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ABSTRACT

Covalent attachment of a synthetic triantennary
N-acetylagalactosamine (GalNAc) ligand to chemi-
cally modified siRNA has enabled asialoglycoprotein
(ASGPR)-mediated targeted delivery of therapeuti-
cally active siRNAs to hepatocytes in vivo. This ap-
proach has become transformative for the delivery of
RNAi therapeutics as well as other classes of inves-
tigational oligonucleotide therapeutics to the liver.
For efficient functional delivery of intact drug into
the desired subcellular compartment, however, it is
critical that the nucleic acids are stabilized against
nucleolytic degradation. Here, we compared two siR-
NAs of the same sequence but with different modifi-
cation pattern resulting in different degrees of pro-
tection against nuclease activity. In vitro stability
studies in different biological matrices show that 5′-
exonuclease is the most prevalent nuclease activity
in endo-lysosomal compartments and that additional
stabilization in the 5′-regions of both siRNA strands
significantly enhances the overall metabolic stabil-
ity of GalNAc–siRNA conjugates. In good agree-
ment with in vitro findings, the enhanced stability
translated into substantially improved liver expo-
sure, gene silencing efficacy and duration of effect
in mice. Follow-up studies with a second set of con-
jugates targeting a different transcript confirmed the
previous results, provided additional insights into ki-

netics of RISC loading and demonstrated excellent
translation to non-human primates.

INTRODUCTION

Advances in the siRNA design and chemistry combined
with suitable delivery platforms have spurred the develop-
ment of investigational RNAi therapeutics as a potential
new class of therapeutics against a wide variety of human
diseases (1–3). In particular, the use of a synthetic trianten-
nary N-acetylgalactosamine (GalNAc) ligand has trans-
formed the field by enabling safe and efficient delivery of
chemically modified siRNAs to the liver (4). The GalNAc
ligand is designed to bind with high affinity to the asialogly-
coprotein receptor (ASGPR) expressed on hepatocytes (5–
8) and engineered to be covalently attached to siRNA uti-
lizing various strategies for conjugation either during solid
phase oligonucleotide synthesis or via post-synthetic cou-
pling (9–12). This approach has now widely been adopted
for the efficient delivery of different classes of investiga-
tional oligonucleotide therapeutics to the liver (13–16).

En route from the subcutaneous site of administration to
the cytosol of the hepatocytes in the liver, GalNAc–siRNA
conjugates encounter a wide variety of extra- and intracellu-
lar nucleases that can rapidly metabolize insufficiently pro-
tected siRNAs. The gene silencing activity, therefore, largely
depends on design features, which enhance their ability to
withstand extra- and intracellular nucleases while maintain-
ing the ability to get recruited by the RNA-induced silenc-
ing complex (RISC) (17).
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Chemical modifications in the sugar-phosphate back-
bone play a critical role in stabilizing siRNA conjugate
against nucleases. In our siRNA designs, the ribosugar moi-
eties of each nucleotide are generally modified with either 2′-
deoxy-2′-fluoro (2′-F) or 2′-O-methyl (2′-OMe). These are
common and widely used nucleic acid modifications, which
have shown to provide some protection against nucleolytic
degradation compared to natural RNA and DNA, particu-
larly in the context of double-stranded siRNA (18–22). We
have previously demonstrated that placement of additional
phosphorothioate (PS) linkages at the 5′-end of both sense
and antisense strands can substantially improve the in vivo
potency of GalNAc–siRNA conjugates with median effec-
tive dose (ED50) of ≤1 mg/kg in rodents, following a single
subcutaneous (SC) administration (4).

The goal of the present work was to further study the im-
pact of additional PS modifications on the metabolic sta-
bility of GalNAc–siRNA conjugates in various biological
matrices and to determine the potential correlation of the
in vitro findings with in vivo pharmacokinetics (PK) and
pharmacodynamics (PD). Further, translation of the find-
ings across siRNAs and species was investigated. The re-
sults illustrate how relatively small changes in siRNA chem-
istry can significantly impact the performance of GalNAc–
siRNA conjugates, a discovery, which has fundamentally
improved the platform technology and enabled the advance-
ment of multiple programs into clinical development (23–
25).

