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ABSTRACT

Purpose To determine the influence of physicochemical prop-
erties of lipid nanoparticles (LNPs) carrying siRNA on their gene
silencing in vivo. Mechanistic understanding of how the architec-
ture of the nanoparticle can alter gene expression has also been
studied.

Methods The effect of 3-N-[(w-methoxypoly(ethylene
glycol)2000)carbamoyl]- I, 2-dimyristyloxy-propylamine (PEG-
C-DMA) on hepatic distribution and FVII gene silencing was
determined. FVII mRNA in hepatocytes and liver tissues was
determined by Q-PCR. Hepatic distribution was quantified by
FACS analysis using Cy5 labeled siRNA.

Results Gene silencing was highly dependent on the amount
of PEG-C-DMA present. FVII gene silencing inversely correlat-
ed to the amount of PEG-C-DMA in LNPs. High FVII gene
silencing was obtained in vitro and in vivo when the molar ratio
of PEG-C-DMA to lipid was 0.5 mol%. Surprisingly, PEGylation
didn't alter the hepatic distribution of the LNPs at 5 h post
administration. Instead the amount of PEG present in the LNPs
has an effect on red blood cell disruption at low pH.
Conclusion Low but sufficient PEG-C-DMA amount in LNPs
plays an important role for efficient FVII gene silencing in vivo.
PEGylation did not alter the hepatic distribution of LNPs, but
altered gene silencing efficacy by potentially reducing endoso-
mal disruption.

KEY WORDS endosomal disruption - FVII - gene silencing -
hepatic distribution - LNP- PEG-C-DMA

INTRODUCTION

Since post-transcriptional gene silencing by RNA interfer-
ence (RNAI) was first observed in plants in 1990 (1) and its
mechanism through double stranded RNA was revealed by
Fire et al. in 1998 (2), RNAi has been developed into a
promising new approach for therapeutics of various diseases
(3). Several strategies have been developed to trigger target
mRNA degradation, resulting in the inhibition of target
protein synthesis. These include 1) siRNA, ii) precursor
double-stranded RNA (dsRNA) and ii1) small hairpin RNA
(shRINA) expressing plasmids (3—9). The potential of RNA1
is currently being realized as a unique drug entity to specif-
ically reduce the expression of disease causing genes.
siRNA delivery has made considerable progress in the
recent years, in addition their relatively ease of chemical
synthesis and the lower probability of non-specific side
effects has opened a new era of therapeutics molecules
(4,8). Several research groups have demonstrated high
viwo gene silencing, well-tolerated safety profile and repro-
ducibility of LNPs (4,5). This has led to the initiation of
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various clinical trials, and has rapidly become one of the
promising RNAI delivery systems (3). LNPs like other deliv-
ery technologies have to overcome several biological bar-
riers of nucleic acid therapy. These include stability in
serum, accumulation in target organ and cells, and endo-
somal release of siRNA in the cytoplasm. One of the key
factors to realize the clinical benefit of in vivo gene silencing is
the ability of siRNA formulations to remain relatively inert
during the circulation. To this end, the various polymers
have been utilized to shield the nanoparticles from being
recognized by the innate immune system.

Hydrophilic polymer namely polyethylene glycol (PEG) is a
commonly used excipient to increase the  viwo stability, evad-
ing recognition by the reticuloendothelial system (RES), pro-
longing circulation half-life and reducing immunogenicity
(10-12). Variations in PEGylation, regarding PEG molecular
weights, linear or branched structures, conjugations and incor-
poration ratios are known to induce changes in particle size and
surface morphology, surface charge and other physicochemical
properties of liposomes. These physicochemical properties may
in turn affect the pharmacokinetic and pharmacodynamic
properties of liposome as well as the intracellular performance
of siRNA, resulting in an overall change in efficacy (13-19).

Earlier work by Heyes et al. has shown that the presence
of PEG can alter the gene expression profile of a given
carrier (20). This effect has been attributed to the intracel-
lular delivery and trafficking of non-viral vectors in the
presence of a PEG shield. Various novel strategies were
implemented to ensure that the presence of PEG is tran-
sient. Heyes et al. have shown that the size of their lipid
anchors on the PEG-lipid during the formulation process
plays a key role in determining its potency i vivo.

Various inconsistencies exist in the literature regarding
the amount of PEG-lipid required for optimal i vwo gene
expression or silencing (21-23). To our knowledge there is
no systematic evaluation of how molar content of PEG lipid
plays a role n vitro and n vivo. To this end, we systematically
evaluated the effect of PEG-C-DMA on gene silencing
efficiency of LNPs wn vitro and i vivo after systemic adminis-
tration in mice. The mechanistic understanding of how PEG
alters gene expression i viwo has also been addressed (24).

