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GalNAc-siRNA Conjugates:
Leading the Way for Delivery of RNAi Therapeutics

Aaron D. Springer and Steven F. Dowdy

Short-interfering RNA (siRNA)-induced RNAi responses have great potential to treat a wide variety of human
diseases from cancer to pandemic viral outbreaks to Parkinson’s Disease. However, before siRNAs can become
drugs, they must overcome a billion years of evolutionary defenses designed to keep invading RNAs on the
outside cells from getting to the inside of cells. Not surprisingly, significant effort has been placed in developing
a wide array of delivery technologies. Foremost of these has been the development of N-acetylgalactosamine
(GalNAc) siRNA conjugates for delivery to liver. Tris-GalNAc binds to the Asialoglycoprotein receptor that is
highly expressed on hepatocytes resulting in rapid endocytosis. While the exact mechanism of escape across the
endosomal lipid bilayer membrane remains unknown, sufficient amounts of siRNAs enter the cytoplasm to
induce robust, target selective RNAi responses in vivo. Multiple GalNAc-siRNA conjugate clinical trials,
including two phase III trials, are currently underway by three biotech companies to treat a wide variety of
diseases. GalNAc-siRNA conjugates are a simple solution to the siRNA delivery problem for liver hepatocytes
and have shown the RNAi (and antisense oligonucleotide) field the path forward for targeting other tissue types.
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Introduction

Short-interfering RNA (siRNA)-induced RNAi re-
sponses have great potential to treat a wide variety of

human diseases from cancer to pandemic viral outbreaks to
Parkinson’s Disease [1–3]. Moreover, siRNAs have the po-
tential to pharmaco-evolve their targeting sequence to keep
pace with mutations in diseases driven by genetic change,
such as cancer and influenza, a property that no other clinical
modality can perform. However, before siRNAs can become
drugs, they must overcome a billion years of evolutionary
defenses designed to keep invading RNAs on the outside cells
from getting to the inside of cells [1–3]. Consequently, since
the beginning of the RNAi therapeutic revolution, the prob-
lem to solve has remained the same: Delivery! Delivery!
Delivery! Indeed, all other issues with developing siRNAs as
a therapeutic modality have paled in comparison to the de-
livery problem. Not surprisingly, there has been significant
attention and investment of time and resources to solve the
delivery problem by harnessing and developing a wide array
of technologies [1–3].

Early approaches focused on lipid nanoparticles (LNPs)
and synthetic nanoparticles to address the siRNA delivery
problem that were predicated on several decades worth of
nanoparticle delivery approaches developed for large DNA
gene therapy vectors [2,4]. LNPs serve to mask the siRNA

charge, protect it from degradation by RNases, and facilitate
endosomal escape into the cytoplasm. LNPs also allowed for
the use of minimally modified siRNA backbones that pri-
marily contained native 2¢-hydroxyl groups. However, native
double-stranded siRNAs are recognized as invading nucleic
acids by multiple cellular defense mechanisms, including
extracellular toll-like receptors (TLR-3, -7, -8) and intracel-
lular sensors retinoic acid inducible gene (RIG-I) and mela-
noma differentiation associated protein 5 (MDA-5) [5].
Fortunately, incorporation of Fluoro (F) and Methoxy (OMe)
modifications into the 2¢ position of the ribose ring dramati-
cally reduces both of these activities and, importantly, is
highly tolerated by Ago [1–3,6]. Because 2¢-modifications
greatly increase the siRNA stability and overall half-life, that
opened the door for conjugating targeting domains directly to
naked siRNAs and thereby avoiding the use of LNPs, which are
some 5,000-fold larger than the siRNA drug being delivered.

The prototypical siRNA conjugate is a trimer of N-
acetylgalactosamine (GalNAc), which avidly binds to the
Asialoglycoprotein receptor (ASGPR) that is predominantly
expressed on liver hepatocytes [7,8]. GalNAc-siRNA con-
jugates have been thoroughly investigated in preclinical ro-
dent and nonhuman-primate (NHP) models and are currently
being tested in multiple clinical trials sponsored by three
biotech companies. None of this would have been possible if
it were not for the convergence of 50+ years of prior work on
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ASGPR with 50+ years of nucleic acid chemistry. GalNAc-
siRNA conjugates serve as a simple solution to the delivery
problem for liver hepatocytes and have shown the RNAi (and
antisense oligonucleotide [ASO]) field the path forward for
targeting other tissue types.

