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Recently developed lipid nanoparticle (LNP) formulations of siRNA have proven to be effective agents for hepa-
tocyte gene silencing following intravenous administration with at least three LNP-siRNA formulations in clinical
trials. The aim of this work was to develop LNP-siRNA systems for hepatocyte gene silencing that can be admin-
istered subcutaneously (s.c.). Three parameters were investigated, namely LNP size, residence time of the poly-
ethylene glycol (PEG)-lipid coating and the influence of hepatocyte-specific targeting ligands. LNP sizes were
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Li??: iranoparticles varied over the range of 30 to 115 nm in diameter and PEG-lipid that dissociates rapidly (PEG-DMG) and slowly
Liposomes (PEG-DSG) were employed. In mice, results show that large (~80 nm) LNP exhibited limited accumulation in the
siRNA liver and poor Factor VII (FVII) gene silencing at 1 mg siRNA/kg body weight. Conversely, small (~30 nm) LNP
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systems showed maximal liver accumulation yet still had minimal activity. Interestingly, intermediate size
(~45 nm) LNP containing PEG-DSG exhibited nearly equivalent liver accumulation as the smaller systems follow-
ing s.c. administration but reduced FVII levels by 80% at 1 mg siRNA/kg body weight. Smaller systems (~35 nm
diameter) containing either PEG-DMG or PEG-DSG were less active; however addition of 0.5 mol.% of a
GalNAC-PEG lipid to these smaller systems improved activity to levels similar to that observed for the ~45 nm
diameter systems. In summary, this work shows that appropriately designed LNP-siRNA systems can result in ef-
fective hepatocyte gene silencing following s.c administration.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recent advances in lipid nanoparticle (LNP) systems for in vivo de-
livery of short-interfering RNA (siRNA) have dramatically improved
the potency of siRNA-mediated gene silencing and are undergoing
clinical development for the treatment of hypercholesterolemia,
transthyretin-mediated amyloidosis and liver cancer [1-3]. Current
LNP-siRNA formulations are optimized for activity in the liver after in-
travenous (i.v.) administration; however there are compelling reasons
to develop LNP-siRNA that can be administered subcutaneously (s.c.).
These include the potential for self-administration, a prolonged thera-
peutic window due to a depot effect and access to cell types that are
in contact with the lymphatic system, such as immune cells, in addition
to tissues available through the circulation. In order to reach distal tis-
sues beyond the local lymph nodes, LNP must drain from the site of in-
jection to the lymphatic system and subsequently enter the arterial
circulation [4]. Particle size and polyethylene glycol (PEG) shielding of
the LNP influence the drainage and circulation behaviour of s.c. admin-
istered liposomes [5-7]. For example, liposomes larger than 120 nm in
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diameter were unable to enter the blood compartment whereas those
of 40 nm drained almost completely from the injection site and exhib-
ited the lowest regional lymph nodes accumulation [5,6].

Recently, we have developed a microfluidics-based formulation
process that permits the straightforward, scalable production of LNP
systems over the size range of 20-100 nm in diameter [8-10]. The
microfluidic mixing represents a “bottom up” process whereby lipid
in ethanol is mixed with aqueous media on a millisecond timescale.
The rapid mixing and consequent rapid rise in polarity cause the most
hydrophobic components to fall out of solution first, which then act as
nucleation sites for subsequent deposition of more polar lipid compo-
nents [10]. In the case of triolein and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) mixtures, for example, the hydrophobic
triolein falls out of solution first to be subsequently coated by the
more polar POPC [9]. By changing the ratio of surface lipid (POPC) to
core lipid (triolein), LNP with sizes over the range of 20-100 nm can
be readily generated. These systems are “limit size” in the sense that
they are the smallest possible systems that are compatible with the mo-
lecular makeup of the particle.

Similarly, for LNP-siRNA systems, the hydrophobic nucleation site is
represented by an inverted micelle formed from association of cationic
lipid with the negatively charged siRNA. This is followed by deposition
of more polar lipids such as 1,2-distearoyl-sn-glycero-3-phosphocholine
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(DSPC) and PEG-conjugated lipid (PEG-lipid) as the polarity of the media
is increased further [10].

Because the area per molecule at the lipid—-water interface is much
larger for a PEG-lipid as compared to DSPC (~26 nm? vs 0.6 nm?, see
[8]) the LNP size is effectively determined by the PEG-lipid to core
lipid ratio where the core lipid can be approximated as all the non-
PEG lipid in the formulation. Therefore, the proportion of PEG-lipid
provides an effective method of regulating LNP-siRNA size, a parameter
that may strongly influence gene silencing potency following s.c admin-
istration. Here, by varying the PEG-lipid content from 5 mol.% to
0.25 mol.%, we generate LNP-siRNA systems over the size range of
30-115 nm.

