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ABSTRACT

Preclinical mechanistic studies have pointed to-
wards RNA interference-mediated off-target effects
as a major driver of hepatotoxicity for GalNAc–
siRNA conjugates. Here, we demonstrate that a sin-
gle glycol nucleic acid or 2′–5′-RNA modification can
substantially reduce small interfering RNA (siRNA)
seed-mediated binding to off-target transcripts while
maintaining on-target activity. In siRNAs with es-
tablished hepatotoxicity driven by off-target effects,
these novel designs with seed-pairing destabiliza-
tion, termed enhanced stabilization chemistry plus
(ESC+), demonstrated a substantially improved ther-
apeutic window in rats. In contrast, siRNAs ther-
mally destabilized to a similar extent by the incor-
poration of multiple DNA nucleotides in the seed re-
gion showed little to no improvement in rat safety
suggesting that factors in addition to global thermo-
dynamics play a role in off-target mitigation. We uti-
lized the ESC+ strategy to improve the safety of ALN-
HBV, which exhibited dose-dependent, transient and
asymptomatic alanine aminotransferase elevations
in healthy volunteers. The redesigned ALN-HBV02
(VIR-2218) showed improved specificity with compa-
rable on-target activity and the program was reintro-
duced into clinical development.

INTRODUCTION

RNA interference (RNAi)-based therapeutics harness a
highly conserved natural mechanism whereby short, 20–25-
nucleotide-long double-stranded small interfering RNAs
(siRNAs) guide the sequence-specific downregulation of
target messenger RNA (mRNA) transcripts via the RNA-
induced silencing complex (RISC). Following many years
of effort dedicated to advancing the underlying platform
technologies including siRNA design, chemistry and de-
livery, RNAi therapeutics are emerging as a new class of
medicines for the treatment of a wide variety of diseases
across major therapeutic areas. The field has been galva-
nized by recent regulatory approvals of the first four RNAi
therapeutics, ONPATTRO® (patisiran), GIVLAARI®

(givosiran), OXLUMO® (lumasiran) and LEQVIO® (in-
clisiran). Inclisiran targets PCSK9 for the treatment of hy-
percholesteremia and is a prominent example of the tech-
nology rapidly expanding from orphan genetic indications
to highly prevalent diseases.

The evolution of RNAi therapeutics has been driven
by key advances in siRNA design and chemistry com-
bined with delivery platforms suitable for clinical develop-
ment. In particular, the use of a synthetic multivalent N-
acetylgalactosamine (GalNAc) ligand, which enables the
safe and efficient delivery of chemically modified siRNAs to
hepatocytes in the liver, has transformed the field (1). This
approach has now been widely adopted for different classes
of investigational oligonucleotide therapeutics (2). Whereas
the first generation of GalNAc–siRNA conjugates required
relatively high doses to afford the desired in vivo activity (3),
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further refinement of the chemical modification pattern led
to enhanced stabilization chemistry (ESC) designs with sub-
stantially improved potency and duration of effect (1,4,5).

While the overall safety profile for ESC GalNAc–siRNA
conjugates in humans is very encouraging, the occurrence of
dose-dependent, asymptomatic and transient liver function
test (LFT) increases was observed in a small subset of our
early clinical programs. The onset of these LFT increases
largely coincided with the onset of maximum silencing ac-
tivity. Since other development candidates with very similar
siRNA chemistry and designs did not show LFT increases
in humans, even at significantly higher doses, we hypoth-
esized this to be a sequence-dependent phenomenon. This
was supported by nonclinical observations where a subset
of GalNAc–siRNA conjugates generally dropped out of
the lead discovery process during exploratory safety stud-
ies in rats due to significant hepatotoxicity, albeit at higher,
suprapharmacological doses.

Based on these observations, we launched a comprehen-
sive mechanistic investigation to identify potential causes
for the observed hepatotoxicity across species (6). We were
able to rule out chemical toxicity and competition of
GalNAc–siRNAs with endogenous microRNAs (miRNAs)
for the RNAi pathway. Instead, all evidence pointed toward
RNAi-mediated, hybridization-based off-target effects. We
found that these off-target effects are largely driven by bind-
ing of the RISC-loaded siRNA to off-target transcripts
mediated through base pairing between the seed region of
the siRNA guide strand (nucleotides 2–8) and complemen-
tary site(s) in the 3′-untranslated region (3′-UTR) of mR-
NAs. This noncatalytic mechanism essentially mimics the
post-transcriptional silencing by endogenous miRNAs and
can lead to translational repression and/or mRNA desta-
bilization at suprapharmacological levels of RISC-loaded
siRNA (7–9), with reductions in mRNA levels accounting
for most (66% to >90%) of the post-transcriptional repres-
sion mediated by mammalian miRNAs (10–13). A similar
hybridization-based off-target mechanism was recently re-
ported for antisense oligonucleotides (ASOs) whereby the
toxicity of some high-affinity ASOs was associated with
sequence-dependent RNase H-mediated cleavage of imper-
fectly matched transcripts (14). The fact that both siR-
NAs and ASOs can produce unwanted hybridization-based
off-target effects, leading to potential toxicities in humans,
highlights the need for robust screening methods, as well as
both bioinformatics- and chemistry-based approaches for
the design of safe therapeutics.

Previous reports have outlined the concept of using ther-
mally destabilizing modifications in the seed region of the
siRNA guide strand to enhance siRNA specificity by mit-
igating miRNA-like repression of off-targets while still al-
lowing for productive full-length on-target recognition (15–
21). However, to our knowledge, this approach has thus
far only been demonstrated in vitro leaving the question of
whether it could be translated into an improved therapeutic
index in an in vivo setting. We recently reported that seed-
pairing destabilization through a single nucleotide substi-
tution in the seed region with the (S)-isomer of glycol nu-
cleic acid (GNA) could improve the mRNA target speci-
ficity and abrogate the hepatotoxicity of a GalNAc–siRNA
in rats (6). This followed another report that GNA could be

tolerated at several positions of the siRNA guide strand in
vitro and in vivo (22).

Here, we report on the further advancement of this ap-
proach and the generation of a new design with improved
specificity, termed ESC+. The ESC+ design was found to
be suitable for transition into clinical development and
was applied to ALN-HBV, an investigational GalNAc–
siRNA targeting the hepatitis B virus (HBV). ALN-HBV
showed dose-dependent, asymptomatic and transient ala-
nine aminotransferase (ALT) elevations in a phase 1 clin-
ical study of healthy volunteers (manuscript submitted).
We found that the ESC+ version of ALN-HBV, named
ALN-HBV02, with a single GNA substitution at position
6 of the guide strand, and without any further changes in
sequence or chemistry, minimizes off-target dysregulation
without compromising on-target activity. ALN-HBV02,
later termed VIR-2218, was reintroduced to preclinical and
clinical development, thereby providing unique insight into
the human translation of this new ESC+ design.

MATERIALS AND METHODS

Oligonucleotide synthesis

All oligonucleotides were synthesized on a MerMade 192,
MerMade 12 or ÄKTA oligopilot 100 synthesizer accord-
ing to previously published protocols (1,22). 2′-O-Methyl
(2′-OMe), 2′-deoxy-2′-fluoro (2′-F), 2′-deoxy and 2′–
5′-RNA (3′-OTBDMS-protected) phosphoramidites were
purchased commercially. (S)-GNA phosphoramidites were
synthesized according to previously published protocols
(23–25). The identity and purity of all oligonucleotides in
these studies (see Supplementary Table S1) were confirmed
using ESI–LC/MS and IEX HPLC, respectively.