MATERIALS AND METHODS

siRNA synthesis

All oligonucleotides were prepared at scales between 1–10
�mol on a MerMade 192 or an ABI 394 synthesizer us-
ing commercially available 5′-O-DMT-3′-O-(2-cyanoethyl-
N,N-diisopropyl) phosphoramidite monomers by follow-
ing standard protocols for solid phase synthesis and de-
protection (26,27). The GalNAc ligand was introduced at
the 3′-end of the sense strand of the siRNA using a func-
tionalized solid support as described (4). The PS link-
ages were introduced by the oxidation of phosphite utiliz-
ing 0.1 M N,N-dimethyl-N′-(3-thioxo-3H-1,2,4-dithiazol-5-
yl)methanimidamide (DDTT) in pyridine (28). After depro-
tection, single strands were purified by ion-exchange HPLC
followed by desalting and annealing of equimolar amounts
of complementary strands to provide the desired GalNAc–
siRNA conjugates shown in Table 1.

In vitro stability assay

Stability of siRNA duplexes siTTR-1 and siTTR-2 were
studied in three biological matrices namely, cynomolgus
monkey plasma, rat liver cytosol and rat liver tritosomes
(Xenotech LLC) as reported earlier (29).

PK studies

All procedures using animals 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 Com-
mittee, the Association for Assessment and Accreditation of
Laboratory Animal Care International (accreditation num-
ber: 001345). C57BL/6 male mice, aged 6–8 weeks, acquired
from Charles River Laboratories were administered siTTR-
1, siTTR-2 or siAT-2 conjugates subcutaneously or intra-
venously with a volume of 10 �l/g of body weight (n =
2 per time point) at a dose of 1, 2.5, 5 or 10 mg/kg. The
study designs are depicted in Table 2. Two mice from each
study group were sacrificed at desired time points to harvest
plasma, liver and kidney samples for analysis. Mice were
perfused with saline following blood collection prior to or-
gan harvest.

To analyze and quantify siRNA from plasma and tissue
samples, two different assays were used, an HPLC-based
hybridization assay using fluorescent probes for detection
of antisense strand termed Atto-probe assay and an assay
based on stem-loop quantitative polymerase chain reaction
(SL-qPCR). The selection of the assay was based on the
dose levels used in the respective studies. For high dose (10
mg/kg and greater) studies, such as the siTTR and siAT
comparative PK studies, the Atto-probe assay with its better
resolution of parent full length antisense strand was used.
For the lower dose PK/PD study including quantification
of RISC-loaded siRNA, the SL-qPCR assay with its sub-
stantially higher sensitivity was used (see also Supplemen-
tary Table S1 summarizing the lower limits of siRNA quan-
tification for both assays).

Sample preparation for Atto-probe assay. Plasma samples
were diluted 1:3 in Epicentre Tissue and Cell Lysis Solu-
tion for MasterPure Kit (Epicentre, Madison, WI, USA)
containing 2% (v/v) proteinase K solution and digested at
50◦C at 1000 rpm in micro tube shaker (VWR, Radnor, PA,
USA). Whole frozen liver and kidney tissues were pulver-
ized using 2010 Geno/Grinder (Spex, Metuchen, NJ, USA).
Pre-cooled Stainless Steel Grinding Balls (Spex, Metuchen,
NJ) were added to 15 ml Nalgene polycarbonate grinding
jars or 5 ml polyethylene vials (Thermo Scientific, Waltham,
MA, USA) containing frozen tissue and were ground at
1200 rpm for 2 min. 40–60 mg of tissue powder was weighed
on dry ice and transferred to 1.5 ml centrifuge tubes. Pro-
teinase K lysis buffer was added to the weighed tissue at fi-
nal concentration of 100 mg/ml for liver and 50 mg/ml for
kidney. Proteinase K lysis buffer was prepared by adding
2% (v/v) proteinase K (Life Technologies Carlsbad, CA)
to Epicentre Tissue and Cell Lysis Solution for Master-
Pure Kit (Epicentre, Madison, WI, USA). The samples were
incubated overnight at 50◦C at 1000 rpm in a microtube
shaker (VWR, Radnor, PA) for cell lysis, which were then
used for siRNA analysis by the assay described below.

