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Improving siRNA Delivery In Vivo Through Lipid Conjugation
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RNA interference (RNAi)-based therapeutics are approaching clinical approval for genetically defined diseases.
Current clinical success is a result of significant innovations in the development of chemical architectures that
support sustained, multi-month efficacy in vivo following a single administration. Conjugate-mediated delivery
has established itself as the most promising platform for safe and targeted small interfering RNA (siRNA)
delivery. Lipophilic conjugates represent a major class of modifications that improve siRNA pharmacokinetics
and enable efficacy in a broad range of tissues. Here, we review current literature and define key features and
limitations of this approach for in vivo modulation of gene expression.

Keywords: siRNA, lipid conjugation, delivery

Introduction

O LIGONUCLEOTIDE DRUGS HOLD tremendous promise to
treat genetically defined diseases inaccessible to con-
ventional small molecule and antibody-based therapies. The
primary challenge facing the clinical development of small
interfering RNAs (siRNA) has been overcoming barriers
thatimpede in vivo delivery. siRNAs are large, polyanionic
macromolecules with intrinsically poor pharmacological
properties. Unmodified siRNAs have a half-life of less than
5 min in circulation, and they do not permeate intact cel-
lular membranes. Both nanoscale and molecular-scale
delivery strategies have been employed to surmount these
limitations.

Lipid- and polymer-based nanoparticles prolong circula-
tion time, stability, and bioavailability of siRNAs in vivo
(reviewed in [1]). A lipid-formulated siRNA will likely be the
first drug in this class to receive FDA approval (www.
alnylam.com). However, nanoparticle-based delivery is typ-
ically limited to clearance organs with fenestrated or dis-
continuous endothelium (e.g., liver, spleen, and certain
tumors) and may necessitate intravenous (IV) administration
[2]. Molecular-scale delivery of siRNAs conjugated to small
ligands, carbohydrates, cell-penetrating peptides, aptamers,
or lipids offers a simple and effective alternative to carrier-
based methods. The most clinically advanced siRNA conju-
gate is a trivalent N-acetylgalactosamine (GalNAc)-siRNA,
which binds with high selectivity to the asialoglycoprotein
receptor on hepatocytes. GalNAc-siRNAs trigger potent and
durable (6-9 month) gene silencing in patients ([3], reviewed
in [4]). The second widely used class of molecular siRNA
conjugates are lipids, which greatly enhance circulation time

and promote local and systemic delivery and efficacy. The
goal of this review is to identify the key characteristics, fac-
tors, and limitations of lipophilic siRNAs as an approach for
in vivo delivery.

Cholesterol conjugation promotes siRNA delivery
and distribution in vivo

One of the most well-studied lipid moieties enabling effi-
cient cellular and tissue delivery following direct oligonu-
cleotide conjugation is cholesterol. Cholesterol constitutes
15%-30% of cellular membranes [5] and spontaneously in-
tercalates into lipid membranes upon co-incubation with
cells, fulfilling its biological role of supporting membrane
structure and fluidity [6]. There are two primary mechanisms
by which cholesterol conjugation promotes siRNA uptake. In
the first, the cholesterol conjugate intercalates into the plasma
membrane and oligonucleotide is internalized by endocyto-
sis. In the second, the cholesterol conjugate binds circulating
plasma lipoproteins and siRNA uptake is driven by interac-
tions with lipoprotein receptors [7]. In vitro, cholesterol-
conjugated siRNA is rapidly internalized—within seconds of
exposure—by any cell type via EEA1-associated endocytosis
[8]. Because internalization is rapid and only partially in-
hibited by serum, it is likely dominated by direct membrane
incorporation. These features positioned cholesterol-
conjugated siRNAs as ideal candidates for local in vivo de-
livery, particularly to the skin [9-11], eye [12,13], and brain
parenchyma [14—16]. Rapid membrane association and up-
take upon local administration in vivo typically leads to re-
stricted distribution from the site of injection (e.g., >1 cm in
mouse striatum) [16].
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Cholesterol was the first reported conjugate to be used for
systemic delivery of siRNA [17]. This study showed that
cholesterol conjugation dramatically improved the pharma-
cokinetic parameters of siRNA, including half-life and bio-
availability in serum. Cholesterol-conjugated siRNAs were
hypothesized to target the liver due to its discontinuous,
fenestrated endothelium, and to the high capacity for hepa-
tocytes to internalize cholesterol in native lipid trafficking
pathways [17]. However, cholesterol and other lipid-
conjugated oligonucleotides were subsequently discovered to
bind circulating lipoproteins, for example, low density lipo-
protein (LDL), and their uptake by hepatocytes in vivo was
found to depend on LDL receptor expression [18].