Thermal melting experiments

Melting studies were performed in 1 cm path length quartz
cells on a Cary 300 UV–visible spectrophotometer equipped
with a Peltier-thermostatted multicell holder. Each cuvette
contained 800 �L of sample solution covered by 200 �L of
light mineral oil. Samples were first annealed in the instru-
ment by heating at a rate of 5◦C/min from 25 to 95◦C fol-
lowed by cooling at the same rate from 95 to 25◦C. After a
waiting period of 3 min, melting curves were monitored at
260 nm with a heating rate of 1◦C/min from 25 to 95◦C.
Melting temperatures (Tm) were calculated from the first
derivatives of the heating curves and the reported values are
the result of at least two independent measurements.

In vitro screening in the luciferase reporter assay

COS-7 cells were cultured at 37◦C and 5% CO2 in Dul-
becco’s modified Eagle medium supplemented with 10% fe-
tal bovine serum. Cells were co-transfected in 96-well plates
(15 000 cells/well) with 10 ng luciferase reporter plasmid
and 0.64 pM to 50 nM siRNA in 5-fold dilutions using 2
�g/mL Lipofectamine 2000 (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Cells were har-
vested at 48 h after transfection for the dual luciferase as-
say (Promega) according to the manufacturer’s instructions.
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The reporter plasmids were generated by cloning target-
ing sequences into the psiCHECK2 vector between Xho1
and Not1 restriction sites. The on-target reporter plasmid
contained a single site with perfect complementarity to
the guide strand in the 3′-UTR of Renilla luciferase. The
off-target reporter plasmid contained four tandem seed-
complementary sites separated by a 19-nucleotide spacer
(5′-TAATATTACATAAATAAAA-3′) in the 3′-UTR of
Renilla luciferase (18,26). Both plasmids co-expressed fire-
fly luciferase as a transfection control. The specific insert
sequences were as follows:

Ttr on-target: ATAAACAAGGTTTGACAT
CAATCTAGCTATATCTTTAAGAATGATAAA
CTAAACAGTGTTCTTGCTCTATAAGACATTGG
TGAGGAAAAATCCTTTGGCCGTTTCCAAGATC
TGACAGTGCA

Ttr off-target: ATAAACAAGGTTTGACAT
CAATCTAGCTATATCTTTAAGAATGATA
AACTGCTCTATAATAATATTACATAAATA
AAAGCTCTATAATAATATTACATAAATAAA
AGCTCTATAATAATATTACATAAATAAA
AGCTCTATAAGACATTGGTGAGGAAAAATC
CTTTGGCCGTTTCCAAGATCTGACAGTGCA

Hao1 on-target: ATAAACAAGGTTTGACAT
CAATCTAGCTATATCTTTAAGAATGATAAA
CTTTGTCGATGACTTTCACATTCGACATTGGTG
AGGAAAAATCCTTTGGCCGTTTCCAAGATCTG
ACAGTGCA

Hao1 off-target: ATAAACAAGGTTTGAC
ATCAATCTAGCTATATCTTTAAGAATGA
TAAACTCATCGACAATAATATTACATAAA
TAAAACATCGACAATAATATTACATAAATA
AAACATCGACAATAATATTACATAAATAAA
ACATCGACAAGACATTGGTGAGGAAAAATC
CTTTGGCCGTTTCCAAGATCTGACAGTGCA

Care and use of laboratory animals

All studies were conducted by certified laboratory person-
nel using protocols consistent with local, state and federal
regulations, as applicable, and experimental protocols were
approved by the Institutional Animal Care and Use Com-
mittee at Alnylam Pharmaceuticals. All animals were accli-
mated in-house for 48 h prior to study start.

In vivo screening, serum protein quantification, liver mRNA
quantification and liver siRNA quantification in mice

Female C57BL/6 mice ∼6–8 weeks of age were obtained
from Charles River Laboratories and randomly assigned to
each group. All dosing solutions were stored at 4◦C until
1 h before the time of injection, when they were removed
from storage and allowed to reach room temperature. An-
imals received a single subscapular subcutaneous injection
of siRNA, 1× PBS or 0.9% NaCl (saline) at the indicated
dose, prepared as an injection volume of 10 �L/g in PBS or
0.9% NaCl. At the indicated time pre- or post-dosing, blood
was collected via retroorbital bleed. Serum samples were
kept at room temperature for 1 h and then spun in a micro-
centrifuge at 21 000 × g at room temperature for 10 min and
subsequently stored at −80◦C until analysis. TTR serum

protein levels were measured by ELISA (serum was diluted
1:4000 and used in a mouse prealbumin kit according to
the manufacturer’s instructions, ALPCO, 41-PALMS-E01).
Animals were sacrificed at the days indicated in the figures,
after which livers were harvested and snap frozen for further
analysis.

For the extraction of RNA, powdered liver (∼10 mg) was
resuspended in 500 �L QIAzol and a 5-mm steel grind-
ing ball was added to each sample. Samples were homog-
enized at 25/s for 2 × 5 min at 4◦C using a TissueLyser
LT (Qiagen). Samples were incubated at room tempera-
ture for 5 min followed by addition of 100 �L chloroform.
Samples were mixed by vigorously shaking the tubes, fol-
lowed by a 10-min incubation at room temperature. Sam-
ples were spun at 12 000 × g for 15 min at 4◦C and the
supernatant was removed to a new tube and 1.5 volumes
of 100% ethanol was added. Samples were then purified
using an RNeasy Kit (Qiagen). Samples were eluted from
RNeasy columns with 60 �L RNase-free water (Ambion)
and quantified on a NanoDrop (Thermo Fisher Scien-
tific). 1.5 �g of RNA was used to generate cDNA using a
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, 4368813). qPCR reactions were performed us-
ing gene-specific TaqMan assays for each target (Thermo
Fisher, Mm00443267 m1 for Ttr and Mm00439249 m1
for Hao1) and mouse Gapdh as an endogenous control
(Thermo Fisher, 4352339E). Real-time PCR was performed
in a Roche LightCycler 480 using LightCycler 480 Probes
Master Mix (Roche, 04707494001). Data were analyzed us-
ing the ��Ct method normalizing to control animals dosed
with PBS or 0.9% NaCl alone.

Where applicable, cohorts of mice were sacrificed on var-
ious days post-dose, and livers were snap frozen in liquid
nitrogen and ground into powder for further analysis. Total
liver siRNA levels from powdered liver were quantified by
TaqMan PCR (SL-RT qPCR) as previously described (27–
29).

Rat toxicity studies

The test articles were diluted with 0.9% NaCl to achieve ap-
propriate dosing concentrations and dosed subcutaneously
on the upper back to male Sprague Dawley rats (6–8 weeks
old) in a dose volume of 5 mL/kg with four to five animals
per group. Whole venous blood was collected into serum
separator tubes (BD Microtainer) and allowed to clot at
room temperature for 30 min prior to centrifugation at 3000
rpm (1489 × g) for 10 min at 4◦C. Serum was then aliquoted
and stored at −80◦C until analysis. Serum chemistries were
analyzed using the AU400 chemistry analyzer (Beckman
Coulter, Brea, CA, USA), with reagents provided by Beck-
man Coulter, Randox and Sekisui Diagnostics. Livers were
fixed in 10% neutral buffered formalin for 72 h prior to rou-
tine processing using TissueTek VIP 6A1 (Sakura). Tissues
were trimmed, embedded into paraffin blocks, sectioned at
4 �m, stained with hematoxylin and eosin (H&E) using Tis-
sueTek Prisma A1D (Sakura) and coverslipped using Tis-
sueTek Glass g2 (Sakura). Two sections were examined mi-
croscopically from each liver in an unblinded fashion, fol-
lowed by blinded assessment to confirm subtle findings. The
range of severity grade for each microscopic finding when
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present was graded on a four-point scale (with 1 = mini-
mal, 2 = mild, 3 = moderate and 4 = marked).