Analysis of siTTR PK study using Atto-probe assay. All
samples from the siTTR PK study were analyzed by an
Atto-probe assay. The concentration of the conjugates in
plasma and tissue samples was detected by annealing at
95◦C a fluorescent RNA probe (Atto-probe) complemen-
tary to the antisense strand of siTTR-1 and siTTR-2 (see
also Supplementary Table S2). A Shimadzu HPLC instru-
ment equipped with a RF-20A xs fluorescence detector, LC-
20AD liquid chromatography and ion exchange (IEX) mo-
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Table 1. Designs and sequences of the GalNAc–siRNA conjugates

Table 2. Study designs for siTTR-1 and 2 PK and siAT-2 PK/PD studies

Group Test article
Dose
(mg/kg) Route

No. of
animals Blood and tissues collection time points

1 siTTR-1 10 SC 24 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, 168 and 336 h post-dose
2 siTTR-2 10 IV 22 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, 168 h post-dose
3 siTTR-2 10 SC 28 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, 168 and 336 h post-dose
4 PBS - SC 2 24 h post-dose
1 siAT-2 1 SC 44 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, 168, 336, 408, 504, 576, 672,

744, 840, 912 and 1008 h post-dose
2 siAT-2 2.5 SC 44 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, 168, 336, 408, 504, 576, 672,

744, 840, 912 and 1008 h post-dose
3 siAT-2 5 SC 44 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, 168, 336, 408, 504, 576, 672,

744, 840, 912 and 1008 h post-dose
4 PBS - SC 2 24 h post-dose

bile phase was used for analysis. The samples were injected
on SIL-20AC HT autosampler with a DNAPac-PA-200 an-
alytical column (4.0 × 250 mm, Thermo Fisher Scientific).
All devices were controlled through the Lab Solution ver-
sion 1.25 data system from Shimadzu. A portion of the
blank matrix lysate was spiked with siTTR-1 and siTTR-
2 compounds to generate the standard curves and quality
control (QC) samples. The standard curve range of siTTR-
1 was 15–1000 ng/ml, 80–20 000 ng/g and 160–40000 ng/g,
for plasma, liver and kidney tissues, respectively. The stan-
dard curve range of siTTR-2 was 15–1000 ng/ml, 200–20
000 ng/g and 160–40 000 ng/g, for plasma, liver and kid-
ney tissues, respectively. The lower limit of quantification
(LLOQ) for plasma, liver and kidney were 8 ng/ml, 80 ng/g
and 160 ng/g respectively for siTTR conjugates.

Analysis of siAT-2 PK/PD study using SL-RT-qPCR. To-
tal siAT-2 in liver samples was quantified using SL-RT-
qPCR by reconstituting liver powder at 10 mg/ml in PBS
containing 0.25% Triton-X 100. The tissue suspension was
further ground with 5-mm steel grinding balls at 50 cycles/s
for 5 min in a tissue homogenizer (Qiagen Tissue Lyser LT)
at 4◦C. Homogenized samples were then heated at 95◦C for
5 min, briefly vortexed and allowed to rest on ice for 5 min.
Samples were then centrifuged at 21000 × g for 5 min at
4◦C. The siRNA-containing supernatants were transferred
to new vials; sense and antisense strand levels were quanti-
fied by stem loop reverse transcription followed by Taqman

PCR (SL-RT qPCR) based on previously published meth-
ods (30,31). Primers and probe used for SL-RT qPCR assay
are shown in Supplementary Table S2. The siRNA concen-
trations were determined using a standard curve generated
by spiking the siRNA into blank matrix of the same con-
centration and source. The lower limit of quantitation of
siAT-2 was 0.4 ng/g.

