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Delivery of Therapeutic siRNA to the Lung
Endothelium via Novel Lipoplex Formulation DACC

V Fehring', U Schaeper!, K Ahrens’, A Santel’, O Keil', M Eisermann’, K Giese' and J6rg Kaufmann'

'Silence Therapeutics GmbH, Berlin, Germany

Posttranscriptional gene silencing by RNA interference
can be therapeutically exploited to inhibit pathophysi-
ological gene expression. However, in contrast to the
established effectiveness of RNAI in vitro, safe and effec-
tive delivery of siRNAs to specific organs and cell types
in vivo remains the major hurdle. Here, we report the
development and in vivo characterization of a novel
siRNA delivery system (DACC lipoplex) suitable for mod-
ulating target gene expression specifically in the lung
vasculature. Systemic administration of DACC in mice
delivered siRNA cargo functionally to the lung pulmo-
nary endothelium. A single dose of DACC lipoplexes
administered by bolus injection or by infusion was suf-
ficient to specifically silence genes expressed in pulmo-
nary endothelial cells such as CD31, Tie-2, VE-cadherin,
or BMP-R2. When tested in a mouse model for lung can-
cer, repeated treatment with DACC/siRNA“*' reduced
formation of lung metastases and increased life span in a
mouse model of experimental lung metastasis.
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INTRODUCTION

Posttranscriptional gene silencing by RNA interference (RNAi)
enables drastic reduction of de novo protein synthesis of a tar-
geted gene, and holds great therapeutic promise.>” In principal,
expression of any gene can be downregulated by RNA|, including
disease targets currently not “druggable” by conventional meth-
ods. Therefore, RNAi-based therapies unlock a great potential in
the treatment of a multitude of diseases such as respiratory infec-
tious, cardiovascular and metabolic diseases and cancer.” Ongoing
or completed clinical trials include siRNA therapeutics for the
treatment of cancer, TTR (transthyretin-mediated amyloidosis),
age-related macular degeneration, diabetic macular edema, hyper-
cholesterolemia, as well as for treatment of respiratory syncytical
virus infections.* However, the major difficulty encountered when
applying RNAI is the stability of the therapeutic siRNA and its
efficient intracellular delivery to target tissues and respective cell
types in vivo. As previously reported, we were able to improve sta-
bility of the siRNA molecules by incorporating chemical backbone
modifications such as alternating 2’-O-methyl modification pat-
terns on both blunt ended siRNA strands to prevent degradation
of these molecules by plasma-derived nucleases.® Since synthetic
siRNAs fail to cross biological membranes via passive diffu-
sion due to their high molecular weight and polyanionic nature,

transmembrane drug delivery technologies are required in order
to access the cytoplasm of target cells for functional RNA interfer-
ence to occur. Cationic lipids have been shown to be extremely
useful as efficient and scalable delivery vehicles for siRNA for this
purpose®” due to their ability to form nanostructured complexes:
negatively charged RNA is thus condensed into so called lipoplex
particles,® thereby protecting it from ribonucleases and shear deg-
radation in vitro and in vivo. Lipoplex particles thus aid in direct-
ing therapeutic siRNA through the bloodstream and extracellular
matrix and transport it across cellular membranes into the cyto-
plasm of the target cells, a prerequisite for mediating gene silenc-
ing by the RNA interference (RNAi) mechanism. Apart from their
siRNA and cationic lipid components, lipoplex formulations often
contain neutral colipids like phosphatidylcholines and a certain
amount of polyethylene glycol (PEG)-lipid conjugates in order
to prolong blood-circulation time and to reduce uptake by the
mononuclear phagocyte system.” Compared to the developments
of lipid-based formulations for gene silencing by RNAi in the
last decade, recent improvements have increasingly been made
employing rational approaches. This includes the rational design
of new cationic lipids with improved delivery capacities,'® as well
as chemical modifications of these lipids to ensure more biode-
gradable entities with improved biocompatibility and facilitated
elimination from plasma and tissues."! Furthermore, the correla-
tion between, and the relevance of results from in vitro and in vivo
knock down experiments are much better understood, especially
with respect to the impact of PEG shielding, and hence use for the
modulation of PK properties critical for in vivo delivery."