MATERIALS AND METHODS
Materials

3-N-[(w-Methoxypoly(ethylene-glycol)2000)carbamoyl]-1,2-
dimyristyloxy-propylamine (PEG-C-DMA) (average molecular
weight of 2500 g/mol) and 1,2-dilinoleyloxy-N,N-dimethyl-3-
aminopropane (DLinDMA) (MW=616 g/mol) were synthe-
sized as described previously (20,24). 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) (MW=790 g/mol) and cholesterol

(MW=387 g/mol) were purchased from Avanti Polar Lipids
(Alabaster, AL). All siRNAs were synthesized by Nitto Denko
Technical Corporation and were characterized by electrospray
mass spectrometry and anion exchange high-performance lig-
uid chromatography (HPLC). The sequences for the sense and
antisense strands of Factor VII siRNA (abbreviated as siFVII)
and control siRNAs have been reported (25): For siFVII, 5'-
GGAucAucucAAGucuuAcT*T-3' was used as a sense strand
and 5-GuAAGAcuuGAGAuGAuccT*T-3' as an antisense
strand. For control siCont, 5'-CUUACGCUGAGUACUU
CGAT*T-3" was used as a sense strand and 5-UCGAAGUA-
CUCAGCGUAAGT*T-3" as an antisense strand. 2'-Fluoro-
modified nucleotides are in bold lower case, and phosphoro-
thioate linkages are represented by asterisks. stIRNAs were
generated by annealing equimolar amounts of complementa-
ry sense and antisense strands. Cy) labeled at 5’ sense siRINA
was used for hepatic distribution study. The Cy) labeled
siRNA was synthesized on the solid support using Cy5-
Phosphoramidite (Glen Research, Sterling, VA). Standard
coupling conditions for synthesis of Cy5 labeled was carried
out at the 5"-end, which formed a phosphodiester linkages.
30 kDa MWCO dialysis tubes were purchased from Spectrum
Laboratories, Inc (Rancho Dominguez, CA). 30 kDa MWCO
Amicon Ultra-15 Centrifugal Filter Units were purchased
from Millipore (Temecula, CA). 2-(N-morpholino) ethanesul-
fonic acid (MES) buffer, Hank’s balance salt solution, liver
perfusion media, liver digest media, William’s E media, hepa-
tocyte wash media and Quant-iIT™ RiboGreen® RNA
Reagent and Kit were purchased from Invitrogen (Carlsbad,
CA). Percoll™ was purchased from GE Healthcare Life Sci-
ence (Piscataway, NJ). Nycodenz® was purchased from PRO-
GEN Biotechnik GmbH (Heidelberg, Germany). EGTA,
TritonX-100, collagen I, collagenase were purchased from
Sigma (St Louis, MO). Anti-mouse PE-CD31 and PE-F4-80
antibodies were purchased from Biolegend (San Diego, CA).
QIAshredder, RNeasy Mini Kit and RNAlater RNA Stabili-
zation Reagent were purchased from Qiagen (Valencia, CA).
High-Capacity cDNA Reverse Transcription Kit and Power
SYBR® Green Master Mix were purchased from Applied
Biosystems (Foster City, CA). Mouse FVII and GAPDH pri-
mers were customized from Integrated DNA Technologies
(Coralville, Iowa). FLx800 Microplate reader was from Biotek
Instruments (Winooski, VT). BD Accuri C6 flow cytometer
was from BD Accuri Cytometers (Ann Arbor, MI). Gene Amp
PCR system 9700 and 7900HT Fast Real-Time PCR System
were from Applied Biosystem (Life Technologies Corpora-
tion, Carlsbad, CA). Zetasizer Nano ZS was from Malvern
(UK).

Animal Studies

Six to eight week old C57BL/6 mice and 200 g SD rats
were purchased from Charles River Laboratories
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(Wilmington, MA). All procedures used in animal studies
were conducted at University of California-San Diego, ap-
proved by the Institutional Animal Care and Use Commit-
tee (IACUC) and complied with local, state, and federal
regulations as applicable.

Lipid Nanoparticle (LNP) Formulation

LNPs were formulated as described by Jeffs et al. (26) and
MacLachlan ¢t al. (27). The composition for LNPs was PEG-
C-DMA: DLinDMA: Cholesterol: DSPC in a mole percent
ratio of x: 40: (50-x): 10 (x=0.1, 0.5, 1, 2, 5, 8, and 10). The
charge ratio of cationic lipid to siRNA was 7.60, while the
total lipid concentration was 27.76 mM. Brief procedure for
particle formation is as follows: lipids were dissolved in
ethanol, anti-FVII siRNA, siCont siRNA and Cy) labeled
siRNA were dissolved in citrate buffer. The lipid solution
and siRNA solution were mixed with a 100 ml/min flow
rate at 37°C. After mixing, the two solutions were diluted
with citrate-NaCl buffer with the flow rate of 200 ml/min.
Both mixing and dilution steps were conducted in a T-
connector with the bore size 1/16 inch. This solution was
allowed to return to ambient temperature. Subsequently,
the nanoparticles were then dialyzed with 30 kDa MWCO
dialysis tube in PBS and then concentrated by 30 kDa
MWCO Amicon Ultra-15 Centrifugal Filter Units.