Identification of the ASGPR

ASGPR, also known as hepatic binding protein or the
Ashwell–Morell receptor, is the first animal lectin to be detected
[9,10]. ASGPR was first ‘‘accidently’’ discovered as early as
1965 by Gilbert Ashwell and Anatol Morell in the course of
studying a circulating glycoprotein, ceruloplasmin, in rabbits
[11]. An attempt to determine ceruloplasmin’s circulating
half-life by removing terminal sialic acids and radiolabeling
the resulting terminal galactose led instead to the observation
that asialoceruloplasmin rapidly disappeared from serum and
was fully recoverable in the liver within 5–10 min [12,13].

By 1968, Ashwell and Morell had determined that galactose
was the necessary terminal sugar residue for binding to the yet
unnamed ASGPR. Removal or oxidation of the terminal ga-
lactose by b-galactosidase or galactose oxidase, respectively,
inhibited clearance of the labeled asialoceruloplasmin. Lo-
calization was observed specifically in hepatocytes with total
exclusion from Kupffer cells, suggesting that clearance of
asialoceruloplasmin is unique from heat killed controls and
indicating a specific mechanism [7,13]. By the early 1970s,
ASGPR activity was isolated to membrane fractions of rat
and rabbit liver and determined to be pH sensitive with an
absolute requirement for Ca2+ to maintain binding activity
[14,15]. Blood type specific agglutination confirmed ASGPR

as a lectin and demonstrated for the first time that the affinity
for GalNAc was higher than galactose [16,17].

In 1970, partial replacement of sialic acid residues on
asialoglycoproteins showed a binding threshold for galactose
residues, indicating that at least two galactose residues were
required for rapid clearance of asialoglycoproteins [18,19]. In
addition, preference in clearance among various co-injected
asialoglycoproteins and peptides suggested that both the
galactose residue number and arrangement play a role in
ligand binding [7,20]. These early studies went on to show
that binding depended on the type of sugar (GalNAc > Gal)
and number of sugars with 4 = 3 > 2 > 1 [21–24]. Recent
studies showed that geometrical spacing between the sug-
ars is also important [25]. X-ray crystal structures of the
extracellular domain of ASGPR revealed a shallow car-
bohydrate binding pocket, explaining the requirement for
multivalency [26,27].

GalNAc binding to ASGPR occurs at the sinusoidal sur-
face of the hepatocyte [14–28], which contains *500,000
receptors per cell [10,22,29,30], of which about 5%–10% are
present at the cell surface at any one time [22,31]. GalNAc
binding initiates on diffuse monomeric ASGPR receptors,
followed by rapid local aggregation of ligand bound receptors
leading to larger scale aggregation in clathrin coated pits,
proceeding to endocytosis [22,32–35]. Early studies noted
that the ASGPR half-life was much longer than the bound
asialoglycoproteins [36]. Subsequent studies showed that
acidification during endosomal maturation leads to dissoci-
ation of the GalNAc ligand from ASGPR followed by Gal-
NAc degradation in the lysosome [37] and recycling of
ASGPR to the cell surface (Fig. 1) [38–40].

FIG. 1. Delivery of GalNAc-siRNA conjugates into hepatocytes. Approximately 106 ASGPR resides on the surface of
liver hepatocytes, and upon binding, sialyl-GalNAc molecules are rapidly engulfed into hepatocytes by endocytosis. Due to
a pH drop, GalNAc-siRNA conjugates are released from ASGPR into the lumen of the endosome, and ASGPR recycles
back to the hepatocyte surface. GalNAc and the linkers are rapidly degraded off of the siRNA conjugate and by a currently
unknown mechanism, a small fraction of free siRNA, likely <1%, escapes across the endosomal lipid bilayer membrane into
the cytoplasm of the hepatocyte. Once in the cytoplasm, siRNAs are rapidly loaded by transactivation responsive RNA-
binding protein into Ago to induce robust and sustained RNAi responses. GalNAc, N-acetylgalactosamine; ASGPR,
asialoglycoprotein receptor; siRNA, short-interfering RNA.
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Early Work on GalNAc-Nucleic Acid
Conjugates Targeting the Liver