Several cholesterol-conjugated siRNAs have advanced
to clinical evaluation. RXi Pharmaceuticals’ cholesterol-
conjugated siRNA RXI-109 was evaluated in several Phase 11
clinical studies (www.rxipharma.com/technology/rxi-109)
for its ability to reduce hypertrophic scarring. RXI-109 targets
connective tissue growth factor, a key regulator of cellular
pathways related to fibrosis. RXI-109 was also evaluated in a
Phase I/Il trial in the eyes of age-related macular degeneration
patients at risk for subretinal fibrosis. Arrowhead Pharma-
ceuticals used cholesterol-conjugated oligonucleotides to
target the liver to treat hepatitis B. In this case, cholesterol-
conjugated siRNAs were co-administrated with a polymeric
carrier that enhanced endosomal release and in vivo potency
[19]. This trial was later discontinued when the cationic for-
mulation alone was found to cause toxicity in non-human
primates. We have summarized the main published in vivo
work on the local and systemic delivery of cholesterol-
conjugate siRNAs in Table 1.

Impact of siRNA chemical architecture on lipid
conjugate-mediated delivery

Although cholesterol conjugation broadly promotes cel-
lular internalization, the nucleic acid modifications also sig-
nificantly affect the overall efficacy of siRNA in vivo. The
relative potency, safety, and duration of conjugated siRNAs
are predominantly dictated by the chemical architecture and
siRNA stabilization strategy (Table 1). Because most early
studies were performed using minimally modified siRNAs,
high doses or repetitive/continuous administration was nec-
essary to achieve silencing with a relatively limited duration
of effect. Recently, fully chemically stabilized siRNA scaf-
folds that are compatible with Ago2 loading (and assembly of
the RNA-induced silencing complex) have allowed durable
silencing by a single, bolus injection of lipid-conjugated
siRNAs.

Completely unmodified siRNAs are rapidly degraded in
serum by endo- and exonucleases. A wide variety of chemical
modifications to the phosphodiester backbone and ribose
have been explored to protect siRNAs from nucleases (re-
viewed in [20]; Fig. 1). Early studies of lipid conjugate-
mediated delivery in vivo used siRNA scaffolds that were
minimally modified with terminal phosphorothioate (PS) and
2’-0-methyl modifications to shield the 3’ single-stranded
overhang. In these studies, repetitive, high doses (cumula-
tively 150 mg/kg delivered over 3 days) were required to
silence ApoB in liver and jejunum of mice [17], but limited
potency blocked progression toward clinical development.
Nevertheless, this work provided a critical proof-of-concept
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for the use of lipophilic conjugates for in vivo delivery.
Subsequent research on lipid conjugation utilized siRNAs
where all pyrimidine nucleotides were modified with 2’-O-
methyl or 2’-fluoro [21]. In one case, a single high-dose injection
(50 mg/kg) was sufficient to induce ~50% gene silencing in
the liver using either cholesterol or the saturated fatty acid
docosanoic acid (DCA) as the conjugate [18].

It is now clear that the defining factor that limits siRNA
potency—regardless of the nature of the conjugate—is siRNA
stability. Indeed, a direct comparison of fully modified (all
ribose 2’-OH substituted) versus partially modified (~60% of
ribose 2’-OH substituted) siRNA revealed that total 2’-OH
substitution improved oligonucleotide stability, tissue ac-
cumulation, and efficacy by several orders of magnitude
following a single 10 mg/kg dose [22]. Furthermore, a fully
stabilized siRNA scaffold permitted extrahepatic siRNA
delivery, resulting in moderate levels of accumulation in the
kidney, spleen, and heart, among other tissues [23]. These
levels of accumulation reach the threshold required for si-
lencing activity. For instance, administration of 50 mg/kg of
a cholesterol-conjugated, metabolically stabilized siRNA
resulted in >90% myostatin silencing in the muscle that per-
sisted for 3 weeks [24]. Similar durations of effect have been
noted for liver and kidney [25]. In contrast, the efficacy of
partially modified siRNAs in vivo is typically limited to several
days postinjection (Table 1).