Bioinformatics and RNA sequencing

RNA was extracted from primary rat hepatocytes trans-
fected with siRNA as previously described (30). Rat livers
collected at the end of the toxicity studies were snap frozen,
powdered and RNA was extracted with the miRNeasy kit
(Qiagen). cDNA libraries were prepared with the TruSeq
Stranded Total RNA Library Prep Kit (Illumina) and se-
quenced on a NextSeq500 sequencer (Illumina), all accord-
ing to manufacturers’ instructions. Raw RNA sequencing
(RNA-seq) reads were filtered with minimal mean quality
scores of 25 and minimal remaining length of 36, using
the ea-utils software fastq-mcf (https://expressionanalysis.
github.io/eautils/). Filtered reads were aligned to the Rattus
norvegicus genome (Rnor 6.0) using STAR (ultrafast uni-
versal RNA-seq aligner) (31). Uniquely aligned reads were
counted by featureCounts (32) with the minimum mapping
quality score set to 10. Differential gene expression analy-
sis was performed by the R package DESeq2 with the be-
taPrior parameter set to TRUE to shrink log2 fold-change
estimates for noisy, low-count genes (32,33). Estimates of
delta log2 fold change for seed-match categories in CDF
plots are beta coefficients from a linear model regressing
log2 fold change against binary seed-match classifications
across genes. Asterisks following the delta estimates indi-
cate the level of (two-tailed) statistical significance derived
from the t-statistic associated with each beta coefficient, and
follow typical convention (n.s. = not significant, *P < 0.05,
**P < 0.01 and ***P < 0.001).

Pharmacodynamic evaluation of HBV-targeting siRNAs in
an AAV-HBV mouse model

Pharmacology of HBV-targeting siRNAs was assayed in an
adeno-associated virus 8 encoding the 1.3× HBV genome
(genotype D, HBV-AAV8) mouse model. HBV-AAV8 (Sig-
naGen Laboratories) was diluted in sterile 1× PBS to a final
concentration of 2 × 1012 GC/mL. Male C57BL/6 mice 6–
8 weeks of age were injected intravenously via lateral tail
vein with 2 × 1011 GC/mouse in a fixed volume of 100
�L. siRNAs were diluted with sterile 1× PBS and admin-
istered with a variable volume of 10 �L/g. Blood that was
collected at the days indicated via retroorbital bleed was al-
lowed to clot for 30 min, and then was spun in a micro-
centrifuge for 10 min at 13 000 rpm and 4◦C. HBV surface
antigen protein levels were evaluated via ELISA (serum was
diluted 1:2000 in 1× PBS and used in a human HBsAg kit,
BioTang, Waltham, MA, USA) with only minor changes to
the protocol. A human HBsAg protein standard (US Bio-
logics, Memphis, TN, USA) was used to generate the stan-
dard curve.

Specificity evaluation of ALN-HBV01 and ALN-HBV02 by
RNA-seq in HepG2.2.15 cells

HepG2.2.15 cells, a HepG2-derived cell line stably trans-
fected with full-genome HBV, were diluted with culture
media to a final concentration of 187 500 cells/mL, and

80 �L was pipetted into 96-well collagen-coated plates
(BD BioCoat, cat #356407) to give a final concentra-
tion of 15 000 cells/well. RNAiMAX (Thermo Fisher,
cat #13778150) was diluted with Opti-MEM (Thermo
Fisher, cat #31985062) at a concentration of 0.3 �L
RNAiMAX/10 �L Opti-MEM and incubated for 5 min at
room temperature. After incubation, 10 �L/well was added
to each well of 96-well collagen-coated plates (BD Bio-
Coat, cat #356407), along with 10 �L/well of the appro-
priate dsRNA agent dilution (as appropriate in 1× PBS),
mixed gently and incubated for 20 min at room temperature.
Eighty microliters of prepared cell suspension was added
to each well to give final cell density of 15 000 cells/well
and final dsRNA agent concentrations of 10 nM. Cells were
incubated in a 37◦C incubator with 5% CO2 for 16–22 h.
Cells were plated such that each experimental condition had
16 wells and the experiment was performed two times. The
Thermo Fisher RNAqueous-96 Total RNA Isolation Kit
was used to isolate RNA as per the protocol. cDNA li-
brary preparation, sequencing and read filtering were per-
formed as mentioned earlier. Filtered reads were simulta-
neously aligned to the human (hgl9/GRCh37) and HBV
(GenBank nucleotide ID: U95551; NCBI gene ID: 7276)
genomes using STAR (ultrafast universal RNA-seq aligner)
(31). Due to the circular structure of the HBV genome, 46
base pairs were repeated at the end of a linearized version
of the HBV sequence to allow for reads to map at the break
point. Counting of uniquely aligned reads and differential
gene expression analysis was performed as mentioned ear-
lier.

Statistical analysis

Differences between group means relative to control or par-
ent siRNAs were evaluated for statistical significance us-
ing a one-way ANOVA in GraphPad Prism 8 and are in-
dicated in each graph (*P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.0001). Only those that were statistically sig-
nificant are indicated.

RESULTS

Positional effect of GNA on in vitro on- and off-target activ-
ities

To evaluate the positional impact of GNA incorporation on
the activity of GalNAc–siRNAs, a single GNA nucleotide
was walked across the seed region of two separate GalNAc–
siRNAs fully modified with 2′-OMe and 2′-F nucleotides,
and terminal phosphorothioate linkages (Figure 1A and Ta-
ble 1). For these initial studies and to expand on our previ-
ous work, we focused on two GalNAc–siRNAs targeting
Ttr and Hao1 that we have previously reported to demon-
strate seed-driven off-target hepatotoxicity in rats [siRNA-
4 and siRNA-5, respectively, in ref. (6)]. For the siRNA
targeting Ttr (D1), the pattern of 2′-OMe and 2′-F mod-
ifications was adjusted to make it similar to the lower 2′-
F design of the Hao1 siRNA (D6). Following our previ-
ous work on the tolerability of GNA substitution across
both strands of an siRNA (22), we utilized these two par-
ent sequences to explore the positional effect of GNA in-
corporation at positions 5–8 of the guide strand (g5–g8) on

https://expressionanalysis.github.io/eautils/
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Table 1. Evaluation of on- and off-target knockdown by GNA-modified GalNAc–siRNAs using a dual luciferase reporter assay

Ttr Hao1

5′-a•a•caguGuUCUugcucuauaaL-3′,
3′-u•u•uugucAcAagaacgaGaua•U•u-5′

5′-g•a•auguGaaAGucaucgacaaL-3′,
3′-g•u•cuuacAcUuucaGUaGcug•U•u-5′

On-target IC50
(pM)

Off-target IC50
(nM)

Off-/on-target
ratio

On-target IC50
(nM)

Off-target IC50
(nM)

Off-/on-target
ratio

D1 (parent) 2.16 0.07 31 D6 (parent) 0.42 2.48 6
D2 (g5) 4.19 >50 >11 945 D7 (g5) 0.64 >50 >78
D3 (g6) 4.55 3.21 705 D8 (g6) 0.67 >50 >75
D4 (g7) 5.40 >50 >9264 D9 (g7) 0.56 >50 >89
D5 (g8) 8.98 2.05 228 D10 (g8) 0.72 3.89 5

Italicized uppercase and lowercase letters represent 2′-F and 2′-OMe modifications, respectively, to adenosine, cytosine, guanosine and uridine. Phospho-
rothioate linkages are indicated by the ‘•’ symbol. ‘L’ represents the tri-N-acetylgalactosamine ligand. The top and bottom strands represent the passenger
(5′→3′) and guide (3′→5′) strands of each siRNA, respectively. The underlined nucleotides in each guide strand represent those that were modified with
GNA at the position specified in parentheses in the table.

both potency and specificity (Table 1 and Supplementary
Table S1). The on- and off-target activities of each siRNA
were evaluated in COS-7 cells expressing a luciferase re-
porter, which contained either a single fully complemen-
tary site to the guide sequence in its 3′-UTR (on-target re-
porter) or four tandem repeats of the sequence complemen-
tary to g2–g8 in the guide seed region (off-target reporter),
respectively (18,26). The readout of the luciferase reporter
assay is protein-based, thus capturing both potential mech-
anisms of miRNA-like activity: translational repression and
mRNA destabilization. Minor reductions in on-target ac-
tivity were observed for GNA substitution across most po-
sitions of both siRNAs except for position 8 in the sequence
targeting Ttr (D5) exhibiting a 4-fold loss in potency relative
to the parent D1.

