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Advanced siRNA Designs Further Improve
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Significant progress has been made in the advancement of
RNAi therapeutics by combining a synthetic triantennary
N-acetylgalactosamine ligand targeting the asialoglycoprotein
receptor with chemically modified small interfering RNA
(siRNA) designs, including the recently described Enhanced
Stabilization Chemistry. This strategy has demonstrated robust
RNAi-mediated gene silencing in liver after subcutaneous
administration across species, including human. Here we
demonstrate that substantial efficacy improvements can be
achieved through further refinement of siRNA chemistry, opti-
mizing the positioning of 20-deoxy-20-fluoro and 20-O-methyl
ribosugar modifications across both strands of the double-
stranded siRNA duplex to enhance stability without compro-
mising intrinsic RNAi activity. To achieve this, we employed
an iterative screening approach across multiple siRNAs to
arrive at advanced designs with low 20-deoxy-20-fluoro content
that yield significantly improved potency and duration in
preclinical species, including non-human primate. Liver expo-
sure data indicate that the improvement in potency is predom-
inantly due to increased metabolic stability of the siRNA
conjugates.
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INTRODUCTION
The endogenous RNAi pathway can be harnessed to inhibit the
expression of genes through post-transcriptional gene silencing using
synthetic small interfering RNAs (siRNAs).1–3 The significant prog-
ress made in recent years has fueled the advancement of RNAi
therapeutics as a promising new class of investigational medi-
cines.4–7 The conjugation of chemically modified, metabolically stable
siRNAs to a synthetic triantennary N-acetylgalactosamine (GalNAc)
ligand, represents a promising approach for safe and effective targeted
delivery of RNAi therapeutics to hepatocytes in vivo.8 The trianten-
nary GalNAc ligand is designed to bind with high affinity and speci-
ficity to the asialoglycoprotein receptor (ASGPR), a hepatocellular
transmembrane glycoprotein that is highly expressed on hepatocytes,
which binds and rapidly removes desialylated glycoproteins from
circulation.9–13

Aiming to improve the efficacy and potency of GalNAc-siRNA
conjugates, we previously described the incorporation of chemical
modifications that provide enhanced stabilization against nuclease ac-
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tivity.14 This design combines 20-O-methyl (20-OMe) and 20-deoxy-20-
fluoro (20-F) ribosugar modifications throughout both strands of the
siRNA with terminal phosphorothioate (PS) linkages, which provide
additional protection against 30 and 50 exonucleases. Enhanced Stabi-
lization Chemistry (ESC) conjugates exhibit median effective dose
(ED50) levels of %1 mg/kg following a single subcutaneous (s.c.)
dose. Chronic weekly s.c. dosing of a GalNAc-siRNA conjugate in ro-
dents resulted in sustained, dose-dependent gene silencing for over
9 months without any adverse effects.14

Aided by a favorable efficacy profile, the ESC GalNAc-siRNA plat-
form has rapidly progressed into preclinical and clinical development
to target hepatic genes of therapeutic interest.15,16 Recent studies have
shown that the improved potency and duration observed for ESC
conjugates compared to the Standard Template Chemistry (STC)
design were mainly driven by improvements in metabolic stability
against 50 exonuclease attack.17

It is well known in the field that modifying the 20 position of RNA can
significantly enhance the nuclease stability of oligonucleotides and
that sterically more demanding modifications, such as 20-OMe, can
have a greater stabilizing effect compared to less bulky modifications,
such as 20-F.18,19 If not applied judiciously, however, the steric bulk
introduced by such modifications can substantially reduce RNAi
activity.20–22 We reasoned that further improvements in metabolic
stability, particularly against endonucleolytic activity, could be
achieved through an increase of 20-OMe ribonucleotide content
with a concomitant decrease in 20-F ribosugar moieties. However,
for the changes to have a positive impact on activity, the novel designs
must maintain their ability to interact with the RNAi-induced
silencing complex (RISC) for maintaining intrinsic activity.21,23,24

While fully PS-modified antisense oligonucleotides containing 20-F
ribosugar moieties have been observed to increase double-strand
DNA breaks and impair cellular proliferation, evaluation of 20-F in
vecommons.org/licenses/by/4.0/).
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the context of siRNA has revealed no such liability.21,23–25 Specifically,
the liabilities identified by Shen et al.26 appear to be specific to single-
stranded antisense oligonucleotides with high PS content.23 Addi-
tionally, clinical trial data have shown that 20-F-containing siRNA
are generally well tolerated.25,27 To guide the refinement of siRNA
chemistry through optimal positioning of 20-F and 20-OMe ribosugar
moieties in both sense and antisense strands, we applied statistical
analyses to a dataset of siRNA in vitro activity across a number of
sequences. In silico analysis was followed by directed structure activity
relationship (SAR) studies applied to a panel of model sequences. Our
results indicate that significant improvements in potency and dura-
tion can be achieved with the new designs and that those improve-
ments were attributable to increased metabolic stability.