Ago2-bound siRNA from mouse liver was quantified
by preparing liver lysates at 100 mg/ml in lysis buffer (50
mM Tris–HCl, pH 7.5, 150 mM NaCl, 2mM EDTA, 0.5%
Triton-X 100) supplemented with freshly added protease in-
hibitors (Sigma-Aldrich, P8340) at 1:100 dilution and 1 mM
PMSF (Life Technologies). Total liver lysate (10 mg) was
used for each Ago2 immunoprecipitation (IP) and control
IP. Anti-Ago2 antibody and control mouse IgG were pur-
chased from Wako Chemicals (Clone No.: 2D4) and Santa
Cruz Biotechnology (sc-2025), respectively. Protein G Dyn-
abeads (Life Technologies) were used to precipitate anti-
bodies. Ago2-associated siRNAs were eluted by heating (50
�l PBS, 0.25% Triton; 95◦C, 5 min) and quantified by SL-
RT qPCR as described (30,31).

Pharmacodynamic studies in mice

Frozen mouse livers were ground and 10 mg from each sam-
ple was resuspended in 500 �l Qiazol and passed through
a QIAshredder column (Qiagen, 79654) to homogenize
the tissue. Chloroform (100 �l) was added to each sam-
ple, which was mixed and then incubated at room tem-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/45/19/10969/4158472 by guest on 23 April 2024



10972 Nucleic Acids Research, 2017, Vol. 45, No. 19

Figure 1. Comparison siTTR-1 and siTTR-2 conjugates: (A) dose response in C57BL/6 female mice 4 days post a single SC administration; (B) metabolic
stability in cynomolgus monkey plasma, rat liver tritosomes and rat liver cytosol; compounds were incubated with different matrices for 24 h and remaining
full-length sense and antisense strands were quantified by HPLC.

perature for 10 min. Samples were spun at 12 000 × g
at 4◦C for 15 min. The aqueous phase was transferred to
a new tube followed by the addition of 1.5 vol. of 100%
ethanol. RNA was purified using miRNeasy Mini kits (Qi-
agen, 217004). RNA concentration and purity were mea-
sured with a NanoDrop (ThermoFisher Scientific). cDNA
was synthesized from 1.5 �g of total RNA per sample
using the High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems, 4374967). Real-time qPCR was per-
formed using Light Cycler 480 Probes Master (2× mix,
Roche, 04887301001) and TaqMan Gene Expression As-
says (20×, Thermo Fisher Scientific) on a Roche 480 Light
Cycler Real Time PCR System (31). The Dual Color Hy-
drolysis Probe pre-set program was used: pre-incubation for
10 min at 95◦C, 45 cycles of 10 s at 95◦C, 30 s at 60◦C
and 1 s at 72◦C, followed by a 40◦C cooling step for 30 s.
The relative abundance of transthyretin (Ttr, 20× TaqMan
Gene Expression Assay, Mm00443267 m1, Thermo Fisher
Scientific) and antithrombin (At3, 20× TaqMan Gene Ex-
pression Assay, Mm00446570 m1, Thermo Fisher Scien-
tific) mRNA was determined by comparison with the inter-
nal reference gene glyceraldehyde 3-phosphate dehydroge-
nase (Gapdh, 20x TaqMan Endogenous Control, 4352339E,
Thermo Fisher Scientific) using the ��Ct method.

Pharmacodynamic studies in NHPs

Cynomolgus monkeys (n = 3 per group, males) received a
single SC administration (1 ml/kg) of siAT-1 (10 mg/kg)
or siAT-2 (1 and 10 mg/kg). At various time points, serum
was collected and analysed for AT protein levels. AT protein
levels were measured using the AssayMax Human ATIII
ELISA Kit (AssayPro, St. Charles, MO, USA) as per man-
ufacturer’s instructions (25). Protein levels from individual
animals at each time point were normalized to their respec-
tive individual pre-dose level (average of three pre-dose val-
ues).