We have previously reported on a newly synthesized cat-
ionic lipid, referred to as AtuFECTO1, as part of the lipid system
AtuPLEX, which exhibits more efficient siRNA binding activity
and delivery to cells of the vascular endothelium as compared to
other commercially available cationic lipids such as DOTAP or
DOTMA.® Nevertheless, such nanoparticles tend to accumulate
in filtering organs of the reticuloendothelial system. These tissues,
including lymph nodes, spleen and liver, trap foreign particles as
part of the organisms’ natural defense mechanism against invad-
ing viruses, bacteria and parasites. Thus, many liposomes and
nanoparticles tend to concentrate in the liver and spleen, which
limits their application to other target tissues.” In an attempt
to address the above questions, we experimented with different
lipid components and their respective ratios in the lipoplex for-
mulations in order to alter their physico-chemical characteristics,
stability, target tissue accumulation, RNAI activity, therapeutic
potential and tolerance in vivo. One of our goals was to identify
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a siRNA delivery system suitable for functional gene silencing
in the lungs. Here, we report the discovery and development of
a novel cationic lipoplex delivery system, DACC, which shows
improved pharmacokinetic properties and functional cellular
uptake by cells of the pulmonary endothelium. We describe and
functionally characterize DACC formulation, composed of the
cationic lipid AtuFECTO1, cholesterol, mPEG2000-DSPE and
double-stranded siRNA. Intravenous tail-vein injection in mice of
the novel DACC/siRNA formulation was found to accumulate to
a high degree in the lungs. The observed increase of siRNA uptake
by the lungs was shown to correlate with efficacy of RNA interfer-
ence (RNAI) in the pulmonary endothelium. Finally, we show one
potential application of DACC in a proof-of-concept study in a
mouse model for lung cancer.

RESULTS

siRNA biodistribution using different siRNA-lipoplex
formulations

Different lipoplex formulations were evaluated in vivo in order
to investigate their respective capacity to deliver siRNA cargo to
select organs. All lipoplexes used to examine siRNA biodistribu-
tion pattern were formulated with the cationic lipid AtuFECTO01
and siRNAP®™ but contained different colipids and/or PEG-lipids
at different ratios. Lipoplexes were administered intravenously
via tail-vein injection, and siRNA concentrations were deter-
mined in liver, kidney, lung, heart, and spleen tissue samples one
hour after systemic application using a siRNA specific quantita-
tive ELISA-based capture-probe assay (Figure 1). Concentrations
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Figure 1 siRNA distribution in vivo 1 hour after systemic application
using different lipoplex formulations. All lipoplexes were formulated
with siRNAPN3 containing different liposomal components and were
administered intravenously via tail-vein injection. siRNA concentra-
tions are given in percent initial dose per gram of tissue (%ID/g) and
were determined by quantitative ELISA-based capture-probe assay.
Concentrations of siRNA delivered to the respective tissues vary depend-
ing on the liposomal delivery system used. The DACC system shows
most efficient siRNA delivery to the lungs as compared to all other for-
mulations tested.
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of siRNA delivered to the respective tissues varied depending on
the lipoplex system used, whereas the DACC lipoplex system dis-
played the most efficient siRNA delivery to the lungs (Figure 1,
blue bar).

Lipid composition and physico-chemical
characterization of the DACC/siRNA lipoplexes

DACC lipoplexes are composed of the positively charged lipid
system AtuFECTO1 (B-L-arginyl-2,3-L-diaminopropionic acid-
N-palmityl-N-oleyl-amide trihydrochloride), cholesterol and
mPEG2000-DSPE  (1,2-distearoyl-sn-glycero-3-phosphoethanol
amine-N (methoxy (polyethylene glycol)-2000)) in a molar ratio
of 70:29:1 together with a blunt ended siRNA duplexes chemi-
cally stabilized by alternating 2’-O-methyl modifications on
both strands®* (Figure 2a) in 270 mmol/l sucrose solution. The
resulting DACC lipoplex particles were characterized regarding
size and zeta potential. The Z-average size amounted to ~70nm
(polydispersity index (PDI) 0.25-0.35) as determined by dynamic
light scattering (Figure 2b), and the zeta potential measured in
270 mmol/l sucrose was between 40 and 50 mV (Figure 2c).
Electron microscopy of DACC lipoplex particles reveals predomi-
nantly lamellar structures in mostly spherical arrangements and
confirms the particle sizes determined by dynamic light scattering
(Figure 2d). The addition of sucrose enables formulation stabil-
ity during freezing, drying and rehydration steps, thereby ensur-
ing effective long-term storage as a lyophilized product (data not
shown).