On the other hand, GNA incorporation had a much more
pronounced effect on the seed-mediated off-target activity
that was both position- and sequence-dependent (Table 1).
For the Ttr-targeting sequence, GNA at positions g5 (D2)
and g7 (D4) was most effective at reducing the off-target
reporter activity with a >500-fold improvement. For the se-
quence targeting Hao1, positions g5–g7 (D7–D9) strongly
minimized the off-target activity with a >25-fold improve-
ment observed relative to the parent. The ratio of in vitro
off- to on-target activity provided a measure of the overall
benefit of GNA substitution and allowed for a better com-
parison across compounds. For the Ttr-targeting siRNAs,
the strongest effect was observed for GNA substitution at
g5 (D2) or g7 (D4) with a >300-fold improvement in the ra-
tio of off- to on-target activity compared to the parent. The
impact of GNA substitution was overall less pronounced
for the Hao1-targeting siRNAs with a >12-fold improve-
ment for positions g5–g7 (D7–D9) and no positive impact
for GNA substitution of position g8 (D10).

The presence of GNA can impact siRNA metabolic stability

The same set of GalNAc–siRNAs was used to evaluate ac-
tivity in mice. For the series of siRNAs targeting Ttr, those
modified with GNA at positions g7 (D4) or g8 (D5) exhib-
ited a similar level of target mRNA knockdown to that of
the parent siRNA (D1) 7 days post-dose, but those modified
with GNA at g5 (D2) or g6 (D3) showed a significant reduc-
tion in activity (Figure 1B, left). The discrepancy between

the in vivo and in vitro on-target activities suggested that
additional factors, such as metabolic stability, may affect
the observed in vivo activity. In fact, the total level of guide
strand detected in liver by RT-qPCR correlated well with
the in vivo efficacy as measured by mRNA target knock-
down, illustrating the strong correlation between metabolic
stability and in vivo activity (Figure 1B, right) (30). Similar
observations were made for the series of GalNAc–siRNAs
targeting Hao1 (Figure 1C). GNA-modified compounds
D8–D10, which exhibited comparable efficacy to that of the
parent (D6), were found to have similar tissue exposure lev-
els. The poor knockdown observed with D7, on the other
hand, is accompanied by a low level of guide strand in liver,
again indicative of reduced metabolic stability.

To further evaluate the impact of GNA substitution on
pharmacokinetics (PK) and pharmacodynamics (PD) of
GalNAc–siRNA conjugates, the silencing activity, liver lev-
els and Ago2 loading for the Ttr-targeting GNA-modified
D4 and its parent D1 were followed over the course of 35
days after a single dose of 0.75 mg/kg in mice. The level
of Ttr mRNA reduction and time–concentration profiles
of the guide strand in the liver reflected the comparable
PD and PK profiles, respectively, for both siRNAs over the
course of the study (Figure 1D). Interestingly, the modifi-
cation with GNA appeared to slightly impact the interac-
tion with RISC as indicated by the ∼2-fold lower area under
the curve for the Ago2-loaded GNA-modified guide strand
compared to the parent (Figure 1D). However, it should
be noted that quantification of GNA-modified test article
can be confounded by a less reliable RT-qPCR amplifica-
tion step (34). Taken together, these data confirm that GNA
substitution is tolerated at certain positions in GalNAc–
siRNAs with little impact on the PD profile in mice.

GNA improves the therapeutic index in rats

Based on the entirety of in vitro and in vivo data, GalNAc–
siRNAs modified at position g7 with GNA (D4 and D9)
were chosen for further evaluation alongside the parent
ESC designs that had previously demonstrated signifi-
cant off-target-driven hepatotoxicity in rats (6). GalNAc–
siRNAs containing GNA at alternate positions, which
demonstrated a loss of in vivo activity due to lower
metabolic stability, a weak ability to suppress off-targets,
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Figure 1. Evaluation of GNA-modified siRNAs in mice. (A) Structures of (S)-GNA, 2′-OMe and 2′-F nucleosides. Impact of GNA substitution at the
specified position on activity (left) and liver guide strand concentration measured by RT-qPCR (right) in mice (n = 3) 7 days post-dose for Ttr-targeting (B)
or Hao1-targeting (C) GalNAc–siRNAs dosed subcutaneously at either 0.5 mg/kg (Ttr) or 1.0 mg/kg (Hao1). Statistically significant differences relative
to the parent siRNA are shown in each graph. (D) Impact of GNA substitution on Ttr mRNA knockdown in mice (n = 3) after a single subcutaneous
dose of 0.75 mg/kg D1 or D4 and guide strand concentration in whole liver and Ago2 over time from the same study.

or both, were not evaluated in rat toxicity studies since we
expect their toxicity to be mitigated simply due to reduced
exposure and RISC loading. The potency of the chosen
compounds was assessed in a six-point dose response study
ranging from 0.075 to 3 mg/kg in rats (Table 2). With an
ED50 of 0.075 mg/kg, the GNA-modified D4 was found
to be slightly less potent than the parent D1 (ED50 = 0.05
mg/kg; Supplementary Figure S1). For the siRNAs target-
ing Hao1, the parent D6 and its GNA-modified version D9
showed similar levels of knockdown across all doses tested,
resulting in an ED50 of 0.3 mg/kg for both siRNAs (Sup-
plementary Figure S2).

To elucidate the effect of seed-pairing destabilization us-
ing multiple, individually less destabilizing modifications in-
stead of a single GNA residue, these studies also included
equipotent siRNAs D11 (Ttr) and D12 (Hao1) modified in
the seed region with three DNA nucleotides. Seed destabi-
lization using DNA is similar to an approach previously
reported to mitigate off-target effects in vitro (18). The
pattern of alternating 2′-OMe/DNA modification used in
the seed region of D11 and D12 was one of several de-
signs that showed in vitro activity equivalent to the parent

(data not shown), a level of thermal destabilization com-
parable to GNA and sufficient metabolic stability to sup-
port in vivo evaluation. Analysis of guide strand metabo-
lites by LC–MS and liver levels by RT-qPCR after a single
dose in mice confirmed that the introduction of DNA into
these GalNAc–siRNAs did not significantly impact over-
all metabolism (Supplementary Table S2 and Supplemen-
tary Figure S3) (30). GalNAc–siRNAs modified with sev-
eral consecutive DNA nucleotides did not provide the nec-
essary metabolic stability in vivo to warrant further evalu-
ation (data not shown). Although the DNA-modified siR-
NAs D11 and D12 exhibited an equivalent or greater level
of thermal destabilization compared to the GNA-modified
D4 and D9, respectively, there was little to no reduction in
off-target silencing compared to the parent siRNAs in the
luciferase off-target reporter assay (Table 2 and Supplemen-
tary Figures S4–S7).

