether there was an
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interaction between the PN linkage and PS stereochemistry
on the 5'-end of the antisense strand by generating the series
with either a 5'-RpSp or a 5'-SpRp PS configuration (Fig-
ure 7B, Supplementary Figure S6A, Supplementary Tables
S4 and S5). We assessed the in vitro silencing activity of the
180 antisense strands described above as siRNAs by com-
bining them with the stereopure sense strand shown in Fig-
ure 7B. These experiments were performed at high (750 pM)
and low concentrations (250 pM), and they reinforced some
observations from our prior experiments including the no-
tion that Rp PN linkages in the seed region of the antisense
strand negatively impact silencing activity, as demonstrated
by the high expression of mRNA with Rp PN linkages at
positions 2-4 and 6 with respect to non-PN controls. In ad-
dition, we found a 2'-F or 2’-OMe modification 3’ of the
PN linkage impacted silencing activity, suggesting that there
may be an interaction between the PN linkage and the sugar
modification 3’ of the linkage.

To explore this further, we assessed four siRNAs in wild-
type mice including, the stereorandom Reference-3; TTR-
825, which—similar to Reference 3—contains a 2’-OMe
modification on both sides of the Sp PN linkage at back-
bone position 10; TTR-874, which contains a 2’-F modifica-
tion 3’ to the Sp PN linkage; and TTR-875, which contains
a 2/-F 5’ to the central Sp PN linkage (Figure 7C). Refer-
ence 3 and TTR-825, which had the same 2’-modification,
exhibited a similar silencing profile over the 6-week experi-
ment with a maximum ~98% silencing of Ttr serum protein
expression observed after 1 week, with levels recovering to
~50% of PBS-treated levels by the end of the experiment.
TTR-874 performed slightly better than Reference 3, with
Ttr serum protein expression levels recovering to ~35% of
PBS-treated mice by the end of the experiment. TTR-875
performed slightly worse than Reference 3, with Ttr serum
protein levels recovering to ~60%. The differences between
TTR-874 and TTR-875 were statistically significant for the
final two weeks (P < 0.05, Linear mixed effects ANOVA
with post-hoc test). Since TTR-875 and TTR-874 differ
only in the 2’'-ribose modification positioned 3’ of the Sp
PN linkage at position 10, these data suggest there is an in-
teraction between the PN linkage and the chemistry of the
ribose sugar 3’ to the linkage, with 2'-F supporting more
silencing activity in conjunction with the PN linkage than
2’-OMe.

To determine the number of PN linkages that yield the
most activity, we evaluated the silencing activity of a small
number of stereopure siRNAs compared with stereoran-
dom Reference 3 in primary mouse hepatocytes (Supple-
mentary Figure S6B). We first compared TTR-825, with
three Sp PN linkages to TTR-932, TTR-933, and TTR-934,
which each contain only two of the three Sp PN linkages
from TTR-825. TTR-934 (ICsy = 149 pM) is the most ac-
tive of these three siRNAs and is also slightly more active
than TTR-825 (ICsy =271 pM). We next evaluated siRNAs
containing one or the other of the two Sp PN linkages in
TTR-934 (TTR-936 and TTR-937, Supplementary Figure
S6B). Although potent, neither of these siRNAs were quite
as potent as TTR-934. Thus, we opted to advance the anti-
sense design from TTR-934, with two instead of three PN
linkages, into in vivo experiments.
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PN chemistry increases Ago2 loading without disrupting en-
dogenous RNAi pathways