Another parameter that may dramatically influence potency is the
rate at which the PEG-lipid dissociates from the LNP following in vivo
administration. As shown previously [11], PEG-lipids with short acyl
chain anchors (e.g. 14-carbon (C;4)) dissociate rapidly following injec-
tion with a desorption rate of ~45 %/h. In contrast, PEG-lipids with
18-carbon (Cyg) acyl chain anchors have a desorption rate of less than
1 %/h. The desorption rate is an important variable in that the PEG-
lipid coating determines the circulation lifetime by reducing interac-
tions with and uptake by cells in the body. Thus a PEG-C;g (or PEG-
DSG) coating gives rise to long circulation lifetimes in vivo; however
the presence of the PEG-coating prevents uptake by target cells such
as hepatocytes and thus compromises gene silencing. Conversely, a
PEG-Cy4 (or PEG-DMG) coating that rapidly dissociates promotes LNP
association with apolipoproteins such as apolipoprotein E (ApoE) that
directly facilitates uptake into hepatocytes via the scavenging and LDL
receptor pathway [12-14], resulting in a short lifetime in the circulation.
Therefore, the design of LNP-siRNA systems for s.c. administration rep-
resents an interesting design problem where a more stable PEG-coating
that may be required to allow diffusion from the site of injection could
inhibit hepatocyte uptake following arrival in the liver.

As a potential strategy to address this dilemma, a final variable
that is considered here involves the use of an N-acetylgalactosamine
conjugated PEG-lipid (GalNAc-PEG) as a targeting lipid. GalNAc binds
to the asialoglycoprotein receptor found on hepatocytes and induces
clathrin-mediated endocytosis [15-18]. For LNP-siRNA systems con-
taining PEG-lipids with long residence times, such a ligand may be ex-
pected to assist in hepatocyte-specific LNP uptake. The question then
becomes whether such improved uptake results in a material improve-
ment over the uptake and gene silencing resulting from a system with a
PEG-lipid shield that dissociates thus allowing the association of serum
proteins such as ApoE that promote hepatocyte uptake.

We show in this work that although smaller LNP in the 30 nm size
range drain rapidly from the site of s.c injection resulting in relatively
high levels in the blood and liver, they exhibit limited gene silencing po-
tency. Conversely, larger systems in the 80 nm size range with rapidly
dissociating PEG-DMG do not drain adequately, resulting in limited
liver accumulation and gene silencing potency. However, LNP-siRNA
systems in the 45 nm size range containing slowly dissociating PEG-
lipid represent reasonably potent systems. Interestingly, the potency
of the 45 nm systems is not further improved by the addition of GalNAc
targeting ligand. However, smaller systems that exhibited enhanced
drainage from the injection site and liver accumulation showed im-
proved potency with GalNAc-PEG.

2. Methods
2.1. Materials

3-(Dimethylamino)propyl(12Z,15Z)-3-[(9Z,12Z)-octadeca-9,12-
dien-1-yl]henicosa-12,15-dienoate (DMAP-BLP) [19], (R)-2,3-bis
(octadecyloxy)propyl-1-(methoxy poly(ethylene glycol)2000)
carbamate (PEG-DMG) [20], (R)-2,3-bis(stearyloxy)propyl-1-
(methoxy poly(ethylene glycol)2000 carbamate (PEG-DSG) and
N-acetylgalactosamine cluster conjugated PEG-DSG (GalNAc-PEG)

were provided by Alnylam Pharmaceuticals. 1,2-Distearoyl-sn-
glycero-3-phosphocholine (DSPC) was purchased from Avanti Polar
Lipids (Alabaster, AL) and cholesterol was purchased from Sigma-
Aldrich (St. Louis, MO). The sense and antisense strand sequences
of siRNA against Factor VII (siFVII) are 5'-GGAucAucucAAGUcUuAcT*T-
3" and 5’-GuAAGAcuuGAGAuGAuccT*T-3, respectively [20-22]. 2’-
Fluoro-modified nucleotides are represented in lower case and phos-
phorothioate linkages are represented by asterisks. siRNAs were pro-
vided by Alnylam Pharmaceuticals.