To assess the impact of GNA modification on the ther-
apeutic index, GalNAc–siRNAs D1, D4, D6 and D9 were
subsequently evaluated in an exploratory toxicity study in
rats, with endpoints that included survival, serum chemistry
and microscopic liver findings to assess the level of hepa-



6662 Nucleic Acids Research, 2022, Vol. 50, No. 12

Table 2. GalNAc–siRNAs used in rat toxicity studies

siRNA duplex Target mRNA Passenger (5′–3′), guide (3′–5′) Rat ED50 (mg/kg) Tm (◦C)

D1 Ttr a•a•caguGuUCUugcucuauaaL,
u•u•uugucAcAagaacgaGaua•U•u

0.05 65.5

D4 Ttr a•a•caguGuUCUugcucuauaaL,
u•u•uugucAcAagaacgAGaua•U•u

0.075 61.5

D11 Ttr a•a•caguGuUCUugcucuauaaL,
u•u•uugucAcAagaacgagata•U•u

n.d. 60.5

D16 Ttr a•a•caguGuUCUugcucuauaaL,
u•u•uugucAcAagaacg(A)Gaua•U•u

n.d. 61.5

D6 Hao1 g•a•auguGaaAGucaucgacaaL,
g•u•cuuacAcUuucaGUaGcug•U•u

0.3 66.5

D9 Hao1 g•a•auguGaaAGucaucgacaaL,
g•u•cuuacAcUuucaGUAGcug•U•u

0.3 64.8

D12 Hao1 g•a•auguGaaAGucaucgacaaL,
g•u•cuuacAcUuucagtagctg•U•u

n.d. 61.0

D20 Hao1 g•a•auguGaaAGucaucgacaaL,
g•u•cuuacAcUuucaGU(A)Gcug•U•u

n.d. 63.5

Italicized uppercase, lowercase, uppercase bold underlined, lowercase bold underlined and uppercase letters in parentheses represent 2′-F, 2′-OMe, (S)-
GNA, 2′-deoxy and 2′–5′-linked ribose sugar modifications, respectively, to adenosine, cytosine, guanosine, uridine and thymidine. ‘L’ represents the
tri-N-acetylgalactosamine ligand. Phosphorothioate linkages are indicated by the ‘•’ symbol. ED50 values were determined in rats; n.d. = not determined.
All Tm values are the average of two independent measurements of the fully modified duplex at a concentration of 1 �M in 0.1× PBS.

totoxicity after three weekly doses of 3, 10, 30, 60 or 120
mg/kg. As expected, a dose-dependent elevation of liver en-
zymes was observed after repeated weekly administration
of Ttr-targeting D1 with a 2–3-fold increase in ALT and as-
partate aminotransferase (AST), and an 8–10-fold increase
in glutamate dehydrogenase (GLDH) at the highest dose
(Figure 2A). The greater sensitivity of GLDH compared
to ALT/AST is consistent with the profile of our GalNAc–
siRNA platform in rat toxicity studies, where GLDH was
found to be most predictive for microscopic changes in the
liver across 28 rat toxicity studies (35). The substitution of
GNA in D4 led to a notable decrease or complete attenu-
ation of liver ALT, AST and GLDH elevations across all
doses tested. Similar trends were observed across a panel of
three additional clinical chemistry parameters measured in
this study (Supplementary Figures S8–S13 and Supplemen-
tary Table S3). In agreement with the observed lack of off-
target mitigation in vitro, rats treated with a repeated weekly
administration of DNA-modified D11 at 30 mg/kg demon-
strated liver ALT elevations comparable to the parent D1
(Figure 2A, Supplementary Figures S8–S13 and Supple-
mentary Table S4).

Increased ALT, AST and particularly GLDH levels were
also observed with the Hao1-targeting siRNA D6. How-
ever, several unscheduled mortalities in the 60 and 120
mg/kg groups led to a more complicated analysis (Fig-
ure 2A, Supplementary Figures S8–S13 and Supplementary
Table S5). In fact, all the rats dosed weekly with 120 mg/kg
of D6 were found to be moribund or deceased 4–5 days af-
ter the second dose of siRNA and had to be sacrificed prior
to completion of the study. However, all the animals dosed
at 120 mg/kg with the GNA-modified D9 successfully com-
pleted the study. In addition, D9 demonstrated a significant
reduction in liver AST and GLDH elevations at doses >60
mg/kg, with slight elevations relative to the control group
at doses >10 mg/kg. Although all rats dosed weekly with
120 mg/kg of D9 successfully completed the study, they did
show elevated liver enzymes at the end of the study suggest-
ing that the single GNA modification reduced but did not

completely attenuate hepatotoxicity. Again, in contrast to
GNA-modified D9, rats treated with seed DNA-modified
D12 at 30 mg/kg demonstrated a level of ALT, AST and
GLDH elevations equivalent to that of the parent D6 (Fig-
ure 2A, Supplementary Figures S8–S13 and Supplementary
Table S4).

Liver samples were harvested at the end of the study
for microscopic evaluation (Figure 2B and C). Rats ad-
ministered ≥30 mg/kg of the parent Ttr-targeting siRNA
D1 had substantial hepatotoxicity consisting of minimal to
mild single cell necrosis and/or coagulative necrosis, kary-
omegaly, mild to moderate hepatocellular degeneration,
oval cell hyperplasia, increased mitoses and/or minimal to
moderate hepatocellular vacuolation (Figure 2B and C, and
Supplementary Table S6). A similar spectrum of micro-
scopic findings was observed with the siRNA D11 modi-
fied with DNA in the seed (Figure 2B and C, and Supple-
mentary Table S7). The addition of GNA to this sequence
eliminated most of these microscopic findings apart from
minimal vacuolation, single cell necrosis and/or increased
mitoses up to the highest tested dose of 120 mg/kg. Thus,
the addition of GNA resulted in an increase in the NOAEL
(no observed adverse effect level) from 10 mg/kg with D1
to ≥120 mg/kg with D4.

Salient test article-related microscopic liver findings ob-
served in rats administered ≥30 mg/kg of the parent
Hao1-targeting siRNA D6 consisted of minimal to mild
eosinophilic cytoplasmic change, minimal to moderate in-
creased mitoses, single cell necrosis, hepatocellular vacuo-
lation, hepatocellular hypertrophy, minimal to marked bile
duct and/or oval cell hyperplasia, and moderate to marked
necrosis (Figure 2B and Supplementary Table S8). The
severity and incidence of these findings were reduced with
the GNA-modified siRNA D9 across all dose levels, with
generally minimal to mild findings at ≤60 mg/kg. However,
at the highest dose of 120 mg/kg, the microscopic findings
in the liver were generally noted at an increased incidence
and/or severity. Taken together, the addition of GNA re-
sulted in an increase in NOAEL from 10 mg/kg with D6 to
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Figure 2. Selected clinical pathology parameters and microscopic liver findings measured in rats (n = 4–5) following three weekly doses of parent, GNA-
or DNA-modified GalNAc–siRNAs targeting Ttr or Hao1. (A) Measured liver enzymes from serum that was collected 24 h after final dose. Data were
collected from three different studies; D1, D4, D6 and D9 were evaluated in a single study at 3, 10 and 30 mg/kg, and two subsequent studies evaluated
D1 and D4 or D6 and D9 at 30, 60 and 120 mg/kg, and D11 or D12 at 30 mg/kg. Controls and the overlapping 30 mg/kg groups were combined and
plotted above. (B) Summary of the range of microscopic liver findings based on severity grade. (C) Microscopic liver findings in rats following three weekly
doses of 30 mg/kg with the indicated siRNAs targeting Ttr compared to the 0.9% NaCl control. Livers were collected 24 h post-final dose for analysis and
sections were stained with H&E.
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60 mg/kg with D9. The microscopic findings with D12 at
30 mg/kg were in line with the parent siRNA D6 indicat-
ing that this DNA-modified siRNA design did not improve
safety (Figure 2B and Supplementary Table S7).