We evaluated several siRNAs designed to confirm a ben-
efit of PN (TTR-1236) and to identify the optimal con-
figuration for the two PN linkages (TTR-1183 and TTR-
1186) and compared them to stereorandom TTR-1194, a
new stereorandom reference compound based on Figure
7, and TTR-1195, a PN version of TTR-1194 containing
two stereorandom PN linkages (Figure 8A). For this experi-
ment, wild-type mice were treated with a low 0.5 mg/kg sub-
cutaneous dose of siRNA and followed for 6 weeks. TTR-
1194, the stereorandom molecule, yielded maximal ~80%
reduction in Ttr serum protein levels ~1-week post dose,
with serum protein levels rising to ~20% of PBS-treated
controls by the end of the experiment. TTR-1195 showed
notably less activity, leading to a maximal 40% reduction
in Ttr serum protein levels ~1-week post dose. The stere-
opure siRNA TTR-1236, which lacks PN chemistry, was
more potent than TTR-1194, yielding ~90% reduction in
Ttr serum protein levels ~1-week post-dose and a simi-
lar recovery profile. The stereopure PN-containing siRINAs
TTR-1183 and TTR-1186 both showed slightly more si-
lencing than TTR-1194, yielding ~90% reduction in Ttr
serum protein levels ~1-week post-dose. TTR-1183 and
TTR-1186 maintained Ttr protein levels below those ob-
served with TTR-1194 until 6-weeks post-dose, achieving
significance at 2-3-weeks post dose (P < 0.05, linear mixed
effects ANOVA with post-hoc test) (Figure 8A). Together,
these data support several important points. First, control-
ling stereochemistry of the PS linkages in this siRNA for-
mat increases potency. Including stereorandom PN linkages
conveys no silencing benefit and likely curbs potency. Fi-
nally, stereopure siRNAs containing two appropriately po-
sitioned and configured PN linkages yield more potent and
durable silencing than TTR-1194.

To confirm our earlier observations that the benefits of
PN chemistry derive at least in part from an increase in
Ago2 loading, we quantified the amount of antisense strand
loaded into Ago2 as well as the amount detected in liver
at 1 week, which approximates the time of maximal silenc-
ing. Compared with TTR-1194, all other siRNAs increased
loading (TTR-1195 1.6-fold; TTR-1236 ~3.7-fold; TTR-
1183 ~5.5-fold; TTR-1186 ~4.3-fold), but only the stere-
opure siRNAs were statistically better (Figure 8B, p < 0.05,
Dunnett post-hoc test). We also observed an increase in the
concentration of antisense strands in the liver (TTR-1195
~2-fold; TTR-1236 ~2.0-fold; TTR-1183 ~3.0-fold; TTR-
1186 ~3.0-fold) with TTR-1183 and TTR-1186 being statis-
tically significant (Figure 8B, P < 0.0001, Dunnett post-hoc
test). The data suggest that for these siRNAs, stereopure PN
chemistry increases both the amount of siRNA in the liver
and the amount of Ago2 loading.

With increased Ago?2 loading comes a risk that these siR-
NAs could disrupt endogenous RNAi pathways that rely on
Ago2. If these siRNAs disrupt RNAi pathways, we would
expect to see an increase in gene expression upon treat-
ment, as they would diminish endogenous pools of microR-
NAs, which generally repress gene expression. To evaluate
whether these siRNAs impact endogenous RNAi pathways,
we performed whole transcriptome expression analysis us-
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ing RNA sequencing (RNA-seq) on primary mouse hepa-
tocytes treated with TTR-1194, TTR-1236, TTR-1186 siR-
NAs or PBS (Figure 8C, Supplementary Figure S7, Sup-
plementary Data set 2). Compared with PBS, we observed
relatively minor changes in gene expression upon treatment
with stereorandom TTR-1194, including downregulation of
47 genes and upregulation of 3 genes at the highest concen-
tration tested. The gene expression changes observed with
TTR-1186, the stereopure PN-containing siRNA, were sim-
ilar (Figure 8C, Supplementary Figure S7, Supplementary
Dataset 2), indicating that the increased Ago2 loading ac-
tivity exhibited by TTR-1186 does not disrupt endogenous
RNAI pathways.

Improved silencing corresponds to lower thermal stability

To further investigate how the inclusion of PN linkages at
backbone position 3 of the antisense strand impacts silenc-
ing, we assessed the thermal stability of siRNAs without
these linkages and those with these linkages for both Refer-
ence format 1 and Reference format 3 configurations (Sup-
plementary Table S6). For TTR-5, which is a format 1 stere-
opure siRNA that lacks PN linkages, the measured Tm was
69.6 °C. Adding a PN linkage at position 3 in either an Sp
(TTR-718) or Rp configuration (TTR-696) lowered Tm by
~1°C. For TTR-872, which is a format 3 stereopure siRNA
that lacks PN linkages and has a 2’-OMe on the 3'-side of
the third backbone position, the measured Tm was 64.4°C.
Adding a PN linkage at position 3 in either an Sp (TTR-
937) or an Rp configuration (TTR-1034) preserved or in-
creased Tm compared with TTR-872. By contrast for TTR-
1237, which is format 3 with the more favorable sugar pat-
tern (having a 2’-F on the 3'-side of the third backbone
position), the Tm decreased by ~1°C by the addition of a
PN linkage in either an Sp (TTR-1165) or Rp configuration
(TTR-1147). These data demonstrate that the inclusion of
PN linkages in format 1 increases thermal instability, and
comparable increases in thermal instability for format 3 are
observed if the PN linkage is accompanied by an adjacent
2'-F ribose modification but not a 2’-OMe modification 3’
of the linkage.