2.2. Preparation of lipid nanoparticle-siRNA by microfluidic mixing

DMAP-BLP, DSPC, cholesterol and PEG-DMG were dissolved in etha-
nol at the mole ratio of 50:10:(39.75 — x):(0.25 + x), respectively
where the quantity of cholesterol and PEG-DMG are altered accordingly
to £ x. siRNA solutions were prepared in 25 mM acetate buffer at
pH 4.0. The lipid concentration in ethanol was maintained at 20 mM
while the siRNA was at a concentration of 0.37 mg/mL. Lipids
and siRNA solutions were then injected into the microfluidic mixer pro-
vided by Precision Nanosystems (Vancouver, BC) at a 1:3 volume re-
spectively with a combined final flow rate of 4 mL/min (1 mL/min
ethanol, 3 mL/min aqueous). The LNP-siRNA mixtures were immedi-
ately dialyzed against a pH 6.7 buffer containing 50 mM MES and
50 mM citrate followed by phosphate buffered saline overnight (12-
14 kD MWCO dialysis tubing, Spectrum Labs, Rancho Dominguez, CA).
LNP-siRNA were then filtered through a 0.2 pm filter (Pall, Ville St.
Laurent, Quebec) and concentrated to approximately 1 mg/mL siRNA
using Amicon Ultra centrifugal filters (Millipore, Billerica, MA). The the-
oretical siRNA-to-lipid ratios for all formulations were maintained at
0.056 mg siRNA per umole lipid which results in N/P charge ratios
(ratios of the charge on the cationic lipid, assuming that it is in the pos-
itively charged protonated form, to the negative charge on the siRNA ol-
igonucleotide) of 3. Formulations that deviated more than 10% from the
theoretical target were not used. In experiments requiring radiolabelled
LNP, 3H-cholesteryl hexadecylether (*H-CHE, Perkin Elmer; Boston,
Massachusetts) was incorporated at the ratio of 3.9 uCi/umol total
lipid. All LNP preparation work was carried out at room temperature.

2.3. Analysis of lipid nanoparticles

LNP size and morphology were determined using cryogenic-
transmission electron microscopy (cryoTEM) as described previously
[8]. LNP size (number weighting) was further confirmed by dy-
namic light scattering (DLS) using the Malvern Zetasizer NanoZS
(Worcestershire, UK). On average, LNP formulations had polydispersity
indexes (PdI) below 0.05. Formulations with PdI > 0.1 were not used for
further studies. siRNA encapsulation efficiency was determined using
the Quant-iT Ribogreen RNA assay (Life Technologies, Burlington, ON).
Briefly, LNP-siRNA was incubated at 37 °C for 10 min in the presence
or absence of 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) followed
by the addition of the ribogreen reagent. The fluorescence intensity
(Ex/Em: 480/520 nm) was determined and samples treated with Triton
X-100 represent total siRNA while untreated samples represent
unencapsulated siRNA. Total lipid was determined by measuring the
cholesterol content using the Cholesterol E assay (Wako Chemicals,
Richmond, VA) and the siRNA concentration was determined by mea-
suring the absorbance at 260 nm.

24. Pharmacokinetics and biodistribution

3H-CHE-labelled LNP (based on siRNA concentration) were injected
into the s.c. space under the loose interscapular skin at the back of the
neck of female CD1 mice (Charles River Laboratories, Wilmington,
MA). Mice were euthanized 30 min to 48 h post-injection and tissues
were harvested. To determine LNP concentration, approximately
600 mg of tissue or 100 LL of blood was homogenized using the FastPrep
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homogenizer from MP Biomedicals (Santa Ana, CA) and incubated with
0.5 mL of Solvable (Perkin Elmer) at 50 °C overnight. Samples were
cooled then decolourized with the addition of 200 pL of 30% (v/v) hydro-
gen peroxide followed by the addition of 5 mL of Pico-Fluor Plus scintil-
lation fluid (Perkin Elmer). Samples were read on a Beckman LS 6500
liquid scintillation counter. All procedures were approved by the Animal
Care Committee at the University of British Columbia and were per-
formed in accordance with guidelines established by the Canadian
Council on Animal Care.

2.5. In vivo LNP-siRNA activity in the mouse factor VII model

LNP-siRNA were diluted with PBS such that injection volumes were
maintained at 10 mL/kg body weight and administered (based on
siRNA concentration) s.c. under the loose interscapular skin in
6-8 weeks old female C57Bl/6 mice (Charles River Laboratories,
Wilmington, MA). At 1, 2, 4, 7, 11, 15 and 21 days post-injection,
20-30 pL of blood was collected from the lateral saphenous vein.
On day 28, animals were euthanized and blood was collected via intra-
cardiac sampling. Blood samples were allowed to coagulate at4 °Cover-
night and the serum was separated followed by centrifugation for
15 min at 12,000 rpm. The serum FVII levels were determined using
the Biophen VII chromogenic assay (Aniara, Mason, OH) according to
the manufacturer's protocol.