RESULTS
The objective of this work was to optimize the number and placement
of 20-F and 20-OMe residues for maximal stability, in other words,
trying to minimize the overall number of 20-F residues while main-
taining or improving intrinsic activity. As a starting point for these
experiments, we utilized a previously reported siRNA design.14,17

The optimization strategy was based on an iterative in vitro and in vivo
screening process to assess novel designs.

Permutations to the parent design were evaluated based on predic-
tions from an in silico model generated by multiple linear regression.
Using an in vitro silencing dataset of 1,890 duplexes with varying 20-F
and 20-OMe composition across five targets and 15 target sites, an
initial model describing the impact of 20-F relative to 20-OMe at
each position in the antisense and sense strands was generated (Fig-
ures 1A and 1B). By analyzing this panel of different sequences, we
hoped to minimize sequence-specific effects and identify sequence-
agnostic design elements. However, due to the complexity of the
design space even for two 20 modifications (with 221 and 223 possible
permutations for sense and antisense, respectively), the results from
this analysis were considered starting points for further optimization
rather than general design rules.

We found that our model fit the data well, with an adjusted r-squared
value of 0.66 and p < 2.2e�16. From this analysis of the initial dataset,
we identified certain positions in each strand that appear to be signif-
icantly impacted (positively or negatively) by 20-F relative to 20-OMe.
Relative to the 50 end of the respective strand, antisense strand
positions 2, 6, and 14 (AS2, AS6, and AS14) as well as sense strand
position 11 (S11) were found to exhibit the highest apparent prefer-
ence for 20-F.

To test the validity of the positional model, design variants (DVs)
containing 20-OMe rather than 20-F at each of these critical positions
in both strands (DVs 1–4) were made utilizing four siRNAs targeting
the mouse transthyretin (Ttr) gene (Table S1, sequences 1–4) and
evaluated in vitro (Figures 1C and 1D). The impact of each DV
relative to parent is expressed as the model-adjusted mean value
based on results from all individual sequences. In other words, each
value represents the average effect of a given design across all
sequences evaluated, and only the chemical modification pattern is
shown for each DV. As expected from themodeling of the initial data-
set, replacement of 20-F with 20-OMe at those positions generally led
to a loss of activity. Differences in magnitude of effect for these per-
mutations, compared with expectations from the model, may be due
to the heterogeneous nature of the modeled dataset relative to the
number of possible permutations across the 21/23-mer design. For
example, while the model showed the most significant impact of
20-F at AS14, the experimental results across the four sequences tested
indicated that AS2 carried the greatest improvement when 20-F was
incorporated. AS6 showed a trend toward being impactful, but it
did not meet the threshold for statistical significance. Position S11,
as predicted by the model, showed a similar impact of 20-F as AS14.

With the goal of maintaining in vitro activity while reducing 20-F con-
tent, and having confirmed individual positions that require 20-F, we
next applied the in silico model to optimize the antisense strand
design (Figure 2A). In addition to the critical positions mentioned
above, the model predicted a negative impact of 20-F at AS8 but a pos-
itive effect at AS9, with little effect on AS positions 4, 10, 18, and 20.
To assess the optimal modification pattern at AS8 and AS9, three DVs
were generated and evaluated against the four mouse Ttr sequences
in vitro. Based on the model, 20-F was retained at AS2, AS6, and
AS14 and replaced with 20-OMe at positions AS4, AS10, AS18, and
AS20 across all three designs. For DV 5, the chemical modification
pattern of the antisense strand was strictly based on the model with
20-OMe at AS8 and 20-F at AS9, while the two variants DV 6 and
DV 7 contained a pair of 20-OMe or 20-F modifications at AS8 and
AS9, respectively. Data were analyzed by regression to compare across
sequences to parent (Figure 2A) as well as relative to DV 5 (Fig-
ure S1A). Surprisingly, DV 6 and DV 7 were both found to be
more active compared to DV 5, and they maintained the same level
of activity as the parent while DV 5 did not. Based on these results,
we concluded that inclusion of either a pair of 20-F or 20-OMe at
AS8 and AS9 is advantageous, which ultimately allowed for the reduc-
tion of the 20-F content in the AS strand from nine to six (DV 7) and
four (DV 6), respectively.