Statistical analysis

Due to the limited sample size (n = 2 per time point),
differences in mean plasma or tissue concentrations in

the comparative PK studies were tested using individual
concentration-time data points pooled between 2 and 24
h post dose (N = 8). An unpaired student’s t-test was
performed while testing differences in means between two
groups. For comparing more than two groups, one-way
analysis of variance (ANOVA) with post hoc (Tukey) test
for multiple comparisons was performed. P < 0.05 was re-
garded as statistically significant.

RESULTS AND DISCUSSION

In vitro metabolic stability comparison

In a comparative study involving two siRNAs of the same
sequence with very similar 2′-F and 2′-OMe ribosugar mod-
ification pattern but different degree of PS modification, we
have previously observed significant potency differences in
mice (4). The first compound, here called siTTR-1, only
contained two consecutive PS linkages at the 3′-end of the
antisense strand and the GalNAc ligand moiety at the 3′-
end of the sense strand (Table 1). The second compound,
here called siTTR-2, contained two additional consecu-
tive PS linkages at the 5′-end of both sense and antisense
strands.

The potency difference was confirmed by direct compar-
ison of the dose-response for both GalNAc-conjugates in
mice 4 days post a single SC administration (Figure 1A).
Fitting an inhibitory effect sigmoidal Emax model to the
data, the effective dose levels that produced 50% of maxi-
mum drug induced inhibitory effect of liver TTR mRNA
(ED50) for siTTR-1 and siTTR-2 were calculated to be ap-
proximately 5 and 1 mg/kg, respectively.

To simulate the diverse nucleases activities, which the
GalNAc–siRNA conjugates may encounter along their
route from the injection site to the cytoplasm of hepa-
tocytes, we utilized different biological matrices including
cynomolgus plasma, rat liver tritosomes (enriched lysoso-
mal extract) and rat liver cytosol. siRNA conjugates (0.1
mg/ml in PBS) were incubated with plasma, tritosome and
cytosol for 24 h and analysed by HPLC. The percentage of
the full-length sense and antisense strands at a given time
point was used as a measure of nuclease stability in a par-
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Figure 2. Concentration-time profiles of siTTR-1 and siTTR-2 in plasma
(A), liver (B) and kidney (C) after a single SC or IV administration of 10
mg/kg in C57BL/6 male mice; shown are the individual data points (from
two animals) at each time point as well as their mean (dotted lines). The
insert in (B) shows the first 24 h post dose.

ticular matrix. In Figure 1B, the stability of the two TTR-
siRNA conjugates after 24 h incubation at 37◦C is shown in
all three matrices, cynomolgus plasma, rat liver tritosomes
and rat liver cytosol. Across all matrices, the siTTR-2 conju-
gate exhibited excellent stability with very little degradation
detectable. While the antisense strand of the siTTR-1 con-
jugate was also very stable in both, plasma and cytoplasm, a
significant fraction of the sense strand underwent degrada-
tion. The difference between the two compounds, however,
was most pronounced in the tritosome matrix, with virtu-
ally no sense strand and less than 40% of the full length an-
tisense strand of the siTTR-1 conjugate detectable after 24
h.

It is worth noting that, for both conjugates, we observed
sense strand metabolites in the tritosome assay, which
matched the deglycosylated sense strand, i.e. the loss of all
three GalNAc sugars from the ligand. Based on the strong
glycosidase activity present in the endo-lysosomal compart-
ment, this was expected and is consistent with observations
in vivo with loss of one, two or three GalNAc moieties ob-
served within minutes of uptake into hepatocytes by AS-
GPR (data not included) as well as reported data by other
groups (15,16). Therefore, for the purpose of this stability
analysis, we considered deglycosylated sense strands as full-
length material.

Pharmacokinetics and pharmacodynamics in mice

Having established the impact of additional PS linkages
at the 5′-end of the duplex on in vitro metabolic stabil-
ity, the effect on pharmacokinetics was studied after a sin-
gle 10 mg/kg dose of each compound to non-fasted wild-
type C57BL/6 male mice. While siTTR-1 was adminis-
tered by SC administration only, siTTR-2 was administered
both intravenously and subcutaneously. Following SC ad-
ministration, the plasma time concentration profiles of the
two conjugates were found to be similar with comparable
mean peak concentration (Cmax), time to reach plasma Cmax
(Tmax) and exposure expressed by the total area under the
curve (AUC) (Table 3 and Figure 2 A). When comparing in-
travenous (IV) versus subcutaneous (SC) administration for
siTTR-2, higher Cmax at earlier Tmax was observed for IV, as
expected with an overall ∼3-fold higher plasma exposure.