3. Results

3.1. LNP-siRNA systems containing PEG-DSG exhibit maximum delivery to
liver following s.c. administration

Previous investigations have shown that the diameter of LNP-siRNA
systems can be modulated over the range of 25-100 nm by varying the
proportion of PEG-lipid in the formulation using a microfluidic mixing
process [8]. As the lipid composition employed here is different than
used previously, we examined the size distribution achieved for LNP-
siRNA systems composed of DMAP-BLP, DSPC, cholesterol and PEG-
DMG in the molar ratios 50:10:(39.75 — x):(0.25 + x), where X was
varied from 0 to 4.75, encapsulating siRNA at a N/P (+/-) charge ratio
of 3. The total amount of PEG-lipid was therefore varied from 0.25 to
5.0 mol.%. The size and structure of these LNP-siRNA systems were de-
termined by cryoTEM and DLS (Fig. 1). LNP-siRNA systems of sizes
ranging from 30 nm to 115 nm in diameter were generated that exhib-
ited electron dense cores as previously described [8,10] (Fig. 1 A-D).
Particle sizes determined using DLS were consistent to those deter-
mined using cryoTEM (Fig. 1E). Size differences compared to previous
reports [8] can be attributed to the different lipid compositions
employed. Hereafter for simplicity, reported particle sizes are rounded
to the nearest multiple of five and based on DLS measurements.

Previous studies have shown that particle size can affect liposome
drainage and biodistribution following s.c. administration [4,5]. In
order to investigate the impact of LNP-siRNA size on the accumulation
at the local draining lymph nodes, LNP-siRNA of either ~30 nm or
~80 nm in diameter were radiolabelled with trace amounts of the
non-exchangeable *H-CHE [23] and administered s.c. at 1 mg/kg in
the inter-scapular region of mice. The axial and brachial lymph nodes
were collected and analyzed for residual LNP (Fig. 2). While no signifi-
cant difference in brachial lymph node accumulation was observed
over 24 h, approximately five times more ~30 nm LNP (~2.5% injected
dose) was detected in the brachial lymph nodes compared to the larger
~80 nm particle (~0.5% injected dose) by 48 h post administration. Not
surprisingly, very little (less than 0.1% injected dose) of either formula-
tion was detected in the axial lymph nodes (data not shown) since the
inter-scapular site of injection drains almost exclusively to the brachial
lymph nodes [24].

In order to investigate the impact of particle size and PEG coating
on the distribution of s.c. administered LNP-siRNA to blood and

subsequently to the liver, radiolabelled LNP-siRNA were tracked for
48 h post s.c. injection. PEG-lipids containing either the rapidly dissoci-
ating C14 (PEG-DMG) or the non-dissociating C;g (PEG-DSG) acyl an-
chors were tested. As shown in Fig. 3A, the small systems containing
5% PEG-DSG exhibited by far the highest circulating concentration
(Cmax) of LNP (17.1% of the injected dose) following s.c. administration
(Table 1). However, this did not result in higher levels of accumulation
in the liver. Instead, equivalent levels of accumulation corresponding to
approximately 15% of the total dose were observed 48 h post injection
for small (~30 nm) LNP containing either 5% PEG-DMG or PEG-DSG
(Fig. 3B). Furthermore, these levels were equivalent to those observed
for large (~80 nm) and intermediately sized (~45 nm) LNP with
PEG-DSG. The fact that the small LNP containing 5% of the non-
exchangeable PEG-DSG do not exhibit greater liver accumulation de-
spite achieving a higher maximum concentration in the blood can be at-
tributed to their long circulation lifetimes following penetration to the
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Fig. 1. LNP size is correlated with amount of PEG-lipid. LNP of various sizes were made
using microfluidics by varying PEG-DMG content. (A-D) Representative cryoTEM micro-
graph of LNP containing PEG-DMG at 0.25 mol.% (A), 0.5 mol.% (B), 1.5 mol.% (C) and
5 mol.% (D) were shown. (E) Size and polydispersity of LNP formulations in A-D were de-
termined using cryoTEM images and DLS. Sizes determined by cryoTEM for LNP contain-
ing 0.25, 0.5, 1.5 or 5 mol.% PEG-DMG were 117, 72, 43 and 23 nm respectively. By DLS,
LNP containing 0.25, 0.5, 1.5, 2.5, or 5 mol.% PEG-DMG were 117, 78,43, 37, and 28 nm re-
spectively. Results shown represent the mean diameter + s.d. of ~200 LNP for cryoTEM
and 3 independent formulations for DLS. Scale-bar represents 200 nm in A and 100 nm
in B-D.