Given discrepancies between modeling and experimental results, we
hypothesized that the effect of 20 modifications at certain positions
may be sensitive to the context in which they are placed, i.e., the over-
all modification pattern of both strands of the siRNA. Thus, we next
evaluated four model-derived sense strand variants in the context of
the model-derived antisense strand design (from DV 5). Based on the
statistical modeling, 20-F was consistently replaced by 20-OMe at
sense strand positions S1, S3, S5, S17, S19, and S21, while interro-
gating some of the other sense strand positions (S6, S7, S9, S10,
S12, S13, and S15) with DVs 8–11 (Figure 2B). Interestingly, all de-
signs resulted in a significant loss of activity compared to the parent,
including DV 11 with only 20-F residues at positions S6 and S11,
predicted by the statistical model as the minimal 20-F requirement
for the sense strand. In a separate analysis, we found that DVs 8–11
also lost activity relative to DV 5, which shares a common antisense
strand used as the starting point for this set of designs (Figure S1B).
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Figure 1. Relative Impact of 20-F at Each Position in the Antisense and the Sense Strands Based on a Multiple Linear Regression Model

The y axis represents model-adjusted mean difference in target silencing, in natural log, of 20-F from 20-OMe-containing duplexes at a given position. (A and B) The x axis

represents nucleotide position in the duplex, relative to the 50 antisense (A) or 50 sense strand (B). Negative numbers indicate activity improvement with inclusion of 20-F
relative to 20-OMe at that position, positive numbers reflect decreased activity. Asterisks (*) indicate significant differences between 20-F and 20-OMe at the noted positions

(p < 0.05). (C and D) Confirmation of effect in vitro across four siRNAs targeting the mouse transthyretin (Ttr) gene is depicted as fold-change relative to parent at either 10 nM

(A) or 0.1 nM (B). 20-F and 20-OMe modifications are depicted as green and black squares, respectively.
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To investigate to what extent the apparent loss in activity was due
to a suboptimal antisense strand design, the most active of these
initial sense strand designs (from DV 9) was paired with the anti-
sense design from DV 7, resulting in a new DV (DV 12). As shown
in Figure 2B, activity was restored almost to the level of the parent
compound with substantially reduced 20-F content. Starting from
this new template DV 12, a series of sense strand designs was
generated to systematically assess the impact of chemistry change
at positions S1, S3, S5, S13, S15–17, and S19 in the sense strand
relative to parent (DV 13–20). For example, sense position 1 in
DV 13 was changed to 20-F to match the parent design at that po-
sition. With the exception of DV 13, all other DVs showed activity
710 Molecular Therapy Vol. 26 No 3 March 2018
similar to the parent. However, by reverting the chemistry at S16
from 20-F to 20-OMe, we were able to retain (relative to parent)
and minimize the 20-F content in the sense strand to four 20-F
ribosugar moieties (DV 18). In an analysis comparing DVs 13–20
to DV 12, all designs were similar to DV 12 with the exception
of DV 19, which showed a trend (p = 0.067) toward improved
activity (Figure S1C).

Next, we evaluated the two most active sense and antisense strand
variants in vitro in a combinatorial fashion. To confirm the general-
izability of the designs, the screening panel was expanded to a total of
ten different sequences including the four previously used mouse Ttr
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Figure 2. Sense and Antisense Strand Optimization

(A and B) Antisense (A) and sense (B) strand designs utilizing four siRNAs targeting the mouse transthyretin (Ttr) gene (Table S1) and the combination of best designs (C)

evaluated across all 10 siRNAs (Table S1). Impact relative to parent is depicted as the model-adjusted mean difference in activity of design variant (DV) compared to parent,

and it is presented in natural log. 20-F and 20-OMe modifications are depicted as green and black squares, respectively.
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sequences, three each targeting mouse angiotensinogen (Agt) and
three complement factor B (Cfb) (Figure 2C; Table S1). Across the
larger panel of sequences, two of the four designs (DV 18 and DV
22), which shared a common sense design, maintained activity similar
to the parent design.
Considering the extended exposure and enhanced nuclease activity
in vivo, we rationalized that the benefit of improved metabolic stabil-
ity due to increased 20-OMe content would need to be evaluated
in vivo. Hence, a critical part of the screening paradigm was to deter-
mine whether the in vitro optimization of the designs translated into
Molecular Therapy Vol. 26 No 3 March 2018 711