We calculated the therapeutic index in rats as the ratio
of the NOAEL to the dose at which the siRNA demon-
strated an ED50 for target knockdown (Supplementary Fig-
ure S14). The therapeutic index for the parent D1 target-
ing Ttr was improved by ≥8-fold through the single GNA
substitution in D4. Similarly, the therapeutic index for the
Hao1-targeting series improved by 6-fold for the GNA-
modified D9.

GNA mitigates gene dysregulation in rat liver

Livers from the rat toxicity studies were subsequently ana-
lyzed using RNA-seq to determine the level of transcrip-
tional dysregulation due to the administration of each
GalNAc–siRNA. While a transcriptome-based RNA-seq
assay does not capture potential translational inhibition
events resulting from off-target binding, mRNA destabi-
lization has been demonstrated to be responsible for most of
the observed miRNA-mediated decrease in protein produc-
tion in mammalian cells (10–13). Hence, RNA-seq should
provide a comprehensive measure of the off-target potential
of a given siRNA. Weekly administration of Ttr-targeting
D1 resulted in a dose-dependent increase of differentially
expressed gene transcripts up to 30 mg/kg, at which point
the number of differentially expressed genes appears to
plateau (Figure 3, Supplementary Figure S15, and Supple-
mentary Tables S9 and S10). The magnitude of cumula-
tive distribution function (CDF) shift in the corresponding
plots showed a dose-dependent increase across three of the
four most common canonical seed matches (mer8, mer7-
m8 and mer7-A1) up to 30 mg/kg ( Supplementary Figure
S15, and Supplementary Tables S9 and S10) (36). In con-
trast, rats treated with the GNA-modified D4 showed lit-
tle to no transcriptional dysregulation or substantial CDF
shift up to and including 60 mg/kg, demonstrating that the
incorporation of GNA was able to significantly mitigate off-
target binding to all canonical seed sites. Consistent with the
off-target reporter data, liver enzyme levels and histopatho-
logical findings, modification of the siRNA in the seed re-
gion with DNA (D11) had little to no impact on minimizing
transcriptional dysregulation in vivo (Supplementary Fig-
ures S16 and S17).

Likewise, weekly administration of the Hao1-targeting
D6 resulted in a strong and dose-dependent dysregulation
of thousands of gene transcripts, many of which could not
be attributed to one of the four most common canonical
seed matches to the administered siRNA (Figure 3, Supple-
mentary Figure S18 and Supplementary Table S9). Dysreg-
ulation of these gene transcripts without a canonical seed
match is thought to be the result of secondary effects follow-
ing the dysregulation of multiple primary (seed-matched)
targets as well as other noncanonical matches to the par-
ent siRNA, including those with complementarity to the
supplemental region 3′ of the cleavage site (7,36). Although
less pronounced than the Ttr-targeting series, liver samples
from rats treated with the GNA-containing D9 showed a

reduction in the number of dysregulated gene transcripts
across all dose levels (Figure 3, Supplementary Figure S18,
and Supplementary Tables S9 and S10). The reduced mag-
nitude of CDF shift demonstrated a clear mitigation of
off-targeting across all four canonical seed matches (mer8,
mer7-m8, mer7-A1 and mer6) at doses up to and includ-
ing 10 mg/kg. At higher doses, mitigation of these pri-
mary seed-mediated effects was less effective and overshad-
owed by secondary effects. As observed in the previous se-
ries, the seed DNA-containing D12 did not significantly al-
ter the profile of differentially expressed gene transcripts
compared to the parent D6 (Supplementary Figures S16
and S17).

Expanding ESC+ designs with 2′–5′-RNA modification

To further expand our toolbox of ESC+ modifications and
to explore the generalizability of our findings, we investi-
gated 2′–5′-RNA linkages, which have been shown to ther-
mally destabilize the formation of RNA duplexes (Figure
4A) (37–39). The pharmacodynamics of target silencing
were evaluated in siRNAs containing a single 2′–5′-RNA
linkage from positions g5–g8 in the same Ttr- and Hao1-
targeting sequences that were utilized for GNA. For the
series of siRNAs targeting Ttr, those modified with 2′–
5′-RNA at position g7 (D16) or g8 (D17) showed activ-
ity and duration of silencing similar to that of the parent
D1 through day 35 (Supplementary Figure S19). Although
those siRNAs modified at g5 (D14) or g6 (D15) showed sim-
ilar activity at Nadir, silencing activity recovered faster than
the parent. A similar sequence-dependent activity was ob-
served in the series of siRNAs targeting Hao1 where those
modified with 2′–5′-RNA at g5, g6 or g7 (D18, D19 and
D20, respectively) showed activity like the parent D6; how-
ever, the siRNA modified at g8 (D21) showed reduced ac-
tivity (Supplementary Figure S20).

The ability of a single 2′–5′-RNA modification to mitigate
seed-mediated off-targets of an siRNA was first evaluated
using the off-target reporter assay. As with GNA, the effect
was position- and sequence-dependent where the strongest
mitigation of off-target silencing was observed with the siR-
NAs modified at position g7 with 2′–5′-RNA (D16 and D20;
Supplementary Figures S21 and S22, respectively). Modifi-
cation of g5, g6 or g8 had only modest effects on off-target
mitigation in this reporter system. Interestingly, the incor-
poration of a single 2′–5′-RNA linkage in D16 and D20
led to a thermal destabilization of 3–4◦C, similar to that of
GNA, but less than the corresponding DNA designs (Table
2). We subsequently performed RNA-seq to further evalu-
ate the effect of 2′–5′-RNA-modified siRNAs D16 and D20
on in vitro activity after transfection in primary rat hepato-
cytes (Figure 4B). The incorporation of 2′–5′-RNA in D16
and D20 led to a substantial reduction in off-targets and a
significant improvement in the CDF plots in a fashion sim-
ilar to, but to a lesser extent than, the corresponding GNA-
modified siRNAs (D4 and D9; Figure 4B and Supplemen-
tary Figure S23).

These 2′–5′-RNA-modified GalNAc–siRNAs targeting
Ttr or Hao1 were further evaluated in an exploratory rat
toxicity study alongside the parent siRNAs at a dose of
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Figure 3. Transcriptional dysregulation in rat livers following three weekly doses of GalNAc–siRNAs targeting Ttr (D1, D4, top) or Hao1 (D6, D9,
bottom). Frozen livers were collected 24 h after last dose for RNA-seq analysis. Log2 fold change plots (MA plot) represent the average signal from each
cohort (n = 4–5). Dots represent individual rat gene transcripts, their average read count and the level of change in expression compared to the control
group dosed with 0.9% NaCl. Whereas gray dots represent gene transcripts that were not determined to be differentially expressed after siRNA treatment
relative to the control, the blue and red dots represent differentially expressed gene transcripts (false discovery rate < 0.05) with or without a canonical
miRNA match (8mer, 7mer-m8, 7mer-A1 and mer6) to the guide seed region, respectively. On-target knockdown is represented by the circled dot.