Rapid plasma clearance is associated with efficient up-
take into liver with peak tissue levels (Cmax) observed be-
tween 2 and 4 h after a single IV or SC administration (Table
3). Based on those peak tissue levels, at least 33 and 77% of
the administered dose distributed to liver for siTTR-1 and
siTTR-2 conjugates, respectively following a single SC ad-
ministration of 10 mg/kg. Significantly (P = 0.0012) higher
liver levels and exposure observed for siTTR-2 compared
to siTTR-1 (Figure 2B) can be attributed to the enhanced
metabolic stability, particularly in the endo-lysosomal com-
partment (as shown in Figure 1B), due to the presence of
terminal PS stabilization. This is also reflected in the more
rapid clearance of the siTTR-1 with an apparent t1/2� of
∼3 h compared to around 24 h for siTTR-2. Comparing IV
versus SC dosing, significantly higher (P = 0.019) liver con-
centrations and AUC0–t were achieved by the SC route of
administration, which indicates that the higher peak con-
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Table 3. Summary of plasma, liver and kidney PK parameters for full length GalNAc–siRNA conjugates in mice following single SC or IV administration

PK parameters Plasma Liver Kidney

siTTR-1 siTTR-2 siTTR-1 siTTR-2 siTTR-1 siTTR-2

SC SC IV SC SC IV SC SC IV

Apparent t1/2� (h) NR 0.47 1.9 3.06 21.8 24.4 5.54 31.5 27.5
tmax (h) 0.5 0.25 0.08 2 2 4 1 4 0.08
Cmax (�g/g) 3.80 2.30 45.2 37.3 87.8 35.9 3.25 8.13 36.1
AUC0–t (h*�g/g) 4.60 3.60 13.58 337 2071 1266 34.3 258 453
AUC0–24 (h*�g/g) NR 0.47 1.9 337 1105 706 34.3 139 226

NR = not reportable due to insufficient data points in the terminal phase for slope estimation.

centration levels observed in plasma for the IV dose may
have breached the limit of ASGPR capacity in the liver.

Compared to liver, kidney PK parameters indicate a sub-
stantially lower distribution to kidney for both conjugates
(P = 0.006 for siTTR-1, P < 0.0001 for siTTR-2) with an
∼10-fold lower peak concentration and overall exposure.
Based on peak concentration levels, this amounts to only
∼2% of the total administered dose and underlines the effi-
cient delivery to liver mediated by the GalNAc ligand (Table
3 and Figure 2C). The approximately four-fold higher kid-
ney Cmax and 2-fold higher kidney exposure (AUC0–t) ob-
served for IV compared to SC administration of siTTR-2
(P = 0.026) aligns well with the differences in liver exposure
discussed above and indicates that saturation of ASGPR ca-
pacity in the liver increases distribution to the kidney and
likely results in higher urinary excretion. Consistent with
the lower metabolic stability and the liver PK, the siTTR-
1was cleared from kidney at a faster rate with an ∼6-fold
lower �-elimination half-life.

The profound effect of the additional PS linkages on
metabolic stability and PK suggested a similar impact on
duration of RNAi-mediated gene silencing. The impact on
conjugate PD as measured by their ability to reduce TTR
mRNA levels in liver over time is illustrated in Figure 3
showing the levels of TTR transcript remaining in liver af-
ter a single SC dose of 10 mg/kg of siTTR-1 and siTTR-2.
As expected, efficacy and durability of TTR mRNA silenc-
ing was substantially improved for the enhanced stability
conjugate siTTR-2 compared to siTTR-1. This is in good
agreement with the liver PK results and confirms the strong
correlation between metabolic stability and in vivo perfor-
mance, both in terms of efficacy and duration of effect.