S. Chen et al. / Journal of Controlled Release 196 (2014) 106-112 109

blood compartment which facilitates distribution to tissues other than
the liver [25-27]. At the maximum concentration of LNP appearing in
the blood, no hemolysis-induced toxicity is expected since LNP-siRNA
showed no hemolytic activity at pH 7.4 (Supplemental Fig. 1). Less
than 5% of the ~45 nm and ~80 nm PEG-DMG LNP was found in the
liver.

3.2. Intermediate sized (45 nm) LNP-siRNA systems exhibit maximal
hepatic gene silencing following s.c. administration

We next investigated the effect of LNP size on hepatocyte gene si-
lencing upon s.c. administration. Experiments were performed to com-
pare LNP ranging from ~30 nm to ~100 nm in diameter with either the
rapidly dissociable PEG-DMG (Fig. 4A) or the more stable PEG-DSG
(Fig. 4B). Animals were injected s.c. with LNP loaded with siRNA against
FVII, a protein produced and secreted by hepatocytes, at 1 or 5 mg/kg
siRNA. Serum FVII levels were determined 48 h post injection. While
the largest LNP tested showed no gene silencing at the 1 mg/kg dose,
5 mg/kg siRNA induced a 40% reduction in protein levels in animals
treated with PEG-DSG LNP but not PEG-DMG LNP. Since the PEG-DSG
LNP were approximately 15 nm smaller than the PEG-DMG counterpart,
it is unclear whether this improvement in gene silencing was a result of
size or the PEG-lipid. On the other end of the size spectrum, LNP of di-
ameter ~30 nm composed of 5 mol.% of either PEG-lipid were unable
to silence FVII regardless of the injected dose. Interestingly, the most
potent LNP for either PEG-lipid were those with intermediate diameters
(~45nm). We observed that FVII levels were reduced by 60% and 80% at
1 mg/kg and 90% and 95% at 5 mg/kg for PEG-DMG LNP and PEG-DSG
LNP, respectively. These results suggest that hepatic gene silencing via
s.c. administration requires LNP of a specific size which, in the case of
these particles, is ~45 nm.

To explore the duration of gene silencing following s.c. administra-
tion, blood was collected from animals injected with the most active
LNP-siRNA formulation (~45 nm diameter) over 28 days and serum
FVII levels were determined (Fig. 5). A single injection of 1 mg/kg led
to greater than 50% FVII protein reduction which persisted for at least
4 days for PEG-DMG LNP and 7 days for PEG-DSG LNP (Fig. 5A). This re-
sult implicates the importance of a stable PEG coat for gene silencing
using LNP administered s.c. The higher hepatic gene silencing ability
of PEG-DSG LNP can be attributed, at least in part, to the fact that they
accumulated at least 3-fold more in the liver than PEG-DMG LNP of a
similar size (Fig. 3B). When the mice were dosed at 5 mg/kg, a reduc-
tion in FVII of approximately 90% was observed for a minimum of
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Fig. 2. A greater proportion of small LNP accumulate at brachial lymph nodes following s.c.
administration. *H-labelled LNP containing PEG-DSG that were ~80 nm (black) and
~30 nm (grey) in diameter were administered s.c. at 1 mg/kg body weight. Brachial
lymph nodes were harvested at 2, 6, 24 and 48 h post injection. Results shown represent
the mean =+ s.d. of four animals.

4 days and protein levels were reduced below 50% for at least 11 days
(Fig. 5B). There was no significant difference in the degree or duration
of silencing between LNP containing PEG-DMG or PEG-DSG likely
due to fact that the dosage was high enough to mask any potency
differences.