DACC delivers siRNAs primarily to the lung
endothelium

To characterize the tissue distribution and kinetics of siRNA
delivery by systemic application of DACC lipoplexes in more
detail, mice were treated with a single dose of DACC (2.8 mg
siRNA/kg body weight). A number of tissue samples from differ-
ent organs were collected 1, 6, and 24 hours after administration
of the DACC lipoplex formulation to determine respective siRNA
concentrations (Figure 3a). Highest siRNA concentrations (about
40% ID/g tissue) were found in lung tissue at the 1-hour time
point, followed by spleen, liver and to lesser extent kidney and
heart. siRNA concentrations in all tissues investigated diminished
over time. siRNA levels in blood, brain, prostate, or skeletal muscle
were below 1% of initial dose. In order to examine siRNA distri-
bution within predominantly targeted tissues, mice were treated
with DACC lipoplexes formulated with cyanine dye (Cy3) labeled
siRNA. Cy3-labeled siRNAs in the tissues were then visualized by
confocal microscopy of formalin-fixed paraffin embedded tissue
sections. siRNA distribution patterns in lung, liver, kidney, and
heart were reminiscent of vascular staining patterns (Figure 3b-
c). From all organs investigated, lungs were most intensely stained
by siRNA-Cy3. Upon close up-view, siRNA derived staining in
the lungs was finely dotted and centered around cell nuclei, this
observation being indicative for intracellular uptake of siRNAs
(Figure 3b). In the heart, distinct Cy3 staining was found lining
the capillaries, while muscle fibers were void of siRNA-Cy3 sig-
nal (Figure 3c). The sinusoidal endothelial cell layer in the liver
showed weak siRNA-Cy3 staining pattern (Figure 3c), while indi-
vidual cells within the liver sinusoids were strongly Cy3 stained.
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Figure 2 Lipid composition and physico-chemical characterization of DACC lipoplex. (a) DACC lipoplex consisting of a positively charged
lipid system (70 mol% cationic lipid AtuFECTO1 (B-L-arginyl-2,3-L-diaminopropionic acid-N-palmityl-N-oleyl-amide trihydrochloride), 1 mol%
mPEG2000-DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanol amine-N (methoxy (polyethylene glycol)-2000), and 29 mol% cholesterol) and blunt
ended siRNA duplexes with alternating 2’-O-methyl modifications on both strands; (b) Particle size distribution: Z-average size ~70 nm as determined
by dynamic light scattering (intensity distribution); (c) The Zeta potential of representative DACC lipoplexes lies between 40 and 50 mV as measured
at 270 mmol/I sucrose; (d) Electron micrograph of DACC lipoplex particles showing predominantly lamellar structures in mostly spherical arrange-

ments. Bar = 200nm.

The oval shaped nucleus (Figure 3¢, see arrow) marks Kupffer
cells responsible for the removal of foreign particulate substances,
hence, lipoplexes found here could also have been taken up by
phagocytosis.'”” Hepatocytes, discernible by their large, regular
and round nucleus, were free of siRNA-Cy3 staining. siRNA-Cy3
staining in the spleen was pronounced in the marginal zones
of the white pulp, while the center of the white pulp remained
Cy3-staining free (Figure 3c). Since monocytes and macrophages
known to be responsible for lipoplex clearance from the blood are
sequestered into this zone, lipoplex clearance by respective mac-
rophages could explain the enhanced siRNA-Cy3 staining pattern
observed in this area. Distinct Cy3 signals were also detected in
peritubular capillaries of the kidney (Figure 3c, arrow). Staining
of tubular cells was diffuse, with a tendency for Cy3-siRNA accu-
mulation towards the lumen of the tubuli, indicative for excre-
tion of free siRNA by the kidney. Altogether, the quantitative and
qualitative analysis of siRNA distribution by the DACC delivery
system revealed siRNA uptake to occur mainly in the lungs, but
distinct siRNA-Cy3 derived signals were also detected in the
microvasculature of heart, liver, and kidney as well as in phago-
cytic cells of liver and spleen.

Inhibition of target gene expression by DACC in the
lung vasculature

To test whether siRNA delivered by DACC is functionally active
and can be used for inhibition of target gene expression in vascu-
lar beds, DACC formulations with siRNAs specific for the target