To evaluate the generalizability of the findings, another
pair of GalNAc–siRNA conjugates targeting antithrombin
(AT) was subjected to a similar comparison (siAT-1 and
siAT-2, Table 1). Same as for the siTTR pair, both siRNAs
were identical in sequence and chemistry except that the
conjugate with enhanced stabilization (siAT-2) contained
additional PS linkages in the 5′-region of both strands,
which were absent in the parent (siAT-1). The comparative
study included plasma and liver PK as well as mRNA si-
lencing after a single 25 mg/kg dose in mice (Supplemen-
tary Data, PK and PD comparison of siAT-1 and siAT-2
in mice). In good agreement with the previous results, both
conjugates showed very similar plasma PK profiles while
liver exposure was ∼30-fold higher for siAT-2 compared to
siAT-1 (Supplementary Figure S1, P < 0.0001). This trans-

Figure 3. Ttr mRNA knockdown as a function of time in mice treated with
10 mg/kg siTTR-1 or siTTR-2 SC relative to PBS-treated animals at 24 h
and normalized to mouse Gapdh mRNA; shown are the individual data
points (from two animals) at each time point as well as their mean (dotted
lines).

lated into a marked improvement in efficacy and duration
of effect for siAT-2 as shown in Supplementary Figure S2.

Taken together, the results confirm across different se-
quences that, even in the context of chemically modified
GalNAc–siRNA conjugates, further increase in metabolic
stability can substantially improve the activity in mice. The
placement of additional PS linkages in the 5′-region of both
strands increases in liver exposure thereby underlining the
importance of adequate stabilization against 5′-exonuclease
activity, which is predominant in the endo-lysosomal com-
partment. It is worth noting, however, that the magnitude
of the effect can vary across sequences. In case of the siTTR
pair, an approximately 6-fold increase in liver exposure
translated into a 5-fold increase in potency. For siAT-2 com-
pared to siAT-1, a 30-fold increase in liver exposure was ob-
served. Comparing the DR from the PK/PD study of siAT-
2 (Supplementary Figure S3) with the mRNA knockdown
observed with the 25 mg/kg dose of siAT-1 (Supplementary
Figure S2), the increase in potency appears to be approxi-
mately 25-fold. In both cases, however, the increase in po-
tency correlated well with the increase in liver exposure.

PK/PD relationship

To investigate the PK/PD relationship in more detail, a sep-
arate study was performed, in which mice were administered
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Figure 4. Time-concentration profiles of siAT-2 after a single SC dose of 2.5 mg/kg in mice overlaid with the gene silencing profile as measured by reduction
of AT mRNA. siRNA concentration in (A) total liver and (B) RISC after Ago2 immunoprecipitation, measured by stem-loop RT-qPCR; shown are the
individual data points (from two animals) at each time point as well as their mean (dotted lines).

Figure 5. Silencing activity (as measured by reduction of AT mRNA in liver tissue) as a function of (A) siRNA concentration in total liver and (B)
concentration of RISC-loaded siRNA.

a single SC dose of siAT-2 at 1, 2.5 or 5 mg/kg. In addition
to the total levels of siRNA in liver and the levels of AT
mRNA (Supplementary Figure S3), the concentration-time
profiles of RISC-loaded siRNA were measured using Ago2-
immunoprecipitation followed by stem-loop qPCR (Figure
4). While the maximal concentration of siRNA in the liver
occurs much earlier (tmax ∼ 4 h) than maximal silencing ac-
tivity (nadir around 168 h, i.e. 7 days post dose), the lev-
els of RISC-loaded siRNA correlate well with the silenc-
ing activity. This indicates that after entering the cells via
ASGPR-mediated endocytosis, it takes several days to build
up levels of RISC-loaded siRNA for maximal target silenc-
ing suggesting slow endosomal trafficking and release of the
siRNA conjugates into the cytosol where the RISC is active.