Iterative improvements continue to be made to the siRNA
architecture to enhance siRNA efficacy and reduce immu-
nogenicity. Based on structural analysis of siRNA-loaded
Ago2 and the requirement for a 5’-phosphate to anchor the
siRNA guide strand in Ago2 [26], the 5’-phosphate of siRNA
guide has been replaced with the stable analog, 5'-
vinylphosphonate. This modification enhances siRNA accu-
mulation, silencing activity, and duration of effect in multiple
organs, including heart, where systemically administered
siRNAs had not been detected [25, 27-30]. Combining
modification strategies—for example, complete elimination
of the ribose 2’-OH, stabilization of the phosphodiester
backbone, and incorporation of 5° guide strand phosphate
analogs—will likely become a prerequisite for future clinical
development of lipophilic siRNA drugs [25,29,30].

Another interesting consideration is oligonucleotide
structure. To date, lipophilic conjugates have been used for
delivery of both single- and double-stranded RNAs, includ-
ing siRNAs (reviewed in Table 1), Dicer substrates [31,32],
single-stranded siRNAs [33], antisense oligonucleotides
(ASOs) [34], and asymmetric siRNAs [16,25,35,36]. Single-
stranded RNAs are inherently less stable than duplex RNAs.
Substituting the phosphodiester linkage with PS is the simplest
modification to resist hydrolysis and increase oligonucleotide
half-life both in vitro and in vivo [37]. PS modifications have
therefore become an essential chemistry in oligonucleotide
delivery [38]. Indeed, they are perhaps most responsible for
in vivo efficacy of ASOs [39]. For unconjugated ASOs, a
minimum of ~ 14 PS linkages are believed necessary to
promote plasma protein binding and liver deposition [33]. In
contrast, uniformly PS-modified siRNAs show reduced ac-
tivity compared to unmodified siRNAs, presumably due to
interference with Ago2 loading [40,41]. However, as few as
6-8 terminal PS linkages are sufficient for increased siRNA
stability, uptake, and efficacy in tissues such as the kidney
(Osborn, Khvorova, unpublished data). To date, most published
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Metabolically stabilized siRNA scaffold
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FIG. 1. Architecture, chemical modifications, and systemic distribution of metabolically stabilized lipid-siRNA conju-
gates. Upper panel: a fully chemically modified siRNA scaffold, depicting a 2" overhang at the 3" end of the antisense
(guide) strand and the lipid conjugate at the 3" end of the sense (passenger) strand. Middle panel: chemical structures of
biologically occurring lipids commonly used as siRNA conjugates in vivo. Lower panel: representative fluorescence
microscopy of Cy3-labeled, lipid-conjugated siRNA accumulation in a variety of tissues following a single SC (for kidney,
liver, lung, bone marrow, muscle; 20 mg/kg) or intracerebroventricular (for brain; 40 nmol) injection in wild-type female
mice (Osborn, Khvorova, unpublished data). SC, subcutaneous; siRNA, small interfering RNA.
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studies reporting the distribution and efficacy of lipophilic
siRNAs use scaffolds that contain multiple PS bonds, either
in the context of single-stranded or base-paired regions
(Table 1).

In addition to enhancing siRNA stability, PS modifications
likely contribute to oligonucleotide delivery by providing an
additional anchor for membrane binding and cellular inter-
nalization (ref). How PS linkages promote uptake are un-
known, but binding to serum proteins or cell surface receptors
(e.g., ASGPR) presumably contribute to cellular internali-
zation [42]. Stabilizing the backbone and 5’ phosphate of
GalNAc-siRNAs (via PS bonds and 5’-vinylphosphonate)
together significantly enhances siRNA retention in the liver
[28]. We recently compared the systemic distribution of PS-
modified siRNAs with different structures. As a general rule,
the presence of PS modifications markedly enhances lipid-
conjugated siRNA accumulation in tissues. For instance, we
observe that in the presence of a PS-modified, single-stranded
overhang, lipid-conjugated siRNA uptake into liver hepato-
cytes is increased >10-fold (Osborn et al., 2018, manuscript
submitted). A detailed understanding of how PS linkages and
RNA structure promote uptake will allow optimization of
conjugate-mediated delivery.