LNP Characterization

Mean particle size, polydispersity index (PDI) and zeta
potential (€) of siFVII LNPs formulated with different
PEG-C-DMA contents were determined by Dynamic Light
Scattering (DLS) using Zetasizer Nano ZS (Malvern, UK).
LNPs were diluted in 0.01 M PBS (pH=7.4) for measure-
ment. Each sample was measured in triplicate. Mean parti-
cle size and standard deviation were calculated. The
quantification of PEG lipid was also done with an Acquity
UPLC system (Waters Corporation) equipped with an evap-
orative light-scattering detection (ELSD). LNP formulation
was injected onto a 1.7 pm particle 50x2.1 mm id waters
acquity BEH C-18 column (Waters); the column was main-
tained at 55°C for the lipid analysis. The flow rate used for
these experiments was 0.6 ml/min. A binary gradient system
was used.

siRNA Recovery Efficiency and Encapsulation
Efficiency Measurement

siRNA recovery efficiency (R.E.) and encapsulation efficien-
cy (E.E.) of LNPs were determined by RiboGreen assay
using Quant-1T™ RiboGreen® RNA Reagent and Kit as
described by the manufacturer. Briefly, LNPs were diluted
and destabilized by treating with 1% Triton-X100 for
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30 min for total siRNA measurement. The free siRNA
amount was measured directly without Triton-X addition.

RE = total siRNA amount/feeding siRNA amount x 100%
EE = (total siRNA amount — free siRNA amount)

/total siRNA amount x 100%

Each measurement was run in triplicate.
Isolation of Primary Mouse Hepatocytes

Six to eight weeks male C57BL/6 mice were anesthetized
using Isoflurane before surgery. Mouse liver was perfused
with pre-warmed liver perfusion media and liver digest
media, and then incubated in digest media. The digested
liver was minced gently and then filtered through 100 puM
cell strainer. Gained cells were washed by wash medium and
then seeded in collagen I pre-coated 6-well plates (6—-10 %
10 cells/well) using Williams E media with 10% FBS+ 1%
antibiotics. After 2—4 h, the cells were washed once with
PBS and added fresh medium to remove the floating dead
cells. Hepatocytes were identified by using anti-albumin
immunofluorescent staining assay.

Transfection of Primary Hepatocytes

Transfection was carried out at 24 h after cell seeding using
LNPs (56.6 nM equivalent concentration of siRNA) con-
taining sil'VII or siCont with different PEG-C-DMA molar
ratio ranging from 0.1% to 10%. Cells in each well were
collected at 24 h after transfection. Total RNA was
extracted by QIAGEN RNeasy Mini Kit. Reverse transcrip-
tion was performed using ABI High-Capacity cDNA Re-
verse Transcription Kit to obtain ¢cDNA products. The
power SYBR® Green Master Mix, FVII and GAPDH
primers were used for quantitative real-time PCR assay to
detect FVII mRNA expression relative to the house keeping
gene GAPDH. Each condition was performed in triplicate.

FVIl Gene Silencing after Systemic Administration
of LNPs into Mice

Six to eight week old male C57BL/6 mice were used for the
study. All LNPs were administered under normal pressure
via tail vein injection into C57BL/6 mice at a single dose of
3 mg/kg-bw, equivalent amount of siRNA, n=5. Animals
had been anesthetized using Isoflurane and heart perfused
at 48 h after administration, and then livers were collected
and homogenized for RNA extraction. FVII mRNA levels
were measured by Q-PCR and normalized to GAPDH
mRNA as described above. Each measurement was con-
ducted in triplicate.
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Hepatic Distribution in Mice

Six to eight week old male C57BL/6 mice were injected
intravenously with Cy5-labeled siRNA LNPs. The injections
were administered under normal pressure at a single dose of
2.5 mg/kg equivalent amount of siRNA. At 1 h and 5 h
after the injection, hepatocytes and non-parenchyma cells
(including Kupffer cells, hepatic stellate cells and endothelial
cells) fractions of mouse livers were obtained by the collage-
nase method described before (28,29). Briefly, the livers
were perfused with Hank’s Balanced Salt Solution (HBSS),
EGTA HBSS and followed by 0.03% collagenase HBSS at
37°C for 20 min. The perfused livers were incubated in
0.03% collagenase and 0.001% DNAase at 37°C for
20 min and then gently homogenized and filtered through
100 uM cell strainer. Nycodenz solution was then added to
the supernatant to make 11% Nycodenz gradient. After
centrifugation, non-parenchyma cell fraction (Kupffer cells,
hepatic stellate cells and endothelial cells) and hepatocyte-
rich fraction were obtained. Non-parenchymal cell fraction
was then incubated with fluorescent labeled antibodies to
separate and identify Kupffer cells (anti-mouse PE- F4/80)
and endothelial cells (anti-mouse PE-CD31) separately by
flow cytometer. Non-parenchyma cell fraction was also fixed
with 4% PFA and treated by TritonX 100- Tween 20 and
then incubated with Desmin to confirm hepatic stellate cell
population. Hepatocyte-rich fraction was then washed and
added to 60% percoll to make 30% percoll gradient for
hepatocyte separation by centrifugation, and then analyzed
by flow cytometer. Only propidium iodide negative hepato-
cytes were counted. Mean fluorescent intensity (MFI) of Cy5
signal of different cell types was determined and analyzed by
flow cytometer. Each experiment was carried out on 3
different mice on 3 different days. Mean and standard
deviation were calculated.