http://www.moleculartherapy.org


Figure 3. Application of Advanced Designs DV 18 and DV 22 to Multiple

Sequences

In vivo activity and duration of optimized DVs compared to parent designs post

single 3 mg/kg s.c. administration of conjugates in mice (n = 3 per group and time

point). Ttr expression was assessed in liver at 7 and 22 days post-dose. Data are

presented as average percent of PBS-treated animals. Data were analyzed by

two-way ANOVA, followed by Dunnett’s post-test for multiple comparisons. Results

of post-test indicated as a single asterisk for significant compared to parent at day 7

and double asterisk for significant compared to parent at day 22. Error is repre-

sented as the SD.

Molecular Therapy
improved in vivo performance and tissue exposure (as an indirect
measure of stability). Silencing activity in mice was assessed for the
best-performing template designs from the in vitro studies, DV 18
and DV 22, applied to three different siRNA sequences targeting
712 Molecular Therapy Vol. 26 No 3 March 2018
mouse Ttr (Figure 3). Animals received 3 mg/kg GalNAc-siRNA
conjugate or PBS, administered s.c., and Ttr expression was deter-
mined in liver by qPCR at days 7 and 22 post-dose. Across all three
sequences tested, the new designs demonstrated increased efficacy
and duration by two-way ANOVA compared to the parent
(p < 0.05 for main effects, p < 0.05 for Dunnett’s post-tests). The level
of improvement was particularly pronounced at the later time point
(day 22 post-dose), at which DV 18 reduced the levels of mRNA re-
maining in liver for the three sequences from 63.1%, 84.4%, and
85.6% observed for the parent to 6%, 47.3%, and 26.3%, respectively.
Similarly, DV 22 reduced the Ttr mRNA levels to 2.5%, 30.4%, and
15.4%, respectively.

Translation across species was evaluated by applying one of the new
designs (DV 22) to an siRNA targeting antithrombin (AT), which is
fully cross-reactive with mouse, cynomolgus monkey, and human
AT.16 Relative to the parent, the optimized version yielded an increase
in activity and duration in mice (Figure 4A) by two-way ANOVA
(p < 0.001). DV 22 demonstrated improved activity at all time points
except day zero and day 70 (Dunnett’s post-test, p < 0.05 for each
comparison).

Having confirmed improved efficacy and duration in mice, we evalu-
ated these siRNAs in non-human primate to assess translation to a
more clinically relevant species. Cynomolgus monkeys were treated
with 1 mg/kg of the parent or corresponding analog with the DV
22 modification pattern. Consistent with the rodent data, the
advanced design resulted in significantly enhanced efficacy and dura-
tion, demonstrating that the design improvements translate to higher
species (Figure 4B). A two-way repeated-measures ANOVA indicated
a significant effect of design (DV 22 versus parent, p = 0.0004), with
the difference apparent beginning at day 8 post-dose and continuing
through study end (Sidak’s multiple comparison test, p < 0.05).
Comparison of the recovery portion of the curves (days 22 through
71) by linear regression revealed a statistically significant difference
in slope (0.92% versus 0.57% of control per day, for parent and DV
22, respectively) as well as an �2-fold enhanced target silencing by
area under the curve (AUC values of 4,168 and 9,064 for the parent
and DV 22, respectively).

Next, we aimed to confirm our initial hypothesis and demonstrate
that the improvements to in vivo performance observed with the
new designs were predominantly due to enhanced metabolic stability
rather than enhanced interactions with the RNAi machinery. There-
fore, a set of GalNAc-siRNA conjugates with increasing 20-OMe
content (parent, DV 18, and fully 20-OMe) was compared in mice
measuring target silencing and siRNA levels in total liver as well
as Argonaute 2 (Ago2)-associated siRNA over a period of 35 days
following a single s.c. dose. To achieve similar levels of target
silencing at nadir, the parent conjugate was dosed at 2.5 mg/kg,
while the DV 18 and the inactive full 20-OMe control were dosed
at 0.75 mg/kg. Cohorts of animals (n = 3/group/time point) were
sacrificed at 4 hr and days 3, 7, 14, 21, and 35, and Ttr mRNA
knockdown, total siRNA liver levels, and the amount of Ago2-loaded