The clinical possibilities of ASGPR were realized as early
as 1971 when delivery of nonglycoproteins to the liver was
accomplished through conjugation to asialofetuin [41]. Liver
targeting of nonglycoproteins through conjugation to lactose
in 1978 demonstrated that alteration of proteins with target-
ing galactose residues was sufficient for delivery [42]. The
first targeted delivery of a biologically active molecule to
hepatocytes in vivo was demonstrated in 1979 when injection
of asialofetuin-linked trifluorothymidine reduced hepatic Ec-
tromelia viral DNA replication threefold in rats [43]. Delivery
of additional antivirals [44], low-density lipoprotein (LDL)
[45], and diphtheria toxin [46] demonstrated that targeting of
ASGPR is capable of delivering diverse cargo and eliciting an
array of biological responses in vivo. In the following decades,
asialoglycoproteins, galactose, and galactose derivatives, in-
cluding GalNac, were widely investigated to deliver biologi-
cally active glycopeptides [24], glycolipids [47], small
molecules [48,49], nucleoside analogs [43,44,49,50], plasmid
DNA [51–55], and ASOs [56–60] to liver hepatocytes.

Throughout the 1980s and 1990s, plasmid DNA was de-
livered using polylysine complexes to form nanoparticles.
Early work in the late 1980s showed that delivery utilizing
asialo-orosomucoid-poly-lysine conjugates targeted plasmid
DNA to hepatocytes in vitro [51,53]. The first in vivo delivery
utilizing this asialo-orosomucoid-poly-lysine approach showed
rapid and selective expression of plasmid encoded protein in
the hepatocytes 24 h postintravenous injection [52,61]. By the
early 1990s, structurally defined DNA-binding ligand conju-
gates were created using multivalent galactose and GalNAc.
This reduced the complexity and size of the previous asialo-
orosomucoid conjugate nanoparticles and effectively delivered
DNA to hepatocytes in vivo [54,55]. Despite these advances,
plasmid transfection efficiency was very low, with over 50% of
the DNA degraded in the lysosome [62]. Co-injection with
defective viral particles increased plasmid DNA delivery 500-
fold [54], highlighting the importance of endosomal escape in
ASGPR-mediated delivery, a rate-limiting issue that persists
today.

Improving the Chemical Design of siRNAs

In 2001, following up on the 1998 Nobel prize winning
work of Fire and Mello on RNAi in Caenorhabditis elegans
[63], work performed in Tuschl’s laboratory [64] demon-
strated the ability of synthetic siRNAs to modulate protein
expression in mammalian cells, including human cells.
siRNA therapeutics offer the promise of targeting previ-
ously undruggable disease genes, including transcription
factors and intractable oncogenes, such as MYC and KRAS.
Most impressively, the siRNA’s targeting sequence can be
pharmaco-evolved to target new mutations that appear in
recurrent cancer and influenza, thereby allowing the siRNA
drug to keep pace with the mutational rate [1].

Unlike ASOs, siRNAs remain inactive inside the cell until
loaded by transactivation responsive RNA-binding protein
(TRBP) into Argonaute (Ago2) where the passenger (sense)
strand is removed, leaving the guide (antisense) strand bound
to catalytic Ago2 [65]. Ago2 provides guide strand structural
context for the initial binding of the guide strand seed region
to the target mRNA [66,67], thereby dramatically lowering

the activation energy compared to a free antisense strand
oligonucleotide [68].

Despite RNAi’s promising therapeutic features, due to its
size (*14,000 Da) and 40 negatively charged phosphates,
siRNA RNAi therapeutics cannot enter cells on their own and
require a delivery agent [1–3]. Moreover, naked siRNAs are
rapidly degraded in blood by RNAses, cleared by the kidneys,
absorbed by liver scavenger receptors, and can activate the
innate immune TLR3/7/8, RIG-I, and MDA-5 systems [1–
3,5,69,70]. All these factors contribute to a poor drug profile
for siRNA, which must be addressed before the therapeutic
potential of siRNAs can be realized.

Traditional small molecule chemistry, manufacturing and
controls (CMC) optimization strategies fail to fully address
these limitations as siRNAs have several biological require-
ments for activity. First, TRBP contains three double-stranded
RNA binding domains that bind in a sequence-independent
manner to the minor groove of A-form, double stranded RNA
through contacts with the 2¢-OH, and charged phosphodiester
backbone with no direct contacts to any of the nucleobases
[71]. Consequently, modifications to the siRNA must maintain
the A-form structure, minor groove contacts, and charged
phosphodiester backbone.