PN-containing siRINAs targeting 7tr are well-tolerated in
wild-type mice following subcutaneous injections

Because siRNAs with PN modifications have not been
tested in vivo before, we evaluated the impact of these
molecules on a series of serum biomarkers that provide in-
sight into the health of the liver including alanine transam-
inase (ALT), aspartate transaminase (AST), alkaline phos-
phatase (ALP) albumin and total protein levels. For these
experiments, we treated wild-type mice with three weekly
low (1.5 mg/kg) or high doses (15 mg/kg) of siRNA, includ-
ing Reference 3, TTR-1236, TTR-1183, and TTR-1186, or
PBS, subcutaneously. Serum was evaluated one day after
the final dose. None of the siRNAs had a significant im-
pact on the liver biomarkers compared with PBS (Figure 9).
These data indicate that these 7tr-targeting PN-containing
siRNAs are well tolerated in wild-type mice at doses up to
15 mg/kg.
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Application of PN chemistry to HSD17B13 silencing

We assessed whether the design strategy for the deployment
of PN chemistry with appropriately positioned 2’-ribose
modifications we developed for 7tr was beneficial for an-
other target with an unrelated sequence. For these experi-
ments, we opted to develop siRNAs for the clinically rel-
evant liver gene Hydroxysteroid 17-beta dehydrogenase 13
(HSD17B13) (43). We identified a new sequence amenable
to silencing via siRNAs that is comparable in potency to
a previously reported sequence (https://patents.google.com/
patent/WO2019183164A1/en?0q = WO=£2019%2f183164)
(Supplementary Figure S8§A). Experiments in primary hu-
man hepatocytes confirmed that a GalNAc-siRNA with
chemistry format based on one of our best-performing 7tr
siRNAs (TTR-1186) that targets HSD17B13, HSD-1930,
is more potent than stereorandom siRNAs designed based
on HSD-1933 (HSD-1592) or with stereorandom PN link-
ages (HSD-1932) (Supplementary Figure S8B: 1Csy HSD-
1933 759 pM; HSD-1932 1836 pM; HSD-1930 557 pM).To
confirm these benefits translate in vivo, we generated mice
expressing a human HSDI7BI13 transgene and evaluated
siRNA-mediated silencing of HSD17B13 mRNA expres-
sion in the liver.

We tested three GalNAc-siRNAs targeting the same se-
quence: one designed according to TTR-1194 (HSD-1933),
HSD-1932, and HSD-1930, as well as a NTC (Figure 10A).
We injected transgenic mice with a single 3 mg/kg dose
of the indicated siRNA and evaluated HSD/7B13 mRNA
expression in the liver over time. At week 7, the control,
HSD-1933, led to a mean silencing of ~60% HSDI17BI3
mRNA in liver. HSD-1932 performed slightly worse (mean
silencing: ~45%), and HSD-1930 performed the best (mean
silencing: ~80%) (Figure 10B). By 14-weeks post-dose,
these differences increased, with HSDI7B13 mRNA lev-
els recovering in HSD-1933-treated samples (mean silenc-
ing: ~5%) but remaining significantly suppressed in HSD-
1930-treated samples (mean silencing: ~80%, P < 0.0001,
Two-way ANOVA with post-hoc test) (Figure 10C). Once
again, we evaluated the concentration of antisense strands
and Ago2 loading in the mouse liver. The differences in an-
tisense strand liver concentrations were nominal at all time
points (Figure 10D). By contrast, Ago2 loading differences
were substantial, with significantly more HSD-1930 than
HSD-1933 found in complex with Ago2 at 2-weeks and
7-weeks post-dose (Figure 10E,F). Although Ago2 load-
ing decreased for all antisense strands through the experi-
ment, by the final 14-week time point, ~10-fold more HSD-
1930 was loaded onto Ago2 than HSD-1933 (Figure 10E,F;
mean relative to miR-122, HSD-1933 1.03 x 10~*; HSD-
1930 1.10 x 107%), indicating that differences in silencing
were likely driven, at least in part, to an Ago2-loading ben-
efit for HSD-1930.