A B Figure 4. Application of New Design DV 22 to siRNA-

Targeting AT

(A) Mice (n = 3 per group) were treated with a single dose

(1 mg/kg) of parent or the DV 22-based derivative. Serum

AT levels were assessed by ELISA. (B) Cynomolgus mon-

keys (n = 3 per group) were treated with a single dose

(1 mg/kg) of parent or its DV 22-based derivative, and

plasma AT levels were assessed by AT activity assay. Data

were analyzed by two-way ANOVA, followed by Dunnett’s

(A) or Sidak’s (B) post-test. Time points at which a signifi-

cant difference was observed between parent and DV 22

are noted with an asterisk. Error is represented as the SD.
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sense and antisense strands were measured at each time point
(Figure 5).

The fully 20-OMe-modified control showed the highest exposure in
the liver followed by the DV 18-based conjugate, which showed a
1.7-fold increase in liver exposure over its parent despite an �3-fold
lower dose (Figure 5A). As expected, no target silencing was observed
in animals that received the fully 20-OMe-modified conjugate, while
robust Ttr mRNA knockdown was observed with parent and DV 18
conjugates (Figures 5B–5D). Animals dosed with the parent conjugate
achieved up to 92%Ttr knockdown onday 3 followed by a rapid recov-
ery (�19% knockdown, day 35). In contrast, a 3-fold lower dose of the
DV 18 conjugate sustained �85% knockdown from days 3 to 21, fol-
lowed by a slower recovery (70%knockdown, day 35). Target silencing
profileswere found to strongly correlatewith the levels ofAgo2-loaded
antisense strands, confirming previous observations on siRNA phar-
macokinetic/pharmacodynamic (PK/PD).17 Ago2 loading for the
antisense strand of the parent conjugate peaked at day 3 followed by
a relatively steep decline, reaching background levels at the end of
the study. In contrast, Ago2 loading in the DV 18 group plateaued
at day 7 with sustained levels until day 14 before decreasing. Sense
strand loading throughout the time course was barely above back-
ground detection limits except for a small peak on day 3 in the parent
group. As expected and despite having the highest liver exposure
among the three conjugates tested, fully 20-OMe-modified conjugates
exhibited very low Ago2 loading for both sense and antisense strands,
in agreement with the lack of Ttr silencing.

The relationship between Ago2 antisense loading and Ttr silencing is
depicted in Figure 5E. The results indicate that the absolute amount of
loaded antisense strand in Ago2 needed to achieve a certain level of
silencing was similar between the parent and DV 18 designs, with
half-maximal effective concentration (EC50) calculated to be
0.066 ng/g and 0.046 ng/g and EC80 of 0.24 ng/g and 0.20 ng/g for
parent and DV 18, respectively. The data were fitted to semi-log
curves and compared by extra sum of squares F-test, revealing the
lines to be indistinguishable (p = 0.31). Taken together, these data
further support the hypothesis that the in vivo benefit seen with
advanced design conjugates predominantly stems from enhanced
metabolic stability, leading to improved liver exposure, rather than
from differences in inherent RNAi activity.
DISCUSSION
Since the discovery of siRNA in 2001, researchers have made great
progress toward harnessing RNAi as a therapeutic modality, with
several programs in late-stage clinical development.4,28 For a conjugate
approach utilizing a targeting ligand directly connected to the siRNA,
one of the key challenges has been to adequately protect the siRNA
against nucleolytic degradationwhilemaintaining its ability to interact
with RISC for efficient target cleavage. Our studies have shown that
relatively small changes in design can have a large impact onmetabolic
stability, thereby affecting the in vivo performance of the siRNA con-
jugates.17 Based on the hypothesis that additional enhancements in
metabolic stability could further improve in vivo performance, we
explored whether the design of fully 20-F- and 20-OMe-modified
conjugates could be further optimized. The aim here was to carefully
evaluate positioning and balance between the two ribosugar modifica-
tions, which had not yet been refined for optimal in vivo performance.

A screening paradigmwas developed based on the statistical analysis of
a large in vitro dataset to guide initial DVs, which utilizes parallel eval-
uation of new designs across multiple sequences. Using this approach,
we were able to identify and confirm critical positions in both strands,
which require the smaller 20-F rather than the sterically more
demanding 20-OMe modification to maintain potency. Our model
did not include interactions between variables since the statistical eval-
uation of such interactionswould require a substantially larger dataset.
However, some of the discrepancies observed between modeling and
experimental results suggest that the positional effect of 20 modifica-
tions on activity cannot be considered in isolation butmaywell be sen-
sitive to the context, i.e., the neighboring modifications and even the
overall modification pattern of the siRNA. Initial screens, for instance,
relied on the separate evaluation of antisense and sense strands, but the
results indicated that the performance ultimately depended on the spe-
cific combination of sense and antisense strand designs. This suggests a
degree of chemistry interdependence across the complementary
strands of the siRNA duplex for optimal silencing activity.