It is surprising that small ~30 nm LNP with the stable PEG-DSG coat
were less active in gene silencing given that they showed favourable
blood exposure and liver accumulation. We speculated that the reduced
gene silencing was likely the result of inadequate uptake of LNP into he-
patocytes since the stable PEG-DSG coat has been shown to inhibit
opsonization in circulation and delay LNP clearance to the liver.
In order to explore this possibility, Gal[NAc conjugated PEG-lipid
(GalNAc-PEG) that targets asialoglycoprotein receptor expressed
on the surface of hepatocytes was used as a targeting lipid [12]. Two
PEG-DSG LNP compositions resulting in approximately 45 nm and
35 nmin diameter were tested with or without GalNAc-PEG lipid. Inter-
estingly, no significant improvement on activity was observed at 48 h
post administration when 0.5 mol.% GalNAc-PEG was incorporated
into 45 nm LNP (Fig. 6A). This is not surprising since these formulations
were the most active as shown in Fig. 4 and were likely able to utilize
ApoE-mediated endocytosis. However, when 0.5 mol.% of GalNAc-PEG
was incorporated into the smaller ~35 nm PEG-DSG LNP, a dramatic
improvement in FVII silencing was observed (Fig. 6B). Targeted LNP
(containing GalNAc-PEG) showed almost 90% FVII knockdown for at
least 7 days whereas only ~50% protein reduction was observed using
non-targeted LNP. Furthermore, the duration and degree of gene silenc-
ing of GalNAc-PEG LNP was similar to PEG-DMG LNP.
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Fig. 3. LNP with non-dissociating PEG coating drain more quickly into the blood and exhib-
it enhanced accumulation in the liver following s.c. administration. >H-CHE labelled
LNP containing 0.5%, 1.5%, 5% PEG-DMG, 1.5% or 5% PEG-DSG were administered s.c. at
1 mg/kg of body weight. Blood and livers were collected at various time points.
(A) Clearance of LNP from blood over a period of 48 h. (B) Amount of LNP found in liver
at 48 h. Results shown represent the mean =+ s.d. of four animals.
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Table 1
Area-under-curve (AUC) and maximum blood concentration (Cyax) of LNP with varying
sizes.

LNP Size AUC Cinax
(diameter, nm) (% inj. dose h) (% injected dose)
0.5% PEG-DMG 80 39.0 1.0+ 0.2
1.5% PEG-DMG 45 33.6 09 + 0.1
5% PEG-DMG 30 51.6 1.6 + 0.6
1.5% PEG-DSG 45 75.3 27 +03
5% PEG-DSG 30 376.1 17.1 £ 1.6

4. Discussion

To our knowledge, this is the first report on s.c. administration of
LNP-siRNA for in vivo gene silencing. It was hypothesized that particle
size and PEG steric barrier are crucial factors in determining the potency
of s.c. administered LNP-siRNA since the particles must traverse through
the meshwork of loose connective tissue to reach the local lymph nodes
and drain into the lymphatic system and subsequently into the periph-
eral circulation. Consistent with this hypothesis, it was found that
small LNP-siRNA with a stable PEG coat had a much greater AUC in
blood (Table 1) than other formulations tested indicating that they
were made available to access tissues such as the liver. We also demon-
strated the importance of the stability of the PEG coat and particle size
on the potency of s.c. administered LNP-siRNA. We discuss the implica-
tions of this study for the development of next generation LNP-siRNA
systems with improved potency following s.c. administration.

The utility of liposomes as small as 40 nm in diameter for s.c. admin-
istration has been previously explored; however, these were bilayer
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Fig. 4. ~45 nm LNP exhibit maximum gene silencing post s.c. injection. (A) PEG-DMG or
(B) PEG-DSG LNP were s.c. administered at 1.0 (black) or 5.0 mg/kg (grey) of body weight
and the serum FVII was determined 48 h post-injection. Results shown represent the
mean =+ s.d. of four animals.

systems manufactured by sonication and are poorly suited for carrying
a therapeutic payload such as siRNA [6,28]. For the non-bilayer “solid
core” LNP-siRNA systems described here [8,10], an inverse relationship
between LNP size and the ability to drain from the site of injection and
enter the blood following s.c. administration was observed. This is con-
sistent with previous literature indicating that smaller LNP are able to
drain faster into the circulation than their larger counterparts [4,6]. At
the brachial lymph nodes where the s.c. injected LNP are expected to
drain to, ~2.5% of the small (~30 nm) PEG-DSG LNP was detected 48 h
following s.c. administration, compared to only <0.5% of the larger
(~80 nm) LNP (Fig. 2). This suggests that the larger PEG-DSG LNP re-
main at the site of injection and slowly permeate into the circulation,
whereas the small PEG-DSG LNP reach the lymph node at a faster rate
resulting in a greater accumulation at the lymph node and subsequent
release into the circulation. This is also supported by our observation
that large and small LNP exhibit low and high Cy,,« in blood, respectively
(Fig. 3A and Table 1).