Hemolysis Assays

SD rat red blood cells (RBCs) were selected as the endo-
somal membrane model to investigate the endosome dis-
rupting ability of LNPs formulated with different PEG-C-
DMA molar ratios. The RBC disruption was performed as
described before (30,31). Briefly, blood sample was collected
freshly in a sodium citrate rinsed tube. RBCs were harvested
after centrifugation at 3000 rpm for 10 min and then rinsed
with D-PBS (pH 7.4) 3 times until the supernatant became
clear. RBCs were counted with a hemacytometer and dilut-
ed either in isotonic phosphate or 2-(N-morpholino) ethane-
sulfonic acid (MES, 200 mM, NaCl 110 mM) buffer of the
appropriate pH (pH7.4 and pH5.5, respectively). The LNPs
were adjusted to appropriate concentration by D-PBS (pH
7.4) and then added to RBC solutions (final cell concen-
tration=5% 10" RBC/ml). The samples were incubated for

30 min at 37°C on a 3-D rotation station. Centrifugation
was carried out after the incubation, and the hemoglobin
absorbance in the supernatant was measured at 541 nm to
determine the extent of membrane disruption. To obtain
100% hemolysis, cells were treated with 0.2% Triton X-
100. Data were presented as average of % related to 0.2%
Triton X-100 treated samples. Each measurement was con-
ducted in triplicate. Mean and standard deviation were
calculated.

Statistical Analyses

Independent sample t-test was carried out using excel 2007
(Microsoft). All the data were presented as a mean value with
its standard deviation indicated (mean * S.D.). The means
were judged to be significantly different when P<0.05 and
highly significantly different when P<0.01 or £<0.001.

RESULTS

LNP Formulation with Different PEG-C-DMA Molar
Ratios

To investigate how PEG-C-DMA molar ratio affects LNPs
on silencing FVII gene  vitro and i vivo, siFVII LNPs with 7
different PEG-C-DMA molar ratios were formulated with
the following lipid compositions: PEG-C-DMA :
DLinDMA : cholesterol : DSPC=x : 40 : (50-x) : 10 (x=0.1,
0.5, 1, 2,5, 8, 10). The N/P ratio of the formulation was kept
constant at 7.60.

Physicochemical Characterization

Mean particle size (Z-ave), PDI and { potential of LNPs
were determined by dynamic light scattering (DLS) and
were summarized in Table I. Each LNP sample was mon-
itored twice: the first measurement was right after the dilu-
tion step with citrate-NaCl buffer, while the second
measurement was for the final product after all processes.

Table | Mean Particle Size, Polydispersity Index (PDI) and ¢ Potential of
siFVII LNPs Formulated with Different PEG-C-DMA Molar Ratios

PEG-C-DMA Mean particle size ~ PDI ZP (mV)

(mole%) (nm)

0.5 132+ | 0.051+0.008 03+4.0

\ 103« | 0.093+0.013 09=+0.7
86= | 0.115+0.022 —-05=1.8
86= | 0.161 £0.006 —0.8=1.3
74+ 0.236£0.011  —09=1.1

10 65+ | 0.193+£0.006 —04=09
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LNPs were diluted in PBS (pH=7.4) for the measurement.
There was no significant difference in the mean particle size
before and after the dilution step for the same LNP sample
except the one formulated with 0.1 mole% PEG-C-DMA,
which indicated that the LNPs were stable during the dial-
ysis and concentration process. The same physical proper-
ties were obtained for the LNPs using control siRNA and
Cy5-siRNA sequence. The PEG-C-DMA content was
quantified using an Acquity UPLC system. We observed
very good correlation with the feed ratio and the amount
of PEG incorporated into the LNP formulations (Table II).
Typically, we observed an incorporation of approximately
80% of the feed ratio.

LNPs formulated with 0.1 mole % PEG-C-DMA were
not stable, in which aggregation and stratification were
observed during the formulation process. The mean particle
size of 0.1 mole% PEG-C-DMA LNPs was around 2000 nm
(2067£61 nm for siFVII LNPs), and a large PDI (indicating
a very wide particle size distribution). Therefore, 0.1 mole%
PEG-C-DMA was not used for further evaluation. The
mean particle size of 65—132 nm of siFVII LNPs formulated
with PEG-C-DMA molar ratio ranging from 0.5% to 10%
matched the criterion for avoiding capture by Kupffer cells,
and these LNPs can diffuse out of the sinusoids through the
fenestrations and reach the hepatocytes (T'able I) (32). PDI
shows the distribution of individual molecular masses in a
LNP sample, low PDI indicates a narrow particle size dis-
tribution. The PDIs of LNPs formulated with PEG-C-DMA
molar ratio ranging from 0.5% to 10% were low (0.051—
0.236 for siFVII LNPs) with a slightly increasing trend
(Table I). This indicated that when the PEG-C-DMA molar
ratio was >0.5 mole%, increasing PEG-C-DMA molar ratio
led to the formation of LNPs with a slightly broader size
distribution.