Combinations of the most potent sense and antisense strand designs
were evaluated across a broader set of sequences. Two designs, DV 18
and DV 22, were identified that met the criteria of low 20-F content
while maintaining in vitro activity across a large panel of sequences,
confirming the generalizability of the advanced designs. Importantly,
Molecular Therapy Vol. 26 No 3 March 2018 713
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Figure 5. In Vivo Evaluation of Parent, DV 18, and

Fully 20-OMe Conjugates Targeting Ttr

(A) Time course analysis of antisense strand liver levels

(mg/g, microgram antisense strand per gram of liver) from

mouse cohorts (n = 3/group/time) dosed with Parent

(green line, 2.5 mg/kg), DV 18 (blue line, 0.75 mg/kg), or

fully 20-OMe (black dashed line, 0.75 mg/kg) conjugates

targeting Ttr. (B–D) Time course analyses of Ttr mRNA

knockdown (dashed black line) and sense (green line) and

antisense (blue line) Ago2 loading (ng/g, nanogram sense

or antisense strand per gram liver) for parent (B), DV 18 (C),

and fully 20-OMe (D) conjugates. Ttr mRNA levels were

normalized to Gapdh mRNA for each animal and then to

PBS control animals. (E) Comparison plot of Ago2-loaded

antisense with Ttr mRNA knockdown for parent (green

circles) and DV 18 (blue squares) conjugates. Semi-log

lines of best fit are overlaid. Error is represented as the SD.
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both designs showed substantially improved in vivo efficacy and dura-
tion, suggesting that the refinement of the siRNA chemistry translated
into enhanced metabolic stability.29

With species-dependent differences in nuclease activities across the
various extracellular and intracellular compartments, an understand-
ing of the translation across species is fundamental to supporting the
advancement of novel designs into development. Hence, we investi-
gated the performance of a cross-reactive siRNA targeting AT in
mouse and non-human primate (NHP). The results indicate that
the improvement is similar in both species, with increased efficacy
as well as duration.

Detailed analysis of in vitro and in vivo potency, total liver levels, and
Ago2-loaded antisense stranddemonstrate that the benefits of advanced
designs in terms of conjugate efficacy and duration predominantly
appear to be due to an increase inmetabolic stability of GalNAc-siRNA
conjugates, which provides a larger pool of active siRNA that can be
incorporated into the cellularRNAimachineryover time. This confirms
our hypothesis that the in vivo performance of ESC conjugates could be
further enhanced by optimizing the 20-F/2’-OMemodification pattern.
Specifically, this was achieved by a >50% reduction in 20-F content (and
a concomitant increase in 20-OMe content) across both strands of the
siRNA without compromising the intrinsic activity.

Taken together, we developed a screening paradigm for the optimiza-
tion of siRNA designs, which is based on a positional model for chem-
714 Molecular Therapy Vol. 26 No 3 March 2018
ical modifications and relies on parallel
screening across a larger set of sequences and
in vivo evaluation as part of the process. This
method was successfully applied to further
improve the metabolic stability of siRNA conju-
gates. The new designs feature a substantial
reduction in 20-F content while maintaining
in vitro activity across a large panel of sequences
and showing excellent in vivo performance. The
screening paradigm reported here is well suited
to systematically evaluate novel nucleic acid chemistries, which may
help to identify opportunities for further improvements in siRNA
design, thereby expanding the therapeutic potential of RNAi
therapeutics.