Molecular Therapy vol. 22 no. 4 apr. 2014

gene Tie-2 were prepared. Tie-2 expression is highly specific for
endothelial cells and it is a common marker for this cell type in
many organs.'* RNAI activity of DACC/siRNAT*? was first tested
in vitro. The murine endothelial cell line MS1 was transfected
with DACC/siRNAT™2, and 72 hours thereafter cells were lysed
and Tie-2 protein expression was assessed by immunoblotting.
Tie-2 levels were significantly reduced by DACC/siRNA™*? at a
dose of 160 and 80 nmol/l siRNA, and to a lesser extent 40 nmol/l
siRNA, (Figure 4a), which confirmed that DACC can function-
ally deliver siRNA into cells and mediate RNAi. It should be
noted that these concentrations are not reflective of the siRNAs
IC50s, since DACC is not optimized for cell culture transfection
experiments, and lower concentrations can be used in the lat-
ter. To investigate whether DACC is capable of gene silencing in
the vascular endothelium in vivo, mice were given three doses
of DACC lipoplexes on consecutive days by tail-vein injection
(3x2.8mg/kg). Lung, heart, liver, and kidney tissues were col-
lected 24 hours after the last treatment. Total mRNA was prepared
from whole tissue lysates, and target mRNA levels were assessed
by quantitative RT-PCR (Figure 4b-e). Tie-2 mRNA levels were
reduced by over 80% in lung tissue of mice treated systemically
with DACC/siRNA™*2 as compared to control treatments with
either DACC/siRNA®“"™! or with sucrose solution (Figure 4b).
No significant Tie-2 knock down was observed in liver, kidney,
and heart tissue even after repeated dosing of DACC/siRNA™*2
formulation (Figure 4c-e), indicating that the lungs are the pri-
mary organ functionally targeted by DACC/siRNA™<2.
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Figure 3 Enhanced siRNA delivery to lungs using DACC lipoplexes,
and cellular distribution of Cy3-labeled siRNA in heart, liver, spleen,
and kidney 1 hour after systemic i.v. administration of DACC lipo-
plexes. (a) Mice received a single dose of DACC/siRNA™™3 via tail-vein
injection (2.8 mg siRNA/kg body weight). siRNA concentrations were
determined at 1, 6, and 12 hours post treatment (p.t.) (n = 3) by capture
probe ELISA assay. Mean values with standard deviation are depicted.
Highest siRNA concentration (%ID/g tissue) was found in the lungs 1
hour p.t. (b) Cellular distribution of Cy3-labeled siRNA in the lungs 1
hour after systemic i.v. administration of DACC/siRNACy3. Confocal
microscopic images of formaline fixed paraffin embedded lung tissue
sections are shown. The upper left panel shows siRNA-Cy3 staining in
white, the upper right panel and the lower panels show close up views
of siRNA-Cy3 staining in red and nuclear staining in green. siRNA stain-
ing is evenly distributed in the lung vasculature. Scale bars are indicated.
(c) siRNA-Cy3 staining of paraffin embedded sections of the heart, liver,
spleen, and kidney is depicted in white at low magnification (upper
panels), and in red in close up views (lower panels). Nuclei are coun-
terstained with Sytox G (Molecular Probe) depicted in green in lower
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DACC/siRNA dose responsiveness of target gene
expression

To further investigate the dose requirements for target gene
inhibition by DACC lipoplexes in mice, single doses of 3.0,
1.5, and 0.75 mg siRNA/kg body weight of DACC/siRNA"*? or
DACC/siRNA“"! were administered by intravenous tail-vein
bolus injection. Lung tissue was collected 24 hours after injec-
tion for RNA analysis (Figure 5a). Remarkably, already a single
dose of DACC/siRNA™? (3.0 mg siRNA/kg) sufficed to reduce
Tie-2 mRNA levels similar to those obtained after repeated
dosing as described for Figure 4b (3 x 2.8 mg siRNA/kg) (com-
pare, Figures 5a and 4b). 1.5mg siRNA/kg was also effective in
reducing Tie-2 expression, but to a lesser extent, and 0.75mg
siRNA/kg did not affect Tie-2 levels significantly. A similar dose
response for target gene inhibition was observed when DACC
was prepared with siRNA for CD31 (Figure 5b). CD31 expres-
sion in lungs was reduced significantly with a dose of 3.0 and
also 1.5mg/kg, but not 0.75 mg/kg. Since all DACC applications
described thus far were performed by bolus injection, but appli-
cation via infusion is the preferred mode of lipoplex delivery in
the clinical setting, we administered different doses of DACC/
siRNAT<? into the jugular vein of mice by 1-hour infusions
(Figure 5c). Target gene silencing after DACC/siRNA™ infu-
sion was comparable to that by bolus injection at 3 mg siRNA/
kg body weight. Tie-2 mRNA levels in lung tissue were reduced
by approximately 80%. Since this mode of application enabled us
to use larger volumes of DACC lipoplexes as compared to bolus
injection, doses administered were increased to 6 mg siRNA/kg
and/or 12mg siRNA/kg, respectively. This increase in lipoplex
concentration was shown to reduce Tie-2 expression levels even
further to over 95% (Figure 5¢). Nonetheless, all animals toler-
ated infusion treatment of DACC/siRNAT™*? even at highest dos-
age (12mg/kg) (Figure 5b).

Duration of target inhibition and verification of RNAi-
mediated knock down

To assess duration of target gene inhibition by DACC lipoplexes,
miceweretreated withasingle dose (2.8 mg/kg) of DACC/siRNAT*
or DACC/siRNA“""! and cohorts were sacrificed 3, 7, 14, and 21
days after treatment. Tie-2 target mRNA levels in the respective
lung tissue were quantified by quantitative RT-PCR (Figure 6a).
Most prominent reduction of Tie-2 expression in the DACC/siR-
NATe2 treatment group was observed 3 days after treatment with
lipoplexes (over 80% Tie-2 reduction compared to DACC control
groups). Nonetheless, Tie-2 mRNA levels were still reduced by
over 50% after 21 days (Figure 6a), as compared to control groups
treated either with sucrose or with control DACC lipoplex. To
confirm that the reduction in Tie-2 mRNA leads to a correspond-
ing reduction of Tie-2 protein, lung tissue homogenates were pre-
pared from mice 3 and 21 days after treatment with DACC lipoplex