€ potential represents the surface charge of liposome
particles. As shown in Table I, { potential of siFVII LNPs
was in the range of - 0.9 and 0.9 mV, which is close to
neutral and decreased only slightly when PEG-C-DMA
molar ratio was increased from 0.5% to 10%. We also
looked at shelf-life stability of LNP particles at 4 °C for up
to a year (Table III). This indicated that when the PEG-C-
DMA molar ratio was >0.5 mole%o the particles were stable

Table Il Quantification of PEG Lipids Encapsulated in LNP

PEG-C-DMA PEG-C-DMA Revovery
Feed ratio (mole%) Measured ratio (%) Yield (%)
0.5 0.40 78.9
\ 0.62 62.2
2 1.65 824
10 7.82 78.2

Table Il One Year Stability of LNP Particles at 4°C

antiFVII siRNA
PEG-C-DMA Mean particle PDI Mean particle PDI
(mole%) size (nm) size (nm)

=0 T=1 year
0.5 132.3 0.051 132.0 0.043
[ 102.6 0.093 101.6 0.070
2 86. 1 0.115 84.5 0.107
5 86.0 0.161 823 0.150
8 73.6 0.236 67.2 0.219
10 64.6 0.193 60.9 0.166
0.1 2067.3 0.983 1561.7 0.877

without aggregation for up to one year as measured by no
change in particle size.

siRNA Recovery Efficiency and Encapsulation
Efficiency

Recovery efficiency (RE) was calculated by measuring
siRNA concentration before and after the formulation
process. As shown in Table IV, when the PEG-G-DMA
molar ratio was equal to or below 5.0 mole%, the RE
of siFVII LNPs was greater than 85%. When PEG
content was 5.0 mole%, LNPs showed the maximum
RE of 97%. Lowering the molar ratio of PEG slightly
decreased the recovery (0.5 mole % PEG-C-DMA LNPs
had a RE of 85%). When the PEG-C-DMA molar ratio
was 8 and 10%, the RE dropped to 76 and 79%,
respectively. There was no significant difference among
LNPs formulated with different siRINA sequence. Encap-
sulation efficiency (EE) is an indicator of the amount of
ribogreen accessible siRNA present. The EE of anti-
FVII siRNA LNPs formulated with PEG-C-DMA molar
ratio ranging from 0.5-10 mole % was around 88-94
(Table IV). This indicated that the LNP formulation
process is quite robust and reproducible.

Table IV siRNA Recovery Efficiency (RE) and Encapsulation Efficiency (EE)
of siFVII LNPs Formulated with Different PEG-C-DMA Molar Ratios

PEG-C-DMA  Recovery efficiency (%) Encapsulation efficiency (%)
(mole%)
0.5 85+ 88
\ 93 =1 92
90=1 93
97 =1 92
76+ | 91
10 79=1 94
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Effect of PEG-C-DMA in LNPs on FVII Gene Silencing
In Vitro

To determine the effect of PEG-C-DMA mole percent
ratio in LNPs on FVII gene silencing i vitro, we isolated
primary hepatocytes from 6-8 week old C57BL/6 mice.
Obtained mouse hepatocytes showed a normal morphol-
ogy with polygonal cells and frequently had two or
more nuclei per cell. More than 90% of cells were
stained positive for albumin (a marker for hepatocytes)
by immunofluorescence (data not shown). Transfections
by LNPs formulated with different PEG-C-DMA molar
ratio ranging from 0.5% to 10% were carried out at
24 h after cell seeding, and each condition was repeated
in triplicate (control siRNA was also tested using the
same condition). The LNPs were incubated with the
cells for 24 h, total RNA was extracted, reverse tran-
scribed, and the cDNA product was used for quantita-
tive real-time PCR (Q-PCR) assay to determine FVII
mRNA expression relative to the house keeping gene
GAPDH. Q-PCR for each ¢cDNA product was per-
formed in triplicate.

As shown in Fig. 1, FVII gene of primary mouse hep-
atocytes was highly significantly silenced (*¥, P<0.01, com-
pared to non-treatment group by t-test.) by 0.5-2.0 mole%
PEG-C-DMA siFVII LNPs or significantly silenced (*, P<
0.05, compared to non-treatment group by t-test) by 5-10
mole% PEG-C-DMA siI'VII LNPs with a decreasing silenc-
ing efficacy from 99.31£0.5 (0.5 mole®% PEG-C-DMA siF-
VII LNPs) to 62.6+3.2% (10 mole®” PEG-C-DMA siFVII
RNA LNPs). The LNPs formulated with siCont showed
negligible knockdown.

-
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=
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Relative FVII mRNA concentration (%)
D
o

40
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*k ** e -
0 e e mim L
0.5 1 2 5 8 10
PEG-C-DMA molar ratio (mole%) Non-

treatment

Fig. 1 FVII mRNA silencing in primary mouse hepatocytes using siFVII
LNPs formulated with different PEG-C-DMA molar ratios. FVII mRNA
levels of primary mouse hepatocytes normalized to GAPDH mRNA were
determined by Q-PCR 24 h after transfection (56.6 nM equivalent con-
centration of siRNA, triplicates per sample.*, P<0.05; **, P<0.01; com-
pared to non-treatment group by t-test. Results are represented was the
mean = S.D. (n=3).