MATERIALS AND METHODS
siRNA Synthesis

All oligonucleotides were prepared on a 1-mmol scale using a
MerMade 192 high-throughput synthesizer and commercially avail-
able 50-O-DMT-30-O-2-cyanoethyl phosphoramidite monomers,
following standard protocols for solid-phase synthesis and deprotec-
tion.30,31 The GalNAc ligand was introduced at the 30 end of the sense
strand of the siRNA using a functionalized solid support, as
previously described.14 PS linkages were introduced between anti-
sense nucleotides 1 and 2, 2 and 3, 21 and 22, and 22 and 23 from
the 50 end, as well as sense nucleotides 1 and 2 and 2 and 3 from
the 50 end. PS linkages were prepared by oxidation of phosphite
utilizing 0.1 M 3-((N,N-dimethyl-aminomethylidene)amino)-3H-1,
2, 4-dithiazole-5-thione (DDTT) in pyridine. After cleavage, depro-
tection, and precipitation of the products, each crude solution was
desalted via size exclusion using water to elute the final oligonucleo-
tide products. The identities and purities of all oligonucleotides were
confirmed using electrospray ionization mass spectrometry (ESI-
MS) and ion exchange-high-performance liquid chromatography
(IEX-HPLC), respectively, and equimolar amounts of the comple-
mentary strands were annealed to provide the desired siRNA duplex.
All duplexes met a purity cutoff of at least 75%.
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Statistical Analysis

Target-silencing data from a series of design efforts were compiled for
analysis in R. Data were expressed as fold change (relative to 1), and
mRNA target siteswere assigned a unique identifier to control formul-
tiple designs at a given site in a transcript. Duplex chemistries were
then expressed independently of nucleobase composition (i.e., 20-Flu-
oro instead of 20-deoxy-20-fluorouridine) to better enable comparison
across sequences. To enrich the analysis for target sites on which mul-
tiple designswere evaluated, we restricted the analysis to target sites for
which at least ten designswere evaluated. The dataset then consisted of
15 target sites across five targets. Note that analyses were agnostic to
terminal PS content. The final analysis consisted of data derived
from transfection studies at 0.1 nM, approximately 2,000 data points.
A multiple linear regression was performed using the statistical pro-
gramming language R (https://cran.r-project.org/), with variables of
target, target site identifier, species of cell culture line, and chemistry
at each position in the duplex. 20-OMe was considered the reference
value for chemistry, for the purpose of comparison.

For analyses on directed design efforts, target-silencing data were
collected from cells treated at 10 and 0.1 nM, as described. Each target
site was assigned a unique identifier and similarly each DV was as-
signed an identifier. Data were analyzed by multiple linear regression,
using log-transformed target-silencing data. Variables evaluated
included concentration of siRNA, target site identifier, and replicate
number (to control for systematic effects in studies). The comparator
for the analysis (such as parent variant) was assigned as the reference
value for the DV.

The coefficients of the above models represent the model-adjusted
mean difference, in natural log of the comparator (such as 20-F or a
novel design) from the reference design (such as 20-OMe). Coefficients
with an associated p value of less than 0.05were considered significant.

Statistical analyses of mouse and non-human primate data were per-
formed with GraphPad Prism 7. Mouse-silencing activity data were
evaluated by two-way ANOVA with Dunnett’s post-test for multiple
comparisons, with main effects of time and design. Curve fits for the
association of Ago2 loading with target silencing were accomplished
by semilog linear regressions (with log-transformed Ago2 loading)
and lines compared by extra sum of squares F-test. For non-human
primate, the repeated-measures ANOVA (with main effects of time
and design) was performed with multiple comparisons for assessing
differences at each time point, using Sidak’s test for correction. Com-
parison of the return to baseline was evaluated by linear regression on
data from days 29 through 71 post-dose with comparison of lines,
which were approximately linear. AUCwas evaluated using a baseline
value of 100, ignoring peaks less than 10% of the distance from min-
imum to maximum Y and including peaks that went below baseline.
For all tests, a significance threshold of p < 0.05 was observed.

Cell Culture

Cryopreserved primary mouse hepatocytes (Thermo Fisher Scientific,
various lots) were cultured in Williams E media supplemented with
10% fetal bovine serum (Thermo Fisher Scientific, 16140071) on
collagen-coated 384-well plates (356666). Cells were transfected
with siRNA at either 10 or 0.1 nM final concentration, using
RNAiMax according to the manufacturer’s protocol (Thermo Fisher
Scientific, 13778100). All transfections were carried out in quadrupli-
cate. Prior to RNA isolation, cells were incubated at 37�C in 5% CO2

for 20–24 hr.

The mRNA was isolated using an automated 384-well protocol.
Briefly, media were removed from cells and replaced with lysis buffer,
and cells were lysed in plate using an electromagnetic shaker.
Following lysis, mRNA capture and washing were performed using
a BioTek plate washer, following a custommagnetic bead purification
protocol using Dynabeads mRNA DIRECT Purification Kit (Thermo
Fisher Scientific, 61012). Following washing, wash buffer was
removed and replaced with 10 mL RNase-free water.