panels. Heart tissue shows siRNA-Cy3 labeling in capillaries. In the liver
sinusoids are weakly, Kupffer cells are strongly Cy3 stained (arrow), but
not hepatocytes. Distinct siRNA-Cy3 signal is visible in the spleen only
in the marginal zones of the white pulp, (wp), upper panel and close
up view lower panel. In the kidney, Cy3 signals are prominent in peritu-
bular capillaries and in luminal side of tubules (see arrow). gl indicates
glomerulus.
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Figure 4 Inhibition of Tie-2 target gene expression by DACC lipoplexes in endothelial cells and in mice. (a) Dose-dependent RNAi effect on
Tie-2 protein expression in vitro after transfection of the mouse endothelial cell line MS1 with DACC/siRNA lipoplexes. Tie-2 protein levels were
assessed 72 hours after transfection by western blot analysis. PTEN protein levels served as a loading control. The quantification of Tie-2 protein levels
is shown below. DACC/siRNA™2 inhibits Tie-2 protein expression at siRNA concentrations between 40 and 160 nmol/l. (b-e) Mice were treated with
DACC lipoplexes with a daily dose of 2.8 mg siRNA/kg body weight on 3 consecutive days. Tie-2 target gene expression was measured in (b) lungs,
(c) heart, (d) liver, and (e) kidney by quantitative reverse transcriptase—PCR analysis. Significant reduction (*P < 0.05) over 80% of Tie-2 mRNA levels,

was seen in the lung tissue.

or with sucrose as vehicle control, respectively. Tie-2 protein was
detected by western blotting (Figure 6b). Prominent reductions
of Tie-2 protein levels were seen in each individual mouse 3 days
after treatment, corresponding to the respective decrease of Tie-2
mRNA levels and were shown to subside somewhat over time.
However, about 70% reduction of Tie-2 protein expression was
still observed 21 days after treatment (Figure 6b,c).

Inhibition of additional target genes in the
pulmonary endothelium by DACC/siRNA

In order to confirm that the DACC delivery system is in general
capable of inhibiting target genes expressed in the pulmonary
endothelium apart from Tie-2 and CD31, DACC lipoplexes were
prepared with specific siRNAs for additional gene targets whose
expression is highly restricted to endothelial cells, like the VEGF-R2
receptor, VE-Cadherin and the BMP receptor 2. For comparison,
another DACC formulation was prepared with siRNA for Lamin
B1, which is ubiquitously expressed.'” Treating mice with a single
injection (2.8 mg siRNA/kg) of DACC/siRNAES™*2, DACC/siR-
NAVE-Cadberin 5 DACC/siRNAPMPR2 formulation, reduced mRNA
levels of respective target genes by 60-90% (Figure 7). In contrast,
moderate nonsignificant downregulation of Lamin B1 by DACC/
siRNAMMBL was observed (Figure 7) due to nontargeted Lamin
B1 in lung parenchyme. The observed reduction of endothelial
marker genes by specific DACC lipoplexes demonstrates that
DACC formulations are capable of delivering siRNA functionally
to the vascular endothelium, thereby enabling target-specific gene
silencing in this tissue type. Furthermore, merely a single applica-
tion of DACC lipoplexes sufficed to downregulate expression of
the respective target genes in the lung vasculature.

Molecular Therapy vol. 22 no. 4 apr. 2014

DACC/siRNAP*! treatment increases survival in
experimental lung metastasis mouse model
CD31/Pecaml is a cell surface protein required for homotypic as
well as heterotypic cell interactions. It is involved in multiple pro-
cesses of tumorigenesis, like angiogenesis, vascular permeability
and metastases.'®!* We were able to demonstrate in previous stud-
ies that targeting CD31 by RNA interference leads to reduction
of tumor growth in subcutaneous xenograft tumor models and in
orthotopic prostate cancer model.?’