Effect of PEG-C-DMA in LNPs on FVII Gene Silencing
In Vivo

FVII gene silencing study on C57BL/6 mice was conducted
using the formulated LNPs. Livers were collected and ho-
mogenized for RINA extraction 48 h after a single intrave-
nous (i.v.) administration of LNPs at the dose of (3 mg/
kg'bw, equivalent amount of siRNA, #n=5). Animals were
anesthetized and heart perfused before organ collection.
FVII mRNA levels were determined by Q-PCR (in tripli-
cate) and normalized to GAPDH mRNA. As shown in
Fig. 2, the FVII gene in mice liver was silenced from 89.0
1+6.4% (0.5 mole® PEG-C-DMA anti-FVII siRNA LNPs)
to 17.94£16.4% (10 mole% PEG-C-DMA anti-I'VII siRNA
LNPs) by anti-FVII siRNA LNPs (P<0.01 for 10 mole%
PEG-C-DMA anti-FVII LNPs; P<0.001 for other anti-
FVII LNPs compared to PBS treated mice group by t-
test.). The FVII gene silencing efficacies were inversely
correlated to PEG-C-DMA molar ratios in anti-FVII siRNA
LNPs; these results were similar to what was observed
vitro. To ensure specific silencing due to targeted antisense
down regulation, non-specific siRNA was also tested in
conjunction. The non-specific sequence showed negligible
knockdown, suggesting a specific dicer related interference.

Hepatic Distribution in Mice

It 1s well known that PEG molar ratio in LNPs can have
dramatic impact on the intravascular half-life of nanopar-
ticles (19). Decorating hydrophilic polymers like PEG to the
outer surface of nanoparticles prevents opsonization, there-
by reducing clearance by RES (13,33). PEG concentration
can dramatically impact the pharmacokinetics and ulti-
mately the extravasation to target organs. It is however not

i
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=
N
o
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o
o

o8]
o
*
*
*
*
*
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fe2)
o
*
*
*
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o

% %k %k

kK
1

0.5

Relative FVIl mRNA concentration (%)
N
o

o

2 5 8 10

PEG-C-DMA molar ratio (mole%) PBS

Fig. 2 FVII mRNA silencing in mice (C57BL/6) using siFVII LNPs formu-
lated with different PEG-C-DMA molar ratios. Livers were collected 48 h
after intravenous injection at the dose of 3 mg/kg (equivalent amount of SIRNA,
single dose). FVII mRNA levels of liver homogenates were normalized to
GAPDH mRNA and determined by Q-PCR. (**, P<0.01; ***, P<0.001
compared to PBS mice group by t-test. Results are represented was the mean =+
S.D. (n=5).
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well known if PEGylation hinders the intracellular distribu-
tion within the liver.

Liver intracellular distribution of Cy5 labeled LNPs for-
mulated with 0.5, 1, 2, 10 mole% PEG-C-DMA were
mvestigated. At one hour after intravenous injection, mean
fluorescence intensity (MFI) of Cy5 signal on hepatocytes
from mice treated with Cy5-labeled siRNA LNPs formulat-
ed with 0.5 mole% PEG-C-DMA was the lowest and that of
10 mole% was the highest (Fig. 3a). The MFI of hepatocytes
treated with10 mole% PEG-C-DMA LNPs was 5.7 times
over the ones treated with 0.5 mole% PEG-C-DMA LNPs,
an inverse correlation of PEG on the hepatocyte uptake and
gene silencing at the initial time points. However, at 5 hours
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Fig. 3 Hepatic distribution of Cy5-labeled siRNA LNPs formulated with
different PEG-C-DMA molar ratios after systemic administration in C57BL/
6 mice. Livers were collected at | h or 5 h after intravenous injection at the
dose of 2.5 mg/kg (equivalent amount of siRNA, single dose). Hepatocytes
(HC) and non-parenchymal cells from mice were isolated by Nycodenz
gradient. Mean fluorescence intensity (MFI) of Cy5 signal on hepatocytes or
Kupffer cells (KC) was determined by flow cytometer with a 640 nm
excitation wavelength and 675 nm emission detection afterwards. The
fluorescence was corrected for the auto fluorescence of the given cell type,
respectively. (a) Logarithmic scale MFI of hepatocytes. Only live hepato-
cytes were counted, separated by propidium iodide. (b) Logarithmic scale
of MFI of Kupffer cells. Only F4/80 antibody positive Kupffer cells were
counted. Results are represented was the mean + S.D. (n=3).
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after administration, all MFIs of hepatocytes dropped down
to similar level (Fig. 3a) with no significant difference among
hepatocytes of mice treated with LNPs formulated with
different PEG-C-DMA molar ratios. This suggests the
vivo knockdown of Factor VII is not due to an altered
intracellular distribution.

The MFT of Kupffer cells uptake at 1 hour after admin-
istration was correlated to the PEG-C-DMA molar ratio in
LNPs, increasing the PEG content reduced macrophage
uptake (Fig. 3b). At 5 h after administration, MFT of Kupffer
cells treated with 0.5 mole% PEG-C-DMA Cy5-labeled
siRNA LNPs was 1.5 times that of 1 h post administration.
The uptake of Kupfler cells treated with 1 mole% PEG
remained the same at both time points, but ones treated
with 2 mole% and 10 mole% was 34% and 18% compared
to its 1 h post administration respectively (Fig. 3b). These
data suggest that with less PEG-C-DMA, LNPs were easier
to be taken up by Kupffer cells possibly through an opsoni-
zation mechanism. This also correlates with reduced hepa-
tocyte uptake of the LNPs with less PEG.