The relationship of total liver siRNA and RISC-loaded
siRNA (31) with AT gene silencing is depicted in Figure
5 with time points of ≥120 h post dose plotted across all
dose levels. During this period, essentially covering the time
from nadir through recovery back to baseline, the total
siRNA levels in liver correlate well with mRNA knockdown
with R2 of 0.86 (Figure 5A). The effective concentration of

full length siRNA in total liver required for 50% knock-
down of AT mRNA (EC50) was calculated to be approxi-
mately 50 ng/g. Similarly, mRNA silencing correlates well
with siRNA concentrations in RISC with R2 of 0.71 and
an EC50 of ∼1.5 ng/g of RISC-loaded antisense strand in
liver (Figure 5B). Taken together, the data suggests that, for
this particular conjugate, total liver concentrations to sus-
tain 50% knockdown of the target mRNA are about 30–40-
fold higher than the corresponding concentration of RISC-
loaded siRNA required supporting the notion that only a
small fraction of the total siRNA gets loaded into RISC
and contributes to functional activity.

Translation to nonhuman primates

While the results in rodents were encouraging, it was impor-
tant to investigate the translation to higher species as a criti-
cal milestone towards clinical development of RNAi thera-
peutics with enhanced metabolic stability. Figure 6 shows
the reduction of serum AT after a single SC injection of
siAT-1 or siAT-2 in nonhuman primates (NHP). Compar-
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Figure 6. AT protein levels were measured following single SC injection of siAT-1 (10 mg/kg) or siAT-2 (1 and 10 mg/kg) in cynomolgus monkeys (n = 3
males per group). AT protein was measured in serum for ∼60 days and protein levels from individual animals were normalized to their respective individual
pre-dose serum protein level at each time point. Each data point represents the remaining AT for the group average of three animal samples assayed in
technical triplicates ± the standard deviation of the group.

ing the protein reduction achieved with siAT-2 conjugate
at 1 mg/kg to the 10 mg/kg dose of siAT-1 suggests an im-
provement in potency of at least 10-fold with a concomitant
extension of duration. Despite the 10-fold lower dose, AT
protein levels return back to baseline around day 50 post
dose for siAT-2 compared to day 20 for the less stable par-
ent siAT-1.

The results confirm that, similar to rodents, stability
against 5′-exonuclease-mediated degradation is a key fac-
tor contributing to GalNAc–sRNA conjugate performance
in higher species. Further, the changes in siRNA chemistry
using additional PS linkages in the 5′-region of both strands
were effective across species resulting in similar improve-
ments in vivo performance for the enhanced stability design
in rodent and non-human primates.

CONCLUSION

The present work aimed to further elucidate the effect
of chemical modifications, such as the phosphorothioates
used in this work, which can impart additional stabiliza-
tion against nuclease activity when positioned appropriately
within the siRNA, on the in vivo performance of GalNAc
conjugates. Therefore, pairs of conjugates with the same se-
quence and 2′-modification pattern but with different de-
grees of 5′-stabilization were subjected to a comprehen-
sive in vitro and in vivo assessment. Major metabolic sta-
bility differences were detected in lysosomal extracts (tri-
tosomes) with prevalent 5′-exonuclease activity suggesting
that the observed in vivo differences were primarily due to
rapid endo-lysosomal degradation of the conjugate with-
out enhanced stabilization. The results demonstrate that
the additional protection against 5′-exonuclease attack via
additional PS linkages in the 5′-region had little impact
on plasma PK but resulted in higher liver exposure, sub-
stantial improvements in potency and prolonged duration
of gene silencing. The improvements observed in rodents

translated well to nonhuman primates highlighting the im-
portance of enhanced 5′-stabilization for robust gene silenc-
ing with GalNAc–siRNA conjugates across species. The
more detailed understanding of the relationship between
siRNA chemistry and metabolic stability led to the discov-
ery of enhanced stability designs, which have fundamentally
transformed the siRNA conjugate platform and helped to
progress multiple programs into pre-clinical and clinical de-
velopment. Efforts are currently ongoing to further refine
conjugate design by carefully balancing enhanced stability
with the need to maintain optimal compatibility with the
endogenous RNAi machinery.
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