Here, we investigated whether DACC/siRNA“™! could be
employed therapeutically in the treatment of lung cancer. To this
end, we tested whether treatment with DACC/siRNA®P*! had a
therapeutic benefit in an experimental lung metastasis mouse
model.?' In this model, Lewis lung carcinoma cells are applied
intravenously to syngeneic mice, thus leading to colonization of
tumor cells in the lungs and subsequent outgrowths of pulmo-
nary metastases. DACC/siRNAP*!, control lipoplexes DACC/
siRNAMdfrase and sucrose as vehicle control were prepared and
injected into mice 5 days prior to i.v. Lewis lung tumor cell injec-
tion. Treatment was repeated on alternating days until day 15
(Figure 8a). Body weight was monitored continuously. During
the treatment period, decrease in body weight due to DACC
lipoplex application was not observed (Figure 8b). In the follow
up phase, a decrease in body weight was first observed in the
sucrose cohort starting on day 20 after cell challenge. Survival of
all animals was monitored by defined end point criteria (includ-
ing body weight) for up to 70 days after tumor cell challenge.
Survival of animals which received DACC/siRNA®™! was signif-
icantly prolonged as compared to the control treatment groups
that received sucrose or DACC/siRNAM<ifrse - Animals treated
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Figure 5 Dose-dependent target gene inhibition by DACC/siRNA-
Tie2 after administration via bolus or infusion treatment. (a,b) Single
doses of 3.0, 1.5, and 0.75 mg siRNA/kg body weight of DACC/siRNAT<2
and DACC/siRNAP3! (and sucrose control) were administered to mice
by bolus treatment. 3.0mg/kg single dose of DACC/siRNA"*2? decreased
mRNA levels in the lungs by about 80% of control values (sucrose and
CD31, respectively). 1.5mg siRNA/kg reduced Tie-2 expression also sig-
nificantly, but to a lesser extent. (b) CD31 expression was reduced in
DACC/siRNAP3! treatment groups at doses of 3.0 and 1.5mg/kg. * indi-
cates P < 0.0001. (c) One-hour infusion treatments were performed on
mice. A dose of 3mg siRNA/kg body weight DACC/siRNAT*2 application
by infusion was as effective at inhibiting Tie-2 target gene expression as
bolus application (80% reduction). Dose increase of DACC/siRNAT2? to 6
or 12mg/kg reduced Tie-2 target gene expression in lungs by over 90%.

with isotonic sucrose solution or luciferase control lipoplexes
showed poor survival: in the sucrose control group, none of
the animals survived past 30 days, and only two animals of the
DACC/siRNAifrse control group survived up to day 70 (Figure
8c¢). In comparison, seven of eight animals receiving DACC/siR-
NACP3! survived up to day 70. CD31 expression was evaluated
after completion of the treatment phase on day 16 after tumor
cell challenge in separate cohorts (Figure 8a). Compared to
animals treated with DACC/siRNA!®r¢ or sucrose as vehicle
control, CD31 expression in lung tissue of animals treated with
DACC/siRNA®P*! was reduced by approximately 80% (Figure
8d) confirming that CD31 expression could be targeted by
DACC lipoplexes in a therapeutic setting.

816

© The American Society of Gene & Cell Therapy

a Tie-2 mRNA
1.5 -
<
z
T 1.0-
£
8
N 0.5
[
2
0.0 +-
Surose | Tie-2 | Crl | Tie2 | Cr | Tie2 | cn | Te-2 | o
3 days pi. 3 days p.t. 7 days p.t. 14 days p.t. 2 days p.t.
DACC
b Sucrose DACC siRNAT®2 DACC siRNAT®?
3 days p.t. 3 days p.t. 21 days p.t.
Mice # i 2 3 4/ 5 6 7 8 lg9g 10 11 12

R —— |

WB: Tie-2 ‘ e BN

WB: PTEN |--—---"“----q

Cc

1.2 4 protein quantification

14
0.8
0.6
0.4 4
0.2

0

Tie2/PTEN protein

1[2]3[45

Sucrose Tie2-3 days p.t. Tie2-21 days p.t.

Figure 6 Duration of target gene inhibition in lungs after single
bolus treatment with DACC/siRNAT™*2 [ipoplexes. (a) Tagman analy-
sis of Tie-2 expression in the lungs. Animals were treated with a single
dose of DACC/siRNAT2 or DACC/siRNA“"! (2.8 mg/kg) and sacrificed
3, 7, 14, and 21 days post treatment (p.t.). DACC/siRNA™2 treatment
reduced Tie-2 mRNA level by over 80% at 3 days p.t. mRNA levels were
also strongly reduced 7 and 14 days p.t., and remained reduced by over
70% even after 21 days. (b) Western blot of Tie-2 protein lung tissue
homogenates prepared from mice 3 and 21 days after DACC/siRNAT®2
or DACC/siRNA< application. Most prominent reduction of Tie-2 pro-
tein is seen 3 days p.t. Tie-2 mRNA levels remain reduced by over 70%
after 21 days. (c) Quantification of Tie-2 protein levels by digital imaging
of luminescent signal intensities of western blot (b).

DISCUSSION

RNA-based therapeutics have broadened the scope of thera-
peutic targets for a variety of human diseases beyond the range
of existing pharmacological drugs. Albeit a large number of
RNA or RNA-derived therapeutics have already reached clini-
cal testing,® challenges remain with respect to delivery, stability,
biodistribution, and immune activation, and have set off improve-
ments in synthetic and natural nucleic acid carriers, as well as
in the development of chemically modified oligonucleotides.>"
Notwithstanding, the main and disease-relevant question in
developing RNAi-based drugs is that of how to deliver small siR-
NAs to the cell in a therapeutically acceptable way. When injected
intravenously, siRNAs are rapidly cleared by renal filtration and
are susceptible to degradation by extracellular RNAases. Nucleic
acid-lipid particles can be made by using cationic lipids which
incorporate siRNAs. They can also contain a diffusible PEG-lipid
conjugate coating which stabilizes the particle during formation
and first contact with blood components, as well as provide a
hydrophilic exterior, potentially preventing rapid systemic clear-
ance. The lipid bilayer contains a mixture of cationic and colipids
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after the last treatment with DACC lipoplexes.