Because HSDI7BI3 silencing persisted at the longest
timepoint after treatment with 3 mg/kg HSD-1930, we eval-
uated this same siRNA at a lower dose, treating HSD17BI13
transgenic mice with 1.5 or 3 mg/kg of HSD-1930 and eval-
uating silencing 3 months later (Figure 11). At both doses,
HSD-1930 led to mean HSD17B13 silencing ~75% after 3
months (Figure 11A), suggesting that HSD-1930 has sat-
urated the system, and a lower 1.5 mg/kg dose is suffi-
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Figure 9. PN-based RNAIi format has nominal impact on liver function or serum proteins in mice and is specific in primary hepatocytes. General design
for siRNAs tested and dosing regimen for evaluation of liver function in wild-type mice. Graphs show liver enzyme function for alanine transaminase
(ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), albumin and total serum proteins in CD-1 mice treated with the indicated siRNA or
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cient to maximize silencing. In the liver, we detected com-
parable amounts of antisense strand 3-months post-dose at
both doses (Figure 11B), and ~8-fold more antisense strand
loaded onto Ago2 from the mice treated with the higher
dose (Figure 11C). Taken together, these data support the
notion that HSD-1930 is a potent silencer of HSD17BI3 ex-
pression in part due to an Ago2-loading benefit over com-
parator siRNAs.

Multiple PN modifications maintain silencing by RNAi

Finally, we explored whether other types of PN backbone
linkages could have the same impact as the linkage used
throughout this work (PN-1) on silencing by generating a
series of stereopure PN-modified siRNAs based on TTR-
1183 and TTR-1186. These stereopure siRNAs employ the

same sense strand (shown in Figure 8), and the antisense
strands have the same sequence, chemistry, and pattern of
backbone modification. The only elements that changed
from one antisense strand to the next was the chemical moi-
ety deployed as the PN modification and the chiral config-
uration of that moiety. We explored the impact of simpler
PN modification (PN-2), as well as ring size in five-(PN-
1), six-(PN-3) and seven-membered rings (PN-4), and exo-
cyclic rings (PN-5, PN-6) (Figure 12A). In cultured mouse
primary hepatocytes, the siRNAs led to dose-dependent
decreases in Ttr mRNA expression, with expression levels
generally similar to TTR-1183 or TTR-1186 (Figure 12B).
These data indicate that multiple variations of the PN-1
backbone may convey a silencing benefit when incorporated
into the antisense strand of a stercopure siRNA.
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Figure 10. PN-based GalNAc-siRNA format translates to an additional liver target. (A) Schematic representation of siRNAs tested in the study. Dosing
regimen for transgenic HSD17B13 mice, with dosing at day 0 (D0, green arrow) and mouse sacrifice and tissue evaluation at the indicated times (orange
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sem, n = 5. Stats: Two-way ANOVA with post-hoc comparison between HSD-1933 and HSD-1930 at each time point. ** P < 0.01, **** P < 0.0001. (D)
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DISCUSSION
Impact of PS chirality

We have previously shown the importance of controlling
backbone chemistry and chirality for other oligonucleotide
modalities such as RNase H-mediated silencing (11,28,44),
splice modulation (24), and RNA base editing with ADAR
(25), and we now extend the application of these find-
ing from our initial work on siRNA-mediated silenc-
ing (https://patents.google.com/patent/W02014012081A2/
en?0q=WO02014012081) and the subsequent work of oth-
ers (31,32) to confirm control over PS chirality improves
siRNA-mediated silencing. Previously published reports
limited evaluation of chirality to a single PS linkage at the
terminals or a small number of stereoisomers (31,32). By
contrast, this report more thoroughly investigates the im-
pact of control over PS stereochemistry by deploying high-
throughput synthesis methods, which enable us to test many
more iterations of stereochemistry. We demonstrate that a
3’-SpSp PS configuration in the antisense strand supports
more silencing activity than a 3'-RpRp PS configuration