Second, Ago2 binds the 5¢ terminal phosphate of the guide
strand through strong mid-domain binding with multiple in-
teractions along the phosphate backbone and 2¢-OH in the
central groove and PAZ-domain binding to the terminal 3¢-
OH [6,66,67]. Third, structural limitations of Ago2 require at
least 19 nucleotides for proper binding to both the mid and
PAZ domain, with shorter oligonucleotides resulting in sig-
nificantly reduced RNAi activity [72]. As a result, chemical
modifications to siRNAs must maintain or closely mimic the
properties of a double stranded A-form RNA with a charged
phosphodiester backbone and a guide strand of at least 19
nucleotides to maintain efficient RNAi activity.

Fortunately, the siRNA backbone is amenable to some types
of modifications to improve its stability and reduce activation
of the innate immune system. First, incorporation of 2¢-F and
2¢-OMe modifications greatly reduces the ability of RNAses to
degrade the siRNA. 2¢-F and 2¢-OMe closely mimic the bio-
physical properties of the 2¢-OH group and are highly tolerated
by TRBP and Ago [1]. In fact, most, if not all, siRNAs in
clinical trials today utilize fully 2¢ modified siRNAs [6,73].
However, care must be taken to prevent placement of a 2¢-OMe
modification on the passenger strand opposite the cleavage
position, which interferes with passenger strand cleavage and
loading into Ago2 [74]. 2¢ modifications also dramatically re-
duce the ability of TLR-3/7/8 to recognize the siRNA as a
foreign nucleic acid invader [5,6,75].

The shift from siRNAs with limited 2¢-modifications to
fully 2¢ modified siRNAs has resulted in a significant low-
ering of the dose curve. Second, similar to increasing the
stability of ASOs, placement of single or several phosphor-
othioates on the extreme 5¢ and 3¢ ends of each strand greatly
improves stability, potency, and durability of RNAi response
in vivo. Terminal phosphorothioates are also well tolerated
by TRBP as these locations lie outside of its minor groove
binding area [71]. Third, although siRNAs differ between
various groups, three general RNAi triggers have emerged:
(1) the classic 21/21 nucleotide passenger/guide template
with 19 base pairs and two 3¢ nucleotide overhangs, (2) 21/23
nucleotides with a blunt end on the 5¢ guide strand end and a
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two nucleotide 3¢ overhang on the opposite end, and (3) dicer
substrates that are longer with 26/28 nucleotides with a short
single-stranded nucleotide loop near the equivalent of the 5¢
end of the guide strand [3].

While all of siRNA modifications and structural variations
have resulted in improved RNAi responses, perhaps the most
significant contribution has been the fully 2¢ modification pat-
tern, which has primarily been driven by the chemists at Al-
nylam Pharmaceuticals. Initially they introduced their standard
template chemistry (STC), which replaced all of the 2¢-OHs
with an alternating 2¢-F and 2¢-OMe pattern [76]. This was
followed up with enhanced stability chemistry (ESC) [77] that
improved upon STC by increasing the overall 2¢-OMe content,
while decreasing the 2¢-F content (2¢-OMe are more stable than
2¢-F), as well as adding on two terminal phosphorothioates at
each 5¢ end of the passenger (STC only contained phosphor-
othioates on the 3¢ end of the guide strand) [78,79].

Direct comparisons between STC and ESC using several
siRNA sequences and targets showed a 5- to 10-fold higher
potency for ESC siRNAs versus STC siRNAs in vivo [7,80].
This work was followed by yet more refinement to generate
advanced ESC (or ESC+) in which the 2¢-F total content is
reduced to a mere 9–10 positions out of 44 with the rest being
2¢-OMe [81]. Importantly, 2¢-F must remain at key positions,
including position 2 on the guide strand and a short patch on
the passenger strand at the cleavage site. Together, these
modifications reduced the EC50 by an additional *8-fold and
perhaps, even more importantly, resulted in a much longer
duration of RNAi response [82]. Other modifications were also
investigated, including incorporation of DNA, LNA, 2¢-F-5¢-
methyl modifications, 5¢-vinylphosphonate (5¢-VP) [83,84],
AU pairing at the 5¢ end of the guide strand, and glycol nucleic
acid modifications within the seed region. One modification in
particular 5¢-VP has also been shown to increase potency of
modified siRNA 3- to 10-fold in vivo [83,84].