facilitating internalization of the lipoplex particle as well as endo-
somal escape of its siRNA load.” In addition to changing colipids,
much effort has also been devoted into the synthesis of new cat-
ionic lipids which are more serum resistant. In our experiments
described above, we were able to confirm the inverse correla-
tion between lipoplex formulation stability and functional organ
uptake, i.e., the formulations most stable even with respect to their
tendency to aggregate were also found to be least entrapped in the
vascular beds of the pulmonary endothelium, but rather to accu-
mulate directly in the liver and spleen for subsequent degrada-
tion* (Figure 1). However, delivery of siRNA to the target tissue
and cellular uptake are not the sole factors responsible for activity.
This has been previously demonstrated by Heyes et al., suggesting
that instead of endocytosis being rate-limiting, it is rather those
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events occurring once the siRNA has been internalized by the cell
which have the greatest effect on the efficiency of gene silencing,
such as endosomal release and RISC loading.”

Lipoplex formulation development

Our goal was to identify an siRNA delivery system suitable for func-
tional gene silencing in the pulmonary endothelium by developing
a formulation stable enough not to be degraded prior to reaching
its target organ, but not too stable as to hinder functional uptake by
the lung endothelium. We created and evaluated the novel DACC/
siRNA lipoplex formulation which, upon intravenous administra-
tion, specifically targets and downregulates expression of genes
of the pulmonary endothelium. It is composed of 70 mol% of the
cationic lipid AtuFECTO01, 29 mol% cholesterol and 1 mol% of
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mPEG2000-DSPE, as well as the functionally active AtuRNAIi.
Cholesterol was used at 29 mol% in the DACC/siRNA formulations
to maintain lipoplex stability without losing fusogenicity, and thus
affects lamellarity, plasma pharmacokinetics, and biodistribution of
lipoplexes. Because intravenous administration of cationic delivery
systems can result in systemic toxicity due to binding and rapid
degradation of lipoplexes by blood serum opsonins (immunoglob-
ulins, complement factor, fibronectins), PEG is conjugated to the
surface of the lipoplex nanoparticles in order to form a hydrophilic
protective layer around the nanoparticles able to repel the adsorp-
tion of opsonin proteins via steric repulsion forces. Cationic lipid
AtuFECTO01 was shown to allow for an active loading of negatively
charged RNA into lipoplexes due to electrostatic interactions and
entropic effects, respectively. It condenses oligonucleotides, protects
them from degradation and facilitates uptake by cells and endo-
somal release. We observed siRNA accumulation in the lungs by
DACC lipoplex. This lung distribution and gene silencing contrasts
typical systemic behavior of cationic lipid nanocomplexes, which
generally show prevalent gene knockdown in liver tissue with only
transient accumulation of siRNA in the lungs.?-2

In addition, we were able to develop a lyophilization proce-
dure ensuring effective long-term storage of our DACC formula-
tions even at room temperature. We addressed this stability issue
because lipoplex suspensions are known to be unstable in aque-
ous suspension for long-term storage, especially with respect to
hydrolysis and size stability. DACC formulation stability during
freezing, drying and rehydration steps was ensured by addition of
sucrose as a cryo- and lyoprotectant. This addition also enabled
adjustment of the suspension to correct osmolarity for in vivo
applications (data not shown).

A single dose of DACC lipoplex (2.8 mg siRNA/kg) was shown
to reduce mRNA levels of the target gene Tie-2 by 60-90% (Figure
6a), with this silencing effect persisting for up to 3 weeks. Gene
silencing activity by DACC lipoplexes appeared to be restricted to
the lung, since even repeated treatment regimens (3 x 2.8 mg/kg)
did not affect target gene expression in heart, liver or kidney sig-
nificantly (Figure 4c—e). We were able to demonstrate that DACC
lipoplexes also maintained gene silencing activity when adminis-
tered by means of slow (1 hour) infusion (Figure 5b), a prerequi-
site for its application in clinical settings.