likely due to steric interference between the Rp PS link-
ages and Ago?2 and the creation of new electrostatic interac-
tions between Ago2 and the Sp PS linkage at the terminal
linkage (P22). We confirm that a 5'-RpSp PS in the anti-
sense strand is favored in an siRNA format with high 2’-
F content and without PN linkages. We also show that an
Sp PS configuration on both ends of the sense strand is
favored, which is consistent with the Sp configuration be-
ing more resistant to nucleases than Rp PS (11,12,27). We
believe this work in combination with growing evidence in
the literature (11,23,24,25,28,29,31,32,45-47) should put to
rest questions about whether control over the chirality of
PS linkages can impact the biological activity of oligonu-
cleotides.

Chirality, position of PN backbone and interaction with 2’-
ribose modifications influence silencing

In contrast to prior reports (48), we found that the applica-
tion of PN chemistry to the siRNA modality enhanced both
potency and durability. Enhancing the activity of the com-
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parator siRNA formats used in this work was challenging,
as these designs were optimized over decades (6,7,49,50).
The enhanced potency and durability observed with stere-
opure GalNAc-siRNAs designed to silence HSDI7BI13
RNA expression that contain PN chemistry was particu-
larly promising, with a single 1.5 mg/kg subcutaneous dose
leading to ~75% silencing for at least 3 months in mice.
These advances were possible because of the general high-
throughput synthesis methods we developed for generating
stereopure chimeric backbones that enabled facile interro-
gation of hundreds of molecules. With these interrogations,
we discovered PN backbone chemistry impacted silencing
activity based on three factors: 1) chirality; ii) position; and
iil) nearby 2'-ribose modifications.

Based on our modelling and in vitro silencing assays, we
believe Rp PN linkages in the seed region interfere with
antisense-Ago?2 interactions, whereas Sp PN linkages in the
seed region preserve antisense-Ago?2 interactions, with the
exceptions of positions 5 and 6 (P5 and P6), where an Sp
PN linkage is predicted to disrupt a H bond and where we
observed decreased in vitro silencing activity compared with
a PO linkage. These findings may help to explain why one
configuration of the PN backbone works better than the
other and why others who interrogated the impact of stereo-
random PN-containing siRNAs, which would likely incor-
porate Rp PN linkages in the seed region, concluded that
the linkage was not suitable for use in the antisense strand
due to steric interference with RNA1 machinery (48). Based
on these findings we opted for an Sp PN linkage at posi-
tion 3 (P3) in the seed region. We also found that an Sp or
Rp PN linkage in the central region at position 10 (P10) of
the antisense strand yielded excellent silencing activity. Fi-
nally, we also uncovered beneficial interactions between the
PN backbone and adjacent sugar modifications, with 2'-F
modifications in the position 3’ to the PN linkage support-
ing more silencing activity than a 2’-OMe modification.

Thermal instability may drive enhanced Ago2 loading

The introduction of PN linkages near the 5'-end (P3) and
in the middle of the antisense strand (P10) improved the
potency and durability of GalNAc-siRNAs targeting both
Ttr and HSD17BI3 in vitro and in vivo. That these design
strategies are generalizable is supported by the observation
that the same design pattern had beneficial effects on two
unrelated transcripts. For the P3 position, the incorpora-
tion of PN linkages decreased the thermal stability of the
siRNA duplex in accordance with observed improvements
in silencing and Ago?2 loading. For Reference format 3, this
destabilizing effect was observed when a 2’-F modification
but not a 2’-OMe modification was located 3’ to the linkage.
These observations align with reports indicating that each
PN substitution in a modified backbone is predicted to re-
duce the thermal stability by an average of 1.2 °C (48), and
PN linkages adjacent to a 2'-F modification have a more
reliable destabilizing effect than PN linkages alone (48).
For siRNAs targeting 7t and HSDI17BI3, the PN-
containing designs improved Ago2 loading compared
with reference formats. Both reference formats featured
optimized 2’-ribose modification patterns that enhanced
metabolic stability but not Ago2 loading (6,7). The obser-
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vation that PN chemistry especially with appropriately po-
sitioned 2'-F modifications enhanced Ago?2 loading is con-
sistent with the hypotheses of others (50,51) who predicted
that thermal instability in the seed could increase activity
by improving duplex unwinding, strand selection, and/or
RISC activation. By destabilizing the 5'-end of the antisense
strand, the Sp PN backbone linkage may improve the effi-
ciency of Ago2 loading by promoting selection of the anti-
sense strand over the sense strand in the right orientation
(5'-end over 3’-end) to enable silencing. Although the Rp
PN backbone linkage would also increase thermal instabil-
ity of the 5-end of the antisense strand, it is also predicted
to interfere sterically with Ago2, which would undermine
any benefit for Ago2 loading.