Combining the Pieces of the Puzzle to Develop
GalNAc-siRNA Conjugates

While chemical modifications have greatly stabilized siRNA
against RNases and innate immune responses, these modifi-
cations are still insufficient to deliver these large (14 kDa)
charged (40 phosphates) macromolecules across the lipid bi-
layer and into cytoplasm. Building on 50 years of ASGPR and
30+ years of galactose delivery studies, Monoharan’s group at
Alnylam [7,85] eloquently put together all the pieces of the
puzzle and conjugated tris-GalNAc to siRNAs to show that the
conjugate had significant RNAi activity in liver hepatocytes
in vivo [1–3]. Unlike complicated LNP formulations, GalNAc-
siRNA conjugates are a simpler, smaller, and compositionally
defined approach for hepatic delivery. A complete GalNAc-
siRNA can be synthesized on a solid-state oligonucleotide
synthesizer [86] and chemically defined by mass spectrometry.

Early work showed that GalNAc valency and positioning
played an important role in ASGPR targeting. In 1995, a
neoglycopeptide YEE(ah-GalNAc)3 was used as targeting li-
gand to deliver a short, neutral methylphosphonate 8-mer tester
oligonucleotide [57]. Linker length and sugar arrangement
continued to be optimized, when in 1999, Biessen’s laboratory
refined a tris-Galactoside structure that was used to deliver
lipids and ASOs [60,87]. Tris-GalNAc structure activity rela-
tionship looking at linker length and configurations was ex-

tensively interrogated using ASO and siRNA conjugates in the
early 2000s [88,89]. It was later shown that sequential conju-
gation of GalNAc sugars on nucleosidic linkages had similar
potency to tri-antennary GalNAc conjugates, allowing for
more flexible GalNAc delivery platforms [86,90,91]. The
GalNAc approach was subsequently shown to enhance hepa-
tocyte delivery of ASOs by *10-fold versus free ASOs in
preclinical models, resulting in a dramatic dose reduction [58].

The high number, rapid turnover, and recycling of ASGPR
receptors are thought to contribute to GalNAc delivery of
siRNAs. GalNAc-siRNA conjugates bind ASGPR and are
rapidly internalized into clathrin-coated endosomes (Fig. 1).
As the endosomal pH drops, the GalNAc-siRNA is released
from binding ASGPR. ASGPR is recycled back to the cell
surface, while the GalNAc-siRNA remains in the lumen of the
endosome. GalNAc is cleaved from the siRNA by endosomal
glycosidases by 1 h, and the linker arms are degraded by 4 h [58].

The vast majority of free siRNA remains trapped in the en-
dosome, while a very small amount (<1%) is able to traverse the
endosomal lipid bilayer membrane through an unknown mech-
anism to enter the cytoplasm and induce an RNAi response
(Fig. 1). In addition to the mystery of how the siRNA actually
escapes the endosome to enter the cytoplasm, which is the rate-
limiting step, it is unknown how increasing the 2¢-OMe content
increases the duration of the RNAi response. These mechanistic
details aside, together, GalNAc-siRNA and GalNAc-ASO con-
jugate delivery studies performed by many groups have shown
the exquisite superiority overall for this delivery approach.

Success of GalNAc-siRNA in Clinical Trials

The following three biotech companies are currently per-
forming clinical trials using GalNAc-siRNA conjugates:
Alnylam Pharmaceuticals, Arrowhead Pharmaceuticals, and
Dicerna Pharmaceuticals. While there were several signifi-
cant bumps early along the road, overall data from the next
generation RNAi triggers look nothing short of spectacular.

Alnylam currently has six GalNAc-siRNA conjugates in
clinical trials, including three phase III trials for wide variety
of liver hepatocyte diseases. Alnylam performed the first
GalNAc-siRNA conjugate clinical trials with Revusiran
(ALN-TTRsc), which targets the transthyretin (TTR) gene to
treat TTR-mediated amyloidosis (D2, D1-64, D1-65). Phase I
clinical trials administered subcutaneous single ascending
dose and multiple ascending dose (MAD) in a 2:1 drug to
placebo randomized patient population. However, 9 out of 19
MAD patients showed a dose independent elevation of liver
aspartate aminotransferase (AST) and/or alanine amino-
transferase (ALT) [92]. Levels of AST and ALT returned to
normal with continued dosing, and no antidrug antibodies
were observed in the MAD treatment group.