Hemolysis Assays

Hemolysis was used to determine the potential endosomo-
lytic activity of the LNPs. At pH 7.4, hemolysis was observed
for LNPs formulated with 0.5, 1, 2, 10 mole% PEG-C-
DMA (2% to 30% RBC hemolysis), while substantial pH-
dependent hemolytic activity was evident when the pH was
reduced (21% to 90% RBC hemolysis ability at pH 5.5).
Interestingly, RBC hemolysis abilities at both pHs were
inversely correlated to PEG-C-DMA molar ratio in LNPs
(Fig. 4). At pH 5.5, the PEG-C-DMA molar ratios played a
significant role in the extent of hemolytic activity. LNPs

RBC hemolysis induced by liposomes with different PEG-lipid ratio
(30pg/ml, 30 mins incubation time)
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Fig. 4 RBC hemolysis induced by siRNA LNPs formulated with different
PEG-C-DMA molar ratios at 37°C at pH 7.4 (dots) or pH 5.5 (diagonal
stripes), was determined after 30 min incubation by the absorbance of
released hemoglobin at 541 nm. RBCs suspended in PBS (pH 7.4) or MES
buffer (pH 5.5), were added to LNPs (30 ug/ml, equivalent amount of
siRNA) dissolved in the same buffer, respectively. Data was presented as
average of % related to positive control - 0.2% triton X-100. (Error bars
represent standard deviation, n=3).
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formulated with less PEG-C-DMA had better endosome
disrupting ability, leading to potentially a better siRNA
release ability and high FVII gene silencing efficacy. These
results suggest that hemolytic activity of LNPs is tightly
linked to its efficacy.

DISCUSSION

Physicochemical properties play an important role in the
interaction of cationic LNPs with biological membranes.
Although cationic liposomes and polymers are being used
for siRNA delivery, little attention has been paid to under-
standing the effect of their physicochemical characteristics
on cellular uptake, hepatic distribution and gene silencing
after systemic administration.

A releasable PEG-Cy4 lipid consisting of a 2 kDa PEG
segment was designed for quick release from the LNPs after
parenteral injection (20,34). Previously, PEG-C-DMA was
used in conjunction with the unsaturated ionizable cationic
lipids (DLinDMA), which gave LNPs with a desired size
range of 130-140 nm and were efficacious i viwo (20). The
releasable PEG-lipid reported earlier is thought to quickly
segregate from the lipid particle after systemic administra-
tion. This release was thought to be pivotal for high gene
silencing as a rich hydrophilic surface could inhibit uptake of
LNP by target cells. The releasable PEG designed is
expected to have an intravascular half-life of 1 h.

In this study, we have tried to thoroughly determine the
effect of PEGylation in LNPs on FVII gene silencing  vitro
and i viwo and further investigated the potential mechanism
of its action. To this end, we varied the mole percent of PEG
in LNPs and investigated its knockdown, as well as its effects
on physicochemical properties, hepatic distribution and
RBC hemolysis to elucidate a potential mechanism.

siFVII LNPs with PEG-C-DMA molar ratio ranging
from 0.5% to 10% had a mean particle size in the range
of 132 nm to 65 nm, respectively (Table I). Small nano-
particles (<150 nm) can avoid capture by Kupffer cells and
can diffuse out of the sinusoids through the fenestrations and
reach the hepatocyte (32). Improved delivery to the paren-
chyma is achieved through much smaller particles as well
(<50 nm) that can diffuse deeper in the perisinusoidal space
(35-37). Hence, one would expect enhanced delivery to
hepatocyte’s for LNPs with a higher PEG content.

Interestingly, increasing PEG-C-DMA molar ratio helped
to form smaller LNPs, suggesting a unique process to control
LNP size by adjusting PEG-C-DMA molar ratio. Previously,
Garbuzenko ¢ al. has suggested that changing the molar ratio
of 2 kDa polyethylene glycol-disteroylphosphoethanolamine
(PEG-DSPE) induced a change in the compressibility and
packing parameter of liposomes (17). Increasing PEG-DSPE
mol% up to 71+2% led to increased lipid bilayer compressibility

resulting in a decreased size, which was also observed by our
results. In our study, even the largest formulated LNP was
believed to be able to access parenchyma cells through the
fenestrated endothelium of C57BL/6 mice (141£5.4 nm)
(35). The surface charge of all these LNPs’ was close to neutral
(Table I, € potential=—1 — 1 mV), which was consistent with
previous reports (20).

At 48 h after systemic administration, 89.0£6.4% to
17.9+16.4% of FVII gene silencing by siFVII LNPs in
C57BL/6 mouse liver were observed. These results seemed
to be inversely correlated to PEG-C-DMA molar ratios in
LNPs, which was consistent with the results observed i vitro.
0.5 mole% PEG-C-DMA had the highest FVII gene silenc-
ing n vitro and in viwo. Previously reported formulation
contained 2 mol% PEG behaved very similar to the LNPs
reported here (20). The mean particle sizes of these LNPs
varied from 65 nm—132 nm, well within the range of endo-
cytic uptake (38).