30 mg/kg. Microscopic evaluation of the livers demon-
strated a reduction in hepatotoxicity for both D16 and D20
relative to the parent siRNAs D1 and D6, respectively (Fig-
ure 4C). The increased levels of ALT, AST and GLDH ob-
served in animals treated with the parent D1 were com-
pletely normalized with D16, which closely mimicked that
of the saline control (Figure 4D). D20 targeting Hao1 also
completely attenuated AST and GLDH elevations relative
to the parent D6; however, inconsistent with our previous
studies, ALT levels for animals treated with both Hao1-
targeting siRNAs showed no difference to the control an-
imals.

Application of ESC+ design to improve the specificity and
safety of ALN-HBV

ALN-HBV is a GalNAc–siRNA conjugate that was de-
signed to target all viral transcripts of the HBV for the treat-
ment of chronic HBV infection, which can lead to cirrhosis,
liver failure, hepatocellular carcinoma and death (40). This
compound passed preclinical safety evaluations in both the
rats and nonhuman primates. However, in a phase 1 sin-
gle ascending dose study in healthy volunteers, transient,
asymptomatic and dose-dependent increases in serum ALT
levels ≥3 times the upper limit of normal were observed in
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Figure 4. Evaluation of 2′–5′-RNA-modified siRNAs in rats. (A) Structures of RNA and 2′–5′-RNA nucleotides. (B) Transcriptional dysregulation in
primary rat hepatocytes following transfection of the specified siRNAs at a dose of 50 nM (n = 4). (C) Summary of the range of microscopic liver findings
based on severity grade after three weekly doses of 30 mg/kg in rats (n = 4). (D) Measured liver enzymes from serum that was collected 24 h after final
dose.

5 of the 18 subjects treated with ALN-HBV (manuscript
submitted). The fact that such LFT increases were not
observed in clinical studies with other development can-
didates of very similar chemistry and design pointed to-
ward a sequence-dependent effect. Furthermore, the onset
of liver enzyme elevations appeared to correlate with the ex-
pected onset of maximal PD activity and RISC loading 3–
4 weeks post-dose. Taken together, we hypothesized that,
in line with our preclinical studies, these findings may be
due to RNAi-mediated miRNA-like off-target effects and
that our ESC+ approach may be able to improve the thera-
peutic index in humans. Because of the imperfect transcrip-
tome conservation between humans and standard toxicol-
ogy species, safety testing of siRNA drug candidates in ro-
dents may not fully predict the consequences of potential
hybridization-based off-target activity in humans. Such ef-
fects may be better recapitulated in animal models express-
ing the human transcriptome, such as liver-humanized mice
(manuscript submitted). However, our ESC+ approach em-
ploying thermally destabilizing seed modifications is ex-
pected to mitigate off-target binding in a species-agnostic
manner.

To assess whether the ESC+ approach could attenuate
liver transaminase increases observed with ALN-HBV, we
introduced GNA at g6 (ALN-HBV02) or g7 (D13) of the
same siRNA sequence. On-target activity was evaluated by
measuring serum HBsAg reduction in an HBV-AAV mouse

model (Figure 5A). Target silencing with ALN-HBV and
ALN-HBV02 after a single dose was found to be compa-
rable over the course of 49 days, whereas the siRNA with
substitution of GNA at g7 (D13) resulted in a loss of activ-
ity relative to the parent and was thereby deemed unsuitable
for further development (Supplementary Figure S24). This
finding highlights the sequence and position dependence
of GNA substitution in designing ESC+ siRNAs; a bal-
ance between pharmacodynamics and off-target mitigation
is necessary to develop therapeutically relevant siRNAs. In
this sequence targeting HBV, only GNA substitution at g6
was found to have the optimal balance of on- and off-target
activities, while in case of the Ttr- or Hao1-targeting se-
quences, only g7 or both g6 and g7 were found to be suit-
able, respectively. RNA-seq was used to evaluate the level
of transcriptional dysregulation after transfection of these
siRNAs in a HepG2-derived cell line stably transfected with
the full genome of HBV. A significant reduction in the to-
tal number of differentially expressed gene transcripts and a
shifted distribution with loss of seed-type statistical signif-
icance were observed with ALN-HBV02 relative to ALN-
HBV in the log2 fold change (MA) and CDF plots, respec-
tively (Figure 5B, and Supplementary Tables S11 and S12).
ALN-HBV02 was advanced through preclinical develop-
ment and evaluated as VIR-2218 in a phase 1/2 clinical trial
in healthy volunteers or adult patients with chronic HBV in-
fection (manuscript submitted).
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Figure 5. Evaluation of the efficacy and specificity of ALN-HBV02. (A) Pharmacodynamics after a single 1 mg/kg dose of ALN-HBV or ALN-HBV02
in mice transduced with HBV-AAV8. Serum HBsAg levels represent the average and error bars represent the standard deviation of all animals from a
given cohort (n = 3), each normalized to individual pre-dose serum HBsAg levels. (B) Measurement of transcriptional dysregulation in HepG2.2.15 after
transfection at 10 nM with ALN-HBV or ALN-HBV02 relative to a mock control. MA and CDF plots are shown on the left and right, respectively. In CDF
plots, each colored line represents the impact of different types of seed matches on the cumulative dysregulation of gene transcripts: black = background;
purple = mer6; yellow = mer7-A1; blue = mer7-m8; and red = mer8.

DISCUSSION

The development of RNAi therapeutics relies on the dis-
covery of safe and effective siRNAs, which specifically tar-
get the desired transcript with minimal off-target effects.
We have previously reported that RNAi-mediated off-target
effects are largely responsible for the hepatotoxicity ob-
served for a small subset of GalNAc–siRNAs across species
and outlined a possible mitigation strategy using GNA to
destabilize seed-mediated pairing to off-target transcripts.
The present report describes the development of a novel
siRNA design aimed to directly address these shortcom-
ings through a systematic assessment of GNA incorpora-
tion with regard to siRNA on- and off-target activities, in
vivo translation and therapeutic index in rats. This design,
termed ESC+, was found to significantly reduce siRNA
off-target effects and mitigate the safety findings without
compromising on-target activity. To our knowledge, this
constitutes the first report demonstrating the improvement
of the therapeutic index of siRNAs in animals through a
chemical modification pattern aimed toward a local desta-
bilization of seed-mediated off-target engagement. Taken
together, our investigations also point toward a remark-
ably negligible contribution of chemistry-based toxicities,
i.e. non-hybridization-based side effects resulting from the
accumulation of siRNA and/or metabolites in target tis-
sues. This highlights the highly biocompatible nature of the
chemistries used for GalNAc–siRNA conjugates.

A single incorporation of GNA in the guide strand be-
tween g5 and g8 in two model sequences only slightly im-
pacted the in vitro on-target activity, while substantially sup-
pressing off-target activity in a position-dependent manner.
The lack of in vivo translation observed in mice for several
GNA-modified siRNAs could be attributed to lower con-
centrations of intact siRNA in the liver. This suggests that,
as was previously reported, the siRNA may be exposed to a
more expedient nucleolytic degradation due to an increased
fraying of the duplex in the vicinity of the strong thermal

destabilization introduced by GNA modification (22,30).
Nevertheless, we were able to identify at least one position
for each sequence for which the in vivo efficacies measured
by mRNA knockdown closely matched those of the parent
siRNAs.