A phase II and open label extension (OLE) reported
*90% reduction of TTR serum levels after multiple dosing
with a sustained knockdown of TTR beyond 90 days in he-
reditary ATTR patients with cardiomyopathy [93,94]. Fol-
lowing a 12-month treatment, five of nine patients had met
the primary endpoint goal of a stable 6 min walk distance.
However, phase II OLE data revealed that 20% of Revusiran
treated patients experienced peripheral neuropathy, prompt-
ing Alnylam to request an ad hoc investigation of their on-
going phase III ENDEAVOUR study by a Data Monitoring
Committee (DMC) [95]. The DMC found an imbalance in
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mortality of 16 deaths in the Revusiran arm compared to 2
deaths in the placebo arm (2:1 drug to placebo patient dis-
tribution), leading Alnylam to discontinue all ongoing Re-
vusiran dosing on October 5, 2016. Ultimately, the DMC
found no conclusive evidence for drug related neuropathy,
but could not exclude the possibility of a drug related effect
on mortality in the ENDEAVOUR study [95].

Despite the discontinuation of Revusiran, the ionizable LNP
based sister product, Patisiran, targeting TTR has completed a
phase III APOLLO study, and continued long-term treatment
in a global OLE study demonstrates continued safety and ef-
ficacy of liver targeted TTR knockdown [96]. Patisiran will, in
all likelihood, become the first approved siRNA therapeutic.

Revusiran utilized the less stable STC backbone, which
required high and frequent dosing, resulting in extensive
patient exposure to the drug [95]. However, all subsequent
GalNAc-siRNA conjugate clinical trials use the much more
stable and more active ESC platform (see discussion above).
The follow on for TTR is ALN-TTRsc02 which has com-
pleted a phase I clinical trial. A randomized ascending fixed
dose (5–300 mg) in 80 healthy volunteers reported a maximum
mean TTR knockdown of 97% maintained over 320 days. No
Severe Adverse Events (SAEs) or study discontinuations due
to Adverse Events (AE) were reported; AEs remain high in
both arms (77% for ALN-TTRsc02 and 50% for placebo),
likely due to the nature of the TTR disease [97].

Due to the dramatically increased stability and duration of
RNAi responses by ESC siRNAs, ALN-TTRsc02 knock-
down of TTR supports a low dose of 25 mg/quarter to achieve
comparable knockdown by Patisiran (LNP delivery). The
projected dose for ALN-TTRsc02 represents an annualized
dose of 100 mg compared to 28 g for Revusiran. Alnylam has
reported the incidence of AE and SAE across their platform
as of 2016 and found low incidence of AE (15.2%) consisting
of mild transient injection site reactions, as well as a low in-
cidence (2.2%) of SAE consisting of mild, asymptomatic, and
reversible liver function test (LFT) increases >3-fold above
upper limit of normal [95]. Alnylam continues to see this SAE
across several of its RNAi drugs. Further advances in stability
chemistry that led to the ESC+ platform are expected to reduce
these SAEs. Alnylam has announced that its first ESC+ plat-
form candidate, ALN-AAT02, will enter clinical trials late
2018, with an anticipated further improvement in dosing and
safety profile expected over current ESC candidates [98].

Givosiran (ALN-AS1) [99,100] is a GalNAc-siRNA con-
jugate that targets the ALAS1 gene to treat acute hepatic
porphyria [101,102]. Givosiran has completed a phase I clin-
ical trial and is currently under both a phase I/II OLE and a
phase III ENVISION trial. Phase I clinical trial data revealed
no SAEs attributed to Givosiran with subcutaneous doses as
high as 5 mg/kg monthly. Patients dosed monthly compared to
quarterly with 2.5 mg/kg saw an enhanced lowering of target
biomarkers, aminolevulinic acid (ALA) and porphobilinogen
(PBG). Increasing the monthly dose to 5 mg/kg did not show
increased reduction of ALA and PBG levels. Monthly dosing
of 2.5 mg/kg led to an 83% reduction in annualized attack rate
(AAR) and 88% reduction in hemin use relative to placebo.

Preliminary results from an ongoing phase I/II OLE trial
using 2.5 mg/kg monthly injection reveal an enhanced clin-
ical activity in patients treated with Givosiran up to 22
months with increased reductions in AAR and hemin use of
93% and 94%, respectively. Patients who have crossed over

from the placebo arm have shown mean reductions in AAR
and hemin use greater than 90% compared to run-in and
placebo treatment periods. After a mean treatment period of
8.5 months, 7 of 16 patients in the OLE study have achieved
an AAR of zero compared to an AAR of 15.1 for the same
patients before treatment. A phase III clinical trial ENVI-
SION is enrolling and currently ongoing. Givosiran has
been granted Breakthrough Therapy designation by the U.S.
Food and Drug Administration (FDA), PRIME designation
by the European Medicines Agency, and orphan disease
designations in both the United States and EU [101,102].