Two possible mechanisms for low gene silencing with
increased PEG were evaluated, first the change in pharma-
cokinetics due to PEGylation was studied by evaluating the
hepatic distribution and second an altered intra-cellular
release was also examined by evaluating its membrane dis-
ruption ability.

It was believed that the presence of a PEG-lipid was only
required during the formulation process to prevent aggre-
gation. Once the formulation is injected intravenously the
PEG-lipid should quickly release siRNA for optimum trans-
fection. To test this hypothesis, a hepatic distribution study
was carried out to evaluate if liver parenchymal cell uptake
would differ by changing the PEG molar ratio. We observed
quick accumulation of LNPs within the hepatocytes one
hour after administration (Fig. 3a). Unexpectedly, higher
PEG containing nanoparticles seem to be preferentially
taken up by the hepatocytes at the initial time points. After
5 h, there was no significant difference in LNP accumulation
in hepatocytes treated with different PEG-C-DMA molar
ratio. Therefore, we concluded that changes in pharmaco-
kinetics and target cell accumulation of LNPs due to PEG
could not explain the difference in i vivo gene silencing.

Interestingly, we found greater cellular uptake by
Kupffer cells for LNPs formulated with less PEG-C-DMA
during the hepatic distribution study (Fig. 3b). Opsonins
were believed to involve in liposome uptake by liver macro-
phages and hepatocytes. Once nanoparticles injected intra-
venously, liposomes could adsorb a collection of plasma
proteins. Depending on liposome characteristics, potential-
ly, the amount of adsorption for each type of protein could
vary. One or more of these proteins may interact with
specific receptors on the surface of macrophages or hepato-
cytes and facilitate its clearance (39). Many investigations
have suggested that apolipoprotein E (apoE) was a
hepatocyte-directed opsonin (39,40), and important in

@ Springer



350

Bao et al.

directing LNPs to hepatocyte. Akinc et al. found that apoE
also acts as an endogenous targeting ligand for ionizable
LNPs (41). Particles containing less PEG intrinsically had a
larger particle size, after protein adsorption these nanopar-
ticles would be much larger than it’s highly peglyated coun-
terpart. This could potentially lead to an altered protein
absorption and faster clearance.

An altered intra-cellular release was also examined next
by evaluating its membrane disruption ability. LNPs were
formulated with an ionizable cationic lipid DLinDMA with
a pK, of 6.8 (40). RBC hemolysis was used to evaluate the
membrane disruption ability of LNPs formulated with 0.5,
1, 2, 10 mole% PEG-C-DMA. The disruption was 21% to
90% at pH 5.5 and inversely proportional to the PEG-C-
DMA molar ratio in LNPs (Fig. 4). At pH 7.4, hemolysis was
also observed for the LNPs albeit to a lesser degree (2% to
30% RBC hemolysis). The lesser degree of hemolysis at
neutral pH was attributed to the lower ionization degree
of DLinDMA. When the cationic lipid gets protonated, it
causes a nonbilayer (hexagonal Hyj) phase structure in the
presence of the anionic bilayer (40). The extent of RBC
hemolysis can be attributed to two parameters, the pKa of
the ionizable lipid and the charge shielding effect of PEGy-
lation. Even at physiological pH a substantial amount of
ionizable lipid is protonated, thus facilitating interaction
with the negative charged RBC membrane and causing
disruption. This effect is clearly is more pronounced with
the pH is reduced to further protonate the LNPs. PEGyla-
tion on the other hand facilitates charge shielding thereby
potentially reducing the LNP interaction with RBC mem-
brane. Hence, an inverse correlation with the amount of
PEG-lipid and RBC disruption is seen. Particles that
contained high molar ratio of PEG significantly attenuated
the disruption at both pH, which could be a cause for
decreased efficiency of gene silencing with high PEG con-
tent in LNPs i vitro as well as i vivo.

Overall, PEG-C-DMA molar ratio in LLNPs affected the
extent of FVII gene silencing, and 0.5 mole% PEG-C-DMA
was the molar ratio in our study to achieve the highest gene
silencing. More importantly, PEG content varied endosome
disrupting abilities of formulated LNPs, which could play an
important role in its efficacy.

CONCLUSION

In this study, we prepared and characterized LNPs contain-
ing varied amount of PEG-C-DMA for siFVII siRNA de-
livery. LNPs formulated with less PEG-C-DMA had better
FVII mRNA silencing both i vitro and n vive. 0.5 mole%
PEG-C-DMA was the molar ratio to achieve high FVII
gene silencing. Contrary to popular belief hepatocyte up-
take of LNPs was not inhibited by increasing PEG content.
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PEG-C-DMA molar ratio however significantly altered the
RBC hemolysis at both neutral and acidic pH, and this shift
could be crucial for altering gene silencing. Hence, the use
of acid sensitive releasable PEG could afford further insight
into its mechanism. Often overlooked but crucial parameter
1s the endosome disrupting ability of nanoparticles formula-
tion. This should be always addressed when designing
siRNA nanocarriers.
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