Impact of lipid conjugation on siRNA distribution,
efficacy, and safety

Although cholesterol has been extensively explored as a
ligand for promoting oligonucleotide delivery, recent studies
have shown that a wide variety of lipids affect siRNA phar-
macokinetics, many with improved safety profiles (Biscans
et al., 2018, manuscript submitted). The chemical composi-
tions of lipophilic conjugates dramatically influence siRNA
clearance kinetics [43]. Compared to unconjugated siRNA, for
example, a diacyl lipid conjugate resulted in six to ninefold
increases in circulation half-life and siRNA bioavailability
[44]. A direct comparison between cholesterol (more hydro-
phobic) and phosphatidylcholine-docosahexanoic acid (DHA;
less hydrophobic) revealed that cholesterol-modified siRNAs
have approximately twofold longer terminal elimination half-
life following subcutaneous (SC) or IV injection. However,
after SC administration, the time to maximum blood concen-
tration was much faster for phosphatidylcholine-DHA (15 min)
than cholesterol (2-3h). This is likely due to cholesterol-
siRNA accumulation in the skin around the injection site [43].

Altering the nature of the lipid conjugate also profoundly
affects tissue distribution [18,33]. One rationale for this ob-
servation is that the structure and physicochemical properties
of the lipid conjugate largely define protein binding capacity
in circulation. For instance, in the context of lipid-conjugated
asymmetric siRNAs, highly hydrophobic lipids (e.g., cho-
lesterol, DCA) promote association with LDL, while less
hydrophobic lipids (e.g., DHA) predominantly associate with
high-density lipoprotein (HDL) or albumin (Osborn et al.,
2018, manuscript submitted). Protein or lipoprotein association
drives tissue-specific internalization via recognition by cell
surface receptors. It is important to note that although lipid
conjugation increases siRNA-albumin binding in vitro, albu-
min association may not persist in vivo in the presence of
higher affinity, competing chaperones, such as LDL and HDL.

While lipid conjugation enables siRNA uptake by a variety
of tissues, the concentration required to induce RNA interfer-
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ence (RNAi)-mediated gene silencing is tissue- and conjugate-
specific. As much as 50-100ng/mg siRNA is necessary for
efficacy in the kidney, while as little as 1-2 ng/mg in sufficient
in muscle and fat (Biscans et al., 2018, manuscript submitted).
This supports the hypothesis that both ‘“productive’ and ‘‘non-
productive’” oligonucleotide uptake pathways exist, although
the molecular players in each pathway have yet to be defined
[42]. For instance, a-tocopherol-siRNA was active against
ApoB in the liver at a concentration as low as 2 mg/kg, yet
cholesterol-siRNA was inactive at that dose [45]. Similarly,
following equimolar (10 mg/kg) administration of GalNAc- or
cholesterol-conjugated siRNA, cholesterol-siRNA accumu-
lated to higher levels in the liver, but GalNAc-siRNA was more
potent (Osborn, Khvorova, unpublished data). While the un-
derlying mechanism is still under investigation, the nature of
the conjugate clearly determines siRNA bioavailability.

In addition to driving siRNA clearance kinetics and tissue
tropism, lipid conjugates directly impact oligonucleotide
safety profile. Acute toxicity following local administration
of highly hydrophobic lipid-siRNA conjugates has been re-
ported in the central nervous system [35]. Whereas in-
traparenchymal injection of up to 200 pg (limit of solubility)
fully chemically stabilized DHA-conjugated siRNAs showed
no evidence of neuronal toxicity or innate immune activation,
as little as 25 pg cholesterol-conjugated siRNA induced
significant neuronal death. In the brain, exceedingly high
local concentrations of cholesterol-siRNA likely disturb
membrane potential and activate glial cells. RNA stability
also contributed to the observed toxicity of the fully stabi-
lized cholesterol-conjugated siRNA: when cholesterol is
conjugated to a partially modified siRNA, a 25 pg dose is safe
and well tolerated [16].

The maximum tolerated dose and therapeutic index for
DHA-conjugated siRNAs is also much higher than that of
cholesterol-conjugated siRNA when administered systemi-
cally (Turanov et al, 2018, manuscript in preparation).
Systemic administration of 100-200 mg/kg DHA-conjugated
siRNA were well tolerated, but at the same dose, cholesterol-
conjugated siRNA triggered detectable cytokine activation.
How and why do cholesterol-siRNA conjugates stimulate an
innate immune response? One theory may relate to the de-
position of cholesterol-conjugated siRNAs in monocytes that
reside in spleen and bone marrow (Coles, Khvorova, un-
published data). Indeed, lipid conjugates that show poor
uptake by monocytes in vivo exhibit lower levels of cytokine
activation (Turanov et al., 2018, manuscript in preparation).