Fitusiran (ALN-AT3sc) targets antithrombin 3 (AT3) for
the treatment of Hemophilia A and B [103,104]. Completion
of a phase I study showed no drug related SAEs and a re-
duction in AT of 70%–89% following monthly dosing of
0.225–1.8 mg/kg, resulting in peak thrombin levels within the
lower range of healthy participants [104]. A phase II OLE
study dosing patients for a maximum of 20 months and a
median of 11 months showed a reduction in AT of 80% with
only two drug related SAEs observed in patients with pre-
existing conditions [105].

In all patients who received Fitusiran, thrombin levels
remained at the lower end of normal for the duration of ob-
servation. Annualized bleeding rate (ABR) was zero in the
Fitusiran + inhibitor (factor VII or bypassing agents) group
compared to an ABR of 20 in the Fitusiran only group and an
ABR of 38 in the inhibitor only group [105]. Impressively,
48% of Fitusiran + inhibitor patients remained bleed free for
the duration of observation, and 67% of patients experienced
zero spontaneous bleeds. In a separate, smaller phase study,
patients receiving Fitusiran required reduced dosing of FVII
or bypassing agents for perioperative management following
dental work [103]. The ATLAS phase III study is currently
enrolling to further study Fitusiran’s safety and efficacy.

Inclisiran (ALN-PCSsc) [106,107] is a first-in-class
PCSK9 synthesis inhibitor for treating hypercholesterolemia.
Inclisiran completed a phase II ORION-1 study, which was
the largest randomized, placebo controlled study for an in-
vestigational RNAi therapeutic [95]. Patients were dosed
with 300 mg Inclisiran subcutaneously at day 1 and 90, which
resulted in a time averaged reduction in LDL cholesterol
(LDL-C) of 51% over the following 6-month period (day
90–270) [108,109]. No drug related differences in LFT were
observed between the Inclisiran and placebo arms [95].

Following these positive results, Alnylam is moving for-
ward with a phase III trial using a 300 mg maintenance dose
every 6 months following initial dosing [108,109]. In con-
trast, hypercholesterolemia patients currently taking statins
are required to dose every day versus Inclisiran’s anticipated
twice yearly dosing. Alnylam’s clinical pipeline also has two
early clinical trial GalNAc-siRNA conjugates. Lumasiran
(ALN-GO1) targets glycolate oxidase (GO) for treatment of
primary hyperoxaluria (PH) type 1 [110–112]. Cemdisiran
(ALN-CC5) targets complement component C5 (CC5) for
the treatment of complement-mediated disease [113].

Arrowhead Pharmaceuticals uses two types of GalNAc
conjugates. The first generation was a dynamic polyconjugate
(DPC) that utilized an endosomolytic peptide (butyl and
amino vinyl ether, PBAVE, or melittin) masked with GalNAc
through a pH sensitive carboxy dimethyl maleic anhydride
linkage [114,115]. The siRNA is conjugated to cholesterol
and is co-injected with the DPC as combination therapy. The
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cholesterol-siRNA forms a large aggregate (low-density li-
poprotein) in blood, which is transported to and taken up by
the liver, whereas the GalNAc-DPC is taken up specifically by
ASGPR in the liver. When both are present in the same en-
dosome, the GalNAc-DPC facilitates endosomal escape of the
cholesterol-siRNA conjugates [114,115].

Arrowhead’s lead compound into the clinics was ARC-520
along with a related ARC-521, which contained two siRNAs
targeting different regions in the X gene in Hepatitis-B in-
fection (HBV) [116,117]. ARC-520/521 has undergone
multiple phase I and phase II trials alone and in combination
with the antiviral entecavir [118]. However, in late 2016, the
FDA halted five ongoing clinical trials involving ARC-520
due to a NHP death in one of Arrowhead’s preclinical studies,
likely due to toxicity from the DPC [119]. Despite the termi-
nation of the clinical trials, results from the clinical trials showed
a rapid, six log suppression (>99.9%) of HBV DNA in all He-
patitis B e-antigen positive (HBeAg) treatment naive patients.