Chemical modifications to siRNAs are known to impact
intracellular trafficking, and different endosomal classes
are associated with distinct trafficking patterns, with some
endosomes leading to distinct intracellular locations and
other recycling to the plasma membrane (52). GalNAc con-
jugation is known to extend the durability of silencing by
siRNAs by directing them to acidic intracellular compart-
ments that can serve as long-term depots that enable con-
tinuous RNAI activity over time (53). PN backbone modi-
fication has been shown to increase the intracellular stabil-
ity of single-stranded oligonucleotides taken up by muscle
cells (24). Thus, PN linkages could also improve Ago?2 load-
ing by ensuring more successful intracellular trafficking of
siRNAs to the rough endoplasmic reticulum (ER), where
RISC is activated (54). This effect could be direct, by en-
hancing productive trafficking to the rough ER, or indirect,
by enhancing stable release from acidic intracellular depots
that enable durable silencing.

Importantly, the improved Ago2 loading observed with
PN-containing siRNAs did not disrupt endogenous RNAI
pathways, as off-target gene expression changes in the pres-
ence of these siRNAs were minimal in hepatocytes. This
suggests there may be ample untapped capacity in endoge-
nous RNAI pathways to further improve siRNA-mediated
silencing.

Implications for oligonucleotide therapeutics

With this work, we demonstrate that the judicious use of
stereopure PN backbone chemistry can improve on the ac-
tivity of siRNAs inspired by designs with a clinically proven
track record (50), and we add to the evidence that PN chem-
istry has a profound impact on the pharmacologic proper-
ties of stereopure PS-modified oligonucleotides (23,24,25).
Thus, this work highlights the importance of developing
methodologies to control backbone chirality, as well as de-
veloping synthetic chemistries that are compatible across
backbones and ribose modifications, enabling the synthe-
sis of chimeric stereopure molecules. Through the study of
these molecules, we have discovered that the PS and PN
backbones convey distinct benefits. PS linkages in combi-
nation with 2’-ribose modifications increase the metabolic
stability of siRNAs (6,7). We now show that stereopure
Sp PS linkages on the 3’-end of the antisense strand may
create favorable interactions with Ago2 that improve load-
ing. We also show that Sp PN linkages at P3 increase the
thermal instability of siRNAs to drive Ago2-loading. Be-
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cause these advantageous modifications impact silencing
activity in complementary ways, they can be combined to
make molecules that are superior to those containing any
of these modifications alone. Although work remains to
fully understand the mechanisms by which PN linkages
can improve oligonucleotide activity, work across modal-
ities promises to provide insights into properties of these
molecules that are universal (i.e. independent of modal-
ity) and those that are unique (i.e. specific to the biological
mechanism).

In 2021, the first PN-containing molecules advanced
into clinical trials (44) (https://ir.wavelifesciences.com/
news-releases/news-release-details/wave-life-sciences-
announces-initiation-dosing-phase- 1b2a-focus). Pre-
liminary data from these ongoing trials suggest the
pharmacologic benefits of PN chemistry may be trans-
lating, as low, single doses of investigational WVE-004
(44) showed evidence for target engagement in the
central nervous system (https://ir.wavelifesciences.com/
news-releases/news-release-details/wave-life-sciences-
announces-positive-update-ongoing-phase-1b2a). These
early clinical observations with PN-modified molecules
bolster our enthusiasm for the longer-term impact of
PN chemistry on RNAI. Similar to other modalities, the
inclusion of PN linkages improved both the potency and
durability of GalNAc-siRNAs in preclinical models. These
observations in combination with evidence indicating that
PN-containing siRNAs do not interfere with endogenous
RNAIi pathways and can be well-tolerated in the liver
suggest that PN-containing GalNAc-siRNAs may also be
suitable for therapeutic application.
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