For all LNP containing the rapidly dissociable PEG-DMG, the maxi-
mum dose appearing in the blood was less than 2% of the total injected
dose (Fig. 3A and Table 1). This low C;,.x may be the result of the PEG-
DMG lipid being rapidly dissociated from the LNP leading to insufficient
steric barrier necessary for the LNP to avoid immune clearance or parti-
cle aggregation, both of which could result in a build-up of LNP at the
injection site and cause local toxicities. Any quantity that reaches
the peripheral circulation will be rapidly cleared by the liver because
PEG-DMG LNP administered i.v. have a circulation lifetime of less than
1 h [11]. It is estimated that less than 5% of the ~45 and ~80 nm
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Fig. 5. Persistent gene silencing (<50% protein) is observed over 11 days following s.c. ad-
ministration of ~45 nm diameter LNP. LNP of similar sizes (~45 nm) but different PEG-
lipids were administered s.c. in C57BI/6 mice at 1 mg/kg or 5 mg/kg of body weight.
Blood was collected over 28 days. Serum factor VII silencing was determined and normal-
ized to that of control mice treated with PBS. Residual FVII levels were plotted against time
for (A) 1 mg/kg and (B) 5 mg/kg siRNA. Results shown represent the mean = s.d. of four
animals.
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Fig. 6. Hepatic gene silencing can be enhanced using s.c. administered LNP-siRNA contain-
ing GalNACc-PEG lipid. (A) Mice were s.c. injected with ~45 nm PEG-DSG LNP with or with-
out 0.5% GalNAc-PEG at 1 or 5 mg/kg siRNA. Residual FVII was monitored for 28 days.
(B) Residual FVII was monitored over 28 days for animals injected with ~35 nm PEG-
DSG or PEG-DSG with 0.5% GalNAc-PEG LNP. Results shown represent the mean =+ s.d.
of four animals.

PEG-DMG LNP administered s.c. reached the circulation and virtually all
of this material is subsequently accumulated in the liver, resulting in the
levels observed 48 h post injection (Fig. 3B). It is noteworthy that al-
though the ~30 nm PEG-DMG LNP had a low Cy,.x and AUC in the
blood, they showed relatively high accumulation in the liver further
supporting a rapid hepatic clearance of PEG-DMG LNP that were
drained into the blood. It is likely that at least 14% of the injected dose
of the 30 nm PEG-DMG LNP reached the peripheral circulation. The
rapid dissociation of PEG-DMG favours hepatocyte uptake while hinder-
ing drainage from the injection site. This may prove to be a useful aspect
of LNP-siRNA in vivo behaviour as others have used particle aggregation
as a strategy to promote liposome retention in lymph nodes [29]. It may
be possible to modulate the rate of PEG-lipid dissociation by using dif-
ferent acyl anchor lengths such that an adequate quantity of LNP drains
from the injection site while facilitating aggregation on reaching the
lymph node.

When PEG-DMG was substituted with a more stable PEG-DSG, liver
accumulation of LNP-siRNA was greatly enhanced. In the case of the
~45 nm diameter LNP, PEG-DSG LNP accumulated to levels three
times higher than PEG-DMG LNP. This indicates that a stable PEG coat-
ing is an important factor, in addition to size, in allowing extravasation
from the s.c. injection site to reach the liver, at least for the 30-80 nm
size range tested here (Fig. 3B). Furthermore, all LNP made with
PEG-DSG accumulate to similar levels (~15% of the injected dose) in
the liver 48 h post injection while having drastically different maximum
blood concentrations (2.7% for ~45 nm and 17.1% for ~30 nm). Finally,
despite similar liver accumulation for PEG-DSG LNP systems (Fig. 3B),

differences in gene silencing were observed (Fig. 4B) suggesting that
other factors in addition to tissue localization such as cellular uptake
and endosome destabilization are involved in dictating LNP activity.

While a stable PEG-coat may prevent unwanted protein interactions
and promote lymphatic drainage and circulation lifetimes, it is likely
that this coat will impair LNP uptake into hepatocytes since this process
requires the association of LNP with ApoE [12,13]. In this case, an exoge-
nous targeting ligand such as GalNAc used in this study, can be tethered
to the distal end of the PEG-lipid to enhance LNP uptake into target
cells [12]. The incorporation of 0.5 mol.% of GaINAc-PEG greatly improved
the activity of ~35 nm PEG-DSG LNP suggesting that inefficient cellular
uptake was, in part, responsible for the reduction in activity of LNP con-
taining PEG-DSG (Fig. 6B). Interestingly, the addition of GaINAc-PEG to
larger ~45 nm systems did not improve the activity to the same extent
as for smaller systems (Fig. 6A). This is presumably because LNP with
1.5 mol.% PEG-lipid are still able to associate with ApoE and the incorpo-
ration of an additional targeting ligand confers little additional benefit.