Future of lipid conjugate mediated siRNA delivery

GalNAc conjugation, when used in conjunction with a fully
chemically stabilized siRNA scaffold, has solved the quan-
dary of targeted delivery to liver hepatocytes [22]. The clin-
ical development of GalNAc-siRNA conjugates has been
reviewed extensively, and as low as 2-5 mg/kg is sufficient to
silence liver-expressed genes for up to 6 months in the clinic
[3,46]. There are over 15 clinical trials relying on this delivery
concept for a variety of nucleic acid drugs (ASOs, siRNAs,
and microRNAs). Though highly potent and clinically con-
venient (defined by ease of manufacturing, SC administration,
long duration of effect, saline formulation, and long shelf life),
the GalNAc-siRNA platform is limited to one cell type—
hepatocytes. Lipid conjugation supports a much broader
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therapeutic distribution, and co-optimization of the siRNA
scaffold and lipid conjugate has enabled functional delivery
to liver, kidneys, lung, heart, muscle, spleen, and adipose
tissue after a single injection.

Though lipid conjugation is a potentially transformative
strategy for functional genomics and therapeutic interven-
tion, the approach has several major caveats. Delivery is not
tissue- or cell type-specific, and a significant fraction of the
injected dose will be delivered to primary clearance tissues,
including liver, kidney, and spleen. Thus, for clinical utility,
target selection is a critical parameter. Ideally, lipid-
conjugated siRNAs should be generated against disease-
causing genes whose expression is limited to a targetable
disease tissue or whose silencing in normal tissue is well
tolerated. This is not an insurmountable task. For example,
lipid-conjugated siRNAs efficiently reach the placenta (>8%
of injected dose) to silence soluble fms-like tyrosine kinase 1
(sFltl), the primary cause of preeclampsia. As the placenta is
responsible for sFlt1 production in pregnant animals, sFltl
silencing in the liver and kidney is well tolerated and does not
contribute to disease progression (Turanov et al., 2018, under
review). There are other targets that are only expressed in the
affected tissues, including double homeobox 4 (DUX4) in
muscular dystrophy [47]. Thus, lipophilic conjugates can be
broadly used to modulate gene expression, provided that the
target and clinical indication are carefully considered and
matched to the lipid conjugate pharmacological and safety
profiles.

Another interesting area of application for lipophilic con-
jugates is tumor delivery following local or systemic injection.
Despite being a major limitation for use in neurodegenerative
disorders, the restricted diffusion and resultant toxicity of
cholesterol-siRNAs could be an advantage for local tumor
treatment. Cholesterol-conjugated siRNAs broadly penetrate
and induce >90% gene silencing in orthotopic glioma brain
tumors (Osborn, Coles et al., 2018, in press). Lipid-modified
siRNAs and ASOs have also been successfully used to reach
implanted tumors after systemic administration [36,44]. Can-
cer immunotherapy is a burgeoning field that may benefit
greatly from advances in lipid-siRNA conjugation and tu-
mor delivery.

For lipid nanoparticle-based siRNA delivery, a consider-
able and concerted effort over several years yielded chemical
formulations that improved efficacy by several orders of
magnitude [2]. We predict that a similar degree of combi-
natorial chemistry will be required to achieve the same results
for lipid-conjugated oligonucleotides. Naturally, overall
distribution will be driven by protein binding properties and
restricted to currently targetable tissues. However, further
chemical engineering will likely improve the efficiency of
endosomal escape, the primary factor limiting siRNA bio-
availability [48].

Lipid conjugate-mediated delivery of other classes
of oligonucleotides

We have focused this review on the use of lipophilic
modification (i.e., ‘“‘hydrophobization’’) to improve siRNA
delivery in vivo. Although we have provided extensive evi-
dence that the chemical architecture of the nucleic acid in
question contributes to pharmacokinetic behavior, general
trends remain consistent. Therefore, the concept of lipid
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conjugation for nucleic acid delivery represents an area
worth further exploration. Indeed, ligand-conjugated anti-
sense (LICA) technology comprises the next frontier of ASO
development, with conjugates ranging from sugars (e.g.,
GalNAc, [42,49]) to peptides [50-52], and lipids [33,53].
While our current understanding of the impact of lipid con-
jugation on nucleic acid delivery is limited to siRNAs and
ASOs, these fundamental discoveries will likely be appli-
cable during future clinical development of other oligonu-
cleotide classes, including aptamers, messenger RNAs, and
CRISPR components.
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