The cDNA synthesis was performed using a high-capacity cDNA
reverse transcription kit (4368814) using 10 mL isolated mRNA as a
template. Reactions were performed according to the protocol and
incubated at 37�C for 2 hr. Following incubation, plates were heated
to inactivate the enzyme and 2 mL of the product was used as a tem-
plate for qPCR.

The qPCR reactions were performed in multiplex using a gene-
specific TaqMan assay for each target (Thermo Fisher
Scientific, Mm00443267_m1 [Ttr], Mm00433918_g1 [Cfb], and
Mm00599662_m1 [Agt]) and mouse Gapdh as an endogenous
control (4352339E). Real-Time PCR was performed in a Roche
LightCycler 480 using LightCycler 480 Probes Master Mix (Roche,
04707494001). Data were analyzed using the DDCt method normal-
izing to cells transfected with a non-targeting negative control.

In Vivo Experiments

In vivo experiments were conducted by certified laboratory personnel
using protocols consistent with local, state, and federal regulations.
Experimental protocols were approved by the Institutional Animal
Care and Use Committee and the Association for Assessment and
Accreditation of Laboratory Animal Care International (accreditation
001345). The 8-week-old C57BL/6 female mice were obtained from
Charles River Laboratories. Mice were maintained on ad libitum
food and water. For evaluation of Ttr, mice (n = 3 per group and
time point) received PBS or siRNA by s.c. injection in a volume of
10 ml/kg, at a dose of 3 mg/kg. At days 7 and 22 post-dose, three
mice per group were euthanized with carbon dioxide. Liver was har-
vested and snap-frozen in liquid nitrogen. The liver tissues were pro-
cessed in a SPEX GenoGrinder (250 strokes per second, 1� speed,
120 s) with one stainless steel ball per collection cup. A small amount
of each tissue was transferred to Matrix Storage Tubes (Thermo
Fisher Scientific, 4252) on dry ice for lysis. RNA extraction was per-
formed with a PureLink Pro 96 total RNA Purification Kit (Life Tech-
nologies). Reverse transcription and qPCR were conducted as
described for in vitro studies. Mm00443267_m1 was used to quantify
mouse Ttr, with mouse Gapdh (4352339E) as the loading control.
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For AT silencing in mice (n = 3 per group), blood was first obtained
from the animals by retroorbital bleed, and mice subsequently
received siRNA (prepared as described for Ttr). Animals were then
bled every 7 days through day 70 post-dose. At the times indicated,
blood was processed to obtain plasma. AT levels were determined
by ELISA (Abcam, Ab108800). Data were normalized to pre-dose
values.

Non-human primate studies were performed by Covance, using
cynomolgus monkeys. Male cynomolgus monkeys (2–5 kg in weight)
were housed with ad libitum access to food and water, as well as
appropriate enrichment. At the indicated time points, blood was
obtained and processed to serum. AT levels were assessed by
activity assay (Ariana, A221105). Data were normalized to pre-dose
values.

siRNA Pharmacokinetics

C57BL/6 male mice, aged 6–8 weeks, were acquired from Charles
River Laboratories and housed with ad libitum access to food and
water. Mice were dosed s.c. with a volume of 10 mL per gram of
body weight (n = 3 per time point) at a dose of either 0.75 mg/kg
(Ttr-targeting parent variant and 20-OMe conjugates) or at
2.5 mg/kg (DV 18). The control group received PBS. Mice were not
fasted. Livers (n = 3/time point/group) were taken at specified time
points. Ttr mRNA levels were quantified using methods described
earlier.14

Quantification of Whole Liver and Ago2-Associated siRNA

Levels

Mice were sacrificed on day 7 post-dose, and livers were snap-frozen
in liquid nitrogen and ground into powder for further analysis. Total
siRNA liver levels were measured based on previously published
methods. Ago2-bound siRNA from mouse liver was quantified by
stem-loop (SL)-qPCR as described. For SL-qPCR, the following
probes and primers were used: sense stem loop primer GTCGTATC
CAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTATA
GAGCAA, sense forward primer gccgcgcAACAGTGTTCTTG, sense
probe CTGGATACGACTATAGAGC, antisense stem loop primer
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATA
CGACAAAACAGTGT, antisense forward primer gccgcgcTTATAG
AGCAAG, antisense probe CTGGATACGACAAAACAGT, and
universal reverse primer GTGCAGGGTCCGAGGT.
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