It is important to note that, regardless of the type of PEG-lipid coat-
ing, small LNP of size ~30 nm showed a reduction in activity compared
to their larger counterparts (Fig. 4) despite showing favourable blood
and liver accumulation following s.c. administration (Fig. 3). This pre-
sumably is due, in part, to inefficient release of the siRNA cargo from
the endosome or a reduced siRNA and/or ionisable lipid payload per
particle. Work is underway to investigate these factors and methods
to improve efficacy of these small LNP-siRNA systems.

In addition to having rapid access to the circulation, small LNP, or LNP
that have a stable PEG coating, also have the advantage of minimizing
local immune responses at the site of injection. Indeed, signs of immune
stimulation at the site of injection were observed for ~80 nm LNP con-
taining the rapidly dissociable PEG-DMG. Mice injected with these rela-
tively large particles showed lesions on the skin around the injection site
(data not shown). Although the lesions resolved after one week, these
possible immune-related responses raise concerns especially if high or
repeat doses are required. It is possible that immunosuppressants
could be co-administered to reduce the immune responses to LNP [30].

The work described in this study has significant implications for the
development of LNP-siRNA to silence disease-causing genes in vivo fol-
lowing s.c. administration. An important reason for developing s.c. ad-
ministrable drugs is the possibility of self-administration by patients.
Previous work has shown that LNP-siRNA systems are well tolerated
with therapeutic indices close to 1000 in rodents following i.v. injection
[31,32]. However, the potency of LNP-siRNA systems delivered i.v. are
significantly greater (~0.01 mg siRNA/kg body weight for 50% protein
reduction) than achieved here for LNP-siRNA delivered s.c. (~1 mg
siRNA/kg body weight for 50% protein reduction). As shown here, a
major reason for this difference in potency is that a majority of s.c. ad-
ministered material does not access the circulation. Smaller systems
with stable PEG coatings that more readily extravasate to the circulation
are less potent because of the presence of the stable PEG coat and an in-
herent lack of potency of smaller LNP-siRNA systems. To some extent
this can be rectified by the inclusion of a targeting ligand such as
GalNAc; however further gains in potency, in the range of a factor of
10, are necessary before s.c. administration of LNP-siRNA systems has
clinical potential. This is because an injection volume of 10 mL/kg in ro-
dents would translate to 800 mL for an 80 kg person. Assuming the
maximum s.c. injection volume is ~2 mL, this would require 400 sepa-
rate injections. To achieve an siRNA dose of 1 mg/kg for 2 mL injection
volumes of the formulations employed here (0.1 mg siRNA/mL), the for-
mulation would have to be concentrated to a lipid concentration of over
400 mg/mL, which is impractical.

As shown in this study, an important aspect of s.c. administration
concerns enhanced delivery to the regional lymph nodes, particularly
by small (~30 nm) systems. Methods of enhancing the gene silencing
potency of these small LNP-siRNA systems are of interest and successful
silencing of genes in immune cells in regional lymph could lead to treat-
ments for inflammatory and autoimmune diseases as well as organ
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rejection [33-35]. Also, tumour therapy would be expected to benefit
from small LNP-siRNA systems of ~30 nm. Others have shown that
small ~30 nm particles are able to penetrate into poorly permeable tu-
mour tissue [36,37].

In summary, the work presented here is the first demonstration of
LNP-siRNA mediated gene silencing in the liver following s.c. adminis-
tration of LNP-siRNA systems over the size range of 30-80 nm with dis-
sociable or stable PEG coatings. LNP-siRNA that are intermediate in size
and ~45 nm in diameter exhibit maximum efficacy and with a dose as
low as 1 mg/kg, greater than 50% hepatic gene silencing is observed
and maintained over one week. Since small LNP size and a stable PEG
coat appear to be essential for s.c. administration, future work will
focus on improving the activity of small stably shielded LNP-siRNA.
Other potential issues remain to be addressed to enable pre-clinical
and clinical development of s.c. administered LNPs. These include po-
tential injection site reactions caused by the LNPs or their components
and the high injection volumes required.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2014.09.025.
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