Treatment of HBeAg-negative naive patients reduced
HBV DNA below the limit of detection. Single dose treat-
ment of ARC-520 also inhibited covalently closed circular
(cccDNA)-derived mRNA expression and reduced viral
protein production by 99%. In addition, some patients de-
veloped and expressed antibodies against hepatitis B surface
antigen [117]. Despite the regulatory shutdown of the ARC-
520/521 clinical trials, Arrowhead showed that HBV is sus-
ceptible to RNAi therapeutics and gleaned a large volume of
clinical data on just how to best tackle HBV.

Arrowhead’s next generation delivery platform, called Tar-
geted RNAi Molecule (TRiM), removes the problematic active
endosomal escape agent (PBAVE, melittin) in favor of direct
conjugation of GalNAc targeting domains [120]. While the
exact nature of the TRiM siRNAs has not been made pub-
lic, Arrowhead reports that numerous tailor design chem-
istries have been incorporated to generate highly robust
RNAi triggers. Building off of their prior RNAi clinical
experience, ARO-HBV targets both the X gene and the S
gene. Importantly, the X gene targeting sequence is present on
all integrated forms of HBV, whereas the ARC-520 siRNAs
did not.

Using multiple sequence targets present on both cccDNA
and integrated HBV, ARO-HBV reduces the opportunity for
HBV to develop resistance to the RNAi therapeutics and al-
lows the drug to tackle both forms of the virus [120], which is
critical for achieving a cure. Arrowhead has begun recruiting
patients for phase I/II clinical trials for ARO-HBV. Arrowhead
also has begun recruitment for a phase I clinical trial involving
ARO-AAT to treat alpha-1 antitrypsin (AAT) related liver
disease by knocking down the mutant AAT gene [121]. In
addition, Arrowhead has several preclinical GalNAc TRiM
programs moving toward the clinics in 2018/2019.

Dicerna Pharmaceuticals has developed a proprietary
GalNAc delivery platform that differs from both Alnylam and
Arrowhead. Dicerna’s GalXC technology utilizes an altered
siRNA structure and tetra-antennary GalNAc, rather than the
more widely used tri-antennary pattern [122]. Monomeric
GalNAcs are covalently linked to four nucleotides on the
single stranded loop of their dicer substrate siRNAs [122]. The
Guide strand is annealed to this altered passenger strand
forming a mature GalNAc-dicer substrate siRNA conjugate
containing a nick at the 5¢ end of the guide strand separating it
from the looped passenger strand sequence. This approach

provides a simple ‘‘on column’’ oligo manufacturing with
proper orientation of the four GalNAc ligands. Using this
GalXC platform, Dicerna has developed several preclinical
candidates with one, DCR-PHXC, advancing to phase I clin-
ical trials for the treatment of PH. Dicerna also has multiple
GalNAc-siRNA conjugates in preclinical development.

Conclusions

The discovery of ASGPR by Ashwell and Morell over 50
years ago provided a treasure trove for the treatment of human
disease. GalNAc represents a powerful, long-lasting, and low
toxicity approach for the delivery of a diverse array of cargos,
including RNAi triggers and ASOs. Current clinical trials
show significant progress toward safe and efficacious treat-
ments with patient dosing far less frequent than conventional
small molecule therapies, which for hypercholesteremia is twice
yearly versus daily. It is now fair to state that siRNA delivery to
liver hepatocytes has been solved. However, this would not be
so if it were not for 50 years of nucleic acid chemistry that has
been applied to siRNAs to increase stability, potency, duration
of response, and avoidance of the innate immune system.

Unlike new small molecule therapeutics where one is
concerned about Pharmacokinetics (PK), Pharmacodynamics
(PD), toxicology, and validating the right target for the dis-
ease, the only relevant question for new GalNAc-siRNA
conjugates is have you chosen the right target gene, because
knocking it down is a given as is a consistent PK. While the
lessons learned in siRNA design chemistries will be appli-
cable to extrahepatic delivery approaches, unfortunately,
ASGPR appears to be a one of a kind miracle for delivery.
GalNAc-siRNA conjugates escape the endosome in an un-
known and rate-limiting mechanism that may be prohibi-
tively infrequent in systems lacking the high receptor number
and rapid turnover that is seen with ASGPR. Consequently,
just like plastics in the 1960s [123], solving the endosomal
escape problem—that’s the future!
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