The work presented here highlights the sequence depen-
dence of the ESC+ design requiring a somewhat empiri-
cal discovery process to arrive at lead candidates with the
desired potency, specificity and in vivo translation. How-
ever, we also showed that this process follows a straightfor-
ward screening paradigm combining RNA-seq and reporter
off-target assays with in vitro silencing for initial screen-
ing followed by in vivo pharmacology for a selected sub-
set of compounds. When this strategy was applied to two
model GalNAc–siRNAs with established off-target poten-
tial and hepatotoxicity, quantitative evaluation of potency
and safety demonstrated a 6–8-fold improved therapeutic
window in the rat based on survival, clinical pathology and
liver histopathology. The incorporation of GNA at g7 was
well tolerated in vivo with little to no loss in potency (ED50)
and toxicity studies showed reduced mortality, reduced liver
enzyme elevations, reduced microscopic findings and qui-
eter off-target RNA-seq profiles in livers of animals treated
with GNA-containing GalNAc–siRNAs. Remarkably for
one of the sequences, the clinical pathology and RNA-seq
profiles of the GNA-modified version (D4), in stark con-
trast to the parent siRNA (D1), were found to be very sim-
ilar to the saline control group for doses up to 60 mg/kg.
Our in vitro assays were able to predict the rank order and
differences between the therapeutic window of the parent
and GNA-modified siRNAs for each of the two sequences
evaluated in these studies, albeit not quantitatively.

The results from the DNA- and 2′–5′-RNA-modified siR-
NAs demonstrated that destabilization of seed pairing mea-
sured in the context of free siRNA (not bound to RISC) is
not sufficient to predict an improved safety of hepatotoxic
siRNAs. Although the introduction of three interspersed



6668 Nucleic Acids Research, 2022, Vol. 50, No. 12

Figure 6. Modeling of modified guide strands in human Ago2. GNA-modified guide strand of D4 (A) or DNA-modified guide strand of D11 (B) modeled
into the structure of Ago2–guide complex (PDB code 4F3T) (41). The angle of the kink in the guide strand introduced by Ile365 is indicated by the black
dashed wedge. The same guide strands, now modeled into a structure of Ago2 in complex with both guide and target RNAs (PDB code 4W5T), are shown
in panels (C) and (D) (7). A relax of the kink between g6 and g7 can be observed with a close to A-like conformation of the guide–target duplex.

DNA nucleotides in the seed region decreased the duplex
thermal stability to a similar or greater extent than the in-
corporation of a single GNA or 2′–5′-RNA nucleotide, the
DNA-modified siRNAs did not demonstrate a meaningful
improvement in specificity or safety in any of our assays. In
contrast, the siRNAs modified with a single GNA or 2′–
5′-RNA demonstrated an improved specificity and safety
across all assays. Intrigued by this result, we performed
modeling of GNA- or DNA-modified guide strands into
published structures of Ago2 in complex with guide only
or Ago2 bound to a guide–target duplex (Figure 6). The
models in Figure 6 show that the different nucleic acid mod-
ifications used in these designs (2′-OMe, 2′-F, DNA and
GNA) are not expected to interfere strongly with binding
of the guide strand to the protein, with the substituent at
the 2′-position forming very few interactions with the Ago2
protein (Figure 6). This is consistent with previous reports
that describe that the major interactions between Ago2 and
RNA guide strand appear to be driven largely through
contacts between the bridging phosphate groups and the
protein backbone, with H-bond interactions to the 2′-OH
groups playing only a minor role for guide strand recogni-
tion (41–43). Given that the global structure of Ago2 ap-
pears much less flexible than its corresponding guide coun-
terpart (43), it is reasonable to assume that Ago2 can pre-
organize the DNA nucleotides in the seed into an A-like
conformation, thereby closely mimicking the global struc-
ture of the parent siRNAs in this study. Since it has also

been reported that DNA nucleotides adopt an RNA-like
C3′-endo/C2′-exo (North) conformation within the context
of an RNA duplex (44–46), we hypothesize that the local
structure of these DNA nucleotides in the siRNA duplex,
and when bound as a guide strand by Ago2, closely resem-
bles a pre-organized A-form conformation like RNA, 2′-
OMe or 2′-F nucleotides in the parent siRNA.

Recognition of candidate sites by miRNA guide strands
is proposed to propagate through an initial binding of guide
nucleotides g2–g5 in which the Watson–Crick faces of the
nucleobases are exposed to solvent in a pre-organized A-
form conformation. The interaction between target RNA
and guide strand is thereafter further stabilized through a
conformational shift of helix 7 in the Argonaute protein,
which relaxes a kink of the A-form structure between g6
and g7 caused by the insertion of an isoleucine residue on
helix 7 (Supplementary Figure S25) (7,41,42). This, in turn,
allows the guide strand to form a continuous A-form he-
lix from g2 to g7, and also pre-organizes g13–g16 into the
A-form to allow for potential pairing in the supplemental
region (7). When Ago2 is bound only to guide RNA in
the guide-only conformation, the P–P distances between g5
and g6, g6 and g7 (site of the induced kink), and g7 and g8
are 5.6, 5.5 and 6.5 Å, respectively, distinct from that of the
average distance in A-form duplexes of 5.9 Å (Supplemen-
tary Figure S26). After the conformational shift of Ago2 to
allow continuous binding from g2 to g7, the P–P distances
of 5.9, 5.6 and 5.9 Å between g5 and g6, g6 and g7, and g7
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and g8, respectively, more closely mimic those found in the
average A-form duplex. Given the importance of this con-
formational shift that allows nucleotides g2–g7 to engage in
productive miRNA–target recognition, the altered P–P dis-
tance introduced by GNA or 2′–5′-RNA would appear to
favor the guide-only complex with Ago2 in the absence of
full target complementarity, that is the conformation that
precludes continuous seed-only binding. The incorporation
of GNA at g7 would introduce flexibility and allow the
guide strand to more easily adopt a shorter (22) g6–g7 P–P
distance of 5.5 Å, potentially favoring the guide-only state
and explaining the ability of GNA to mitigate seed-only
binding. Similarly, the introduction of a 2′–5′-RNA link-
age at g7 would lengthen (38) the P–P distance between g7
and g8, which could more easily adopt to the 6.5 Å observed
in the guide-only structure, and may explain the strong pref-
erence for optimal off-target mitigation when this modifica-
tion was incorporated at g7. On the other hand, DNA in-
troduced in this context would be induced into an A-form
and would not be proposed to strongly affect the P–P dis-
tances along the backbone of the guide strand relative to
native RNA (44–46), and thereby would have little effect on
mitigating an miRNA-like recognition of off-targets.

To address the question of whether this novel ESC+ de-
sign could help to improve the therapeutic index of clinically
relevant siRNAs by reducing their propensity toward off-
target effects, we applied this strategy to refine ALN-HBV,
which was discontinued due to elevations in liver transam-
inases observed in several subjects in a phase 1 study in
healthy volunteers. To improve the safety of this siRNA,
we developed ALN-HBV02, the corresponding sequence-
matched ESC+ version with a single chemistry change
where the 2′-F modification at g6 was replaced with GNA.
ALN-HBV02 showed a strong reduction in transcriptional
dysregulation, while maintaining a similar PD profile to
ALN-HBV in an AAV mouse model, providing support for
the introduction of ALN-HBV02 into preclinical and clini-
cal development. ALN-HBV02 demonstrated an improved
hepatic safety profile and robust dose-dependent HBsAg in
humans, suggesting an enhanced therapeutic window and
providing the first human proof of concept for the ESC+ ap-
proach (manuscript submitted). This widened therapeutic
window allows ALN-HBV02 to be dosed at higher levels
to maximize and prolong anti-HBV knockdown, a critical
feature for this antiviral strategy.

The present work in conjunction with the human safety
data (manuscript submitted) highlights an example in which
learnings from bedside were brought back to the bench to
successfully address a specific safety issue. It also presents a
rare opportunity for drug discovery to deconvolute the im-
pact of a small but critical structural change on the perfor-
mance of a given drug and its translation into humans. With
several other ESC+ candidates already advancing through
clinical development, we expect further human data con-
firming the improved specificity and safety of this novel de-
sign.
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