Albeit lung retention due to cellular association has been
reported previously for several types of cationic liposomes?»*-3
reduction of Tie2-mRNA levels by treatment with DACC/siRNA-
Tie2 or other targets whose expression is restricted to the endo-
thelial cell type, established functional tissue specific uptake and
gene silencing by DACC in the pulmonary endothelium. We were
unable to demonstrate inhibition of genes expressed in lung epi-
thelial cells or alveolar macrophages, like Lamin B or L-GAL-S3,
respectively (Figure 7 and data not shown). This is in contrast to
liposomal formulations described by Mac Caskill et al.,” which
report gene silencing activity of a cationic formulation in endo-
thelial and epithelial cells. We did not investigate the mechanism
by which the DACC delivery system targets specifically the pul-
monary endothelium. Because a targeting ligand was not added,
we assume that targeting to the pulmonary vasculature occurs
in a rather nonspecific fashion through electrostatic interac-
tion of the positively charged lipoplex with negatively charged
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endothelium.” Dose range finding experiments with DACC/siR-
NA"e2 established an EC50 in the mouse of about 1.5 mg siRNA/
kg for inhibition of Tie-2 expression in the lungs using a single
dose, but higher doses of 3 mg/kg (bolus) and up to 6 mg/kg (infu-
sion) were also tolerated. However, higher single doses of siRNA
lipoplexes had unfavorable effects on body weight development,
showing a drop of over 10% at the 12mg siRNA/kg dose levels
(compared to negligible weight loss at a dose of 3 and 1 mg siRNA/
kg (data not shown). From a clinical standpoint, the observed low
and one-time dosing is favorable for subsequent toxicity profil-
ing. As a proof-of-concept experiment to investigate whether
DACC could have therapeutic efficacy in lung cancer settings,
DACC/siRNA®P*! was tested in an experimental mouse model
for lung metastases. Repeated treatments by DACC/siRNA“P*!
(11 x 2.8 mg/kg) were very well tolerated and did not affect body
weight development in the treatment phase (Figure 8b). At this
dose, ALT/AST serum levels as parameter for liver toxicity were
not elevated (Supplementary Figure S1), TNF-o or IFN-y lev-
els as markers for inflammatory response were also not increased
by this formulation (Supplementary Figure S2), suggesting that
DACC treatment was well tolerated. In the end, DACC/siRNA“P*!
led to an increase in survival of the DACC/siRNA®P?! treatment
group thus opening a new and promising therapeutic venue in the
treatment of lung cancer as well as lung metastasis.* In this exper-
imental setting, treatment with DACC/siRNAP*! formulation was
initiated before tumor cell challenge to reduce attachment, estab-
lishment and outgrowth of metastases in the lungs afterwards.
This treatment could be beneficial for patient groups that undergo
resection of the primary tumor, but have an enhanced risk of
developing metastases in the lungs afterwards. Regarding further
applications of the DACC/siRNA lipoplex system, the observed
low and one-time dosing for prolonged target gene inhibition
makes it an attractive candidate for treatment of acute diseases
requiring hospital admission with intravenous drug-administra-
tion, such as acute respiratory distress syndrome, a life-threat-
ening syndrome characterized by exaggerated inflammation and
increased vascular permeability leading to oedema.'**>* Selective
target gene inhibition by DACC employing synthetic nucleic acids
such as siRNAs, antisense molecules, antagomers, and/or micro
RNA mimics could therefore be a promising strategy to pursue
the development of innovative therapeutic approaches for the
management of acute life-threatening lung diseases.

MATERIALS AND METHODS

Short interfering RNAs. The siRNA molecules (AtuRNAi) used in this
study are listed in Supplementary Table S1. The siRNA molecules
(AtuRNAI) used in this study are blunt, 19-mer double-stranded RNA
oligonucleotides stabilized by alternating 2’-O-methyl modifications on
both strands as previously described,>** and were synthesized by BioSpring
(Frankfurt a.M., Germany).

Preparation and characterization of siRNA lipoplexes. Cationic lipo-
somes comprised of cationic lipid AtuFECTO1 (B-L-arginyl-2,3-L-
diaminopropionic  acid-N-palmityl-N-oleyl-amide  trihydrochloride;
Silence Therapeutics GmbH, Berlin, Germany), cholesterol (Sigma
Aldrich, Taufkirchen, Germany), and mPEG2000-DSPE (1,2-distear-
oyl-sn-glycero-3-phosphoethanol amine-N (methoxy (polyethylene gly-
col)-2000)); Avanti Polar Lipids, Alabaster, AL) at a molar ratio of 70:29:1
were prepared by lipid film rehydration® with 270 mmol/l sterile sucrose
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solution. The resulting liposomal stock solutions had total lipid concentra-
tions of 5mg/ml or up to 9mg/ml (i.e., for infusion studies), respectively.
The formation of siRNA lipoplexes occurred by mixing equal volumes of
liposomal dispersion and siRNA solution in 270 mmol/l sucrose. For this
purpose, the concentration of both were adjusted in a way, that the final
lipoplex formulation was characterized by a final lipid/siRNA ratio (m/m)
0f 6.8, which corresponded to a charge ratio between charged lipid nitrogen
atoms to nucleic acid backbone phosphates (N/P ratio) of approximately
8.4. Particle sizes (Z-average size, intensity distribution) and zeta potentials
of liposomes and lipoplexes were determined by Dynamic Light Scattering
using a Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK).
Here, corresponding dispersant properties were adjusted to 270 mmol/l
sucrose. Negative stain transmission electron microscopy was done by
Vironova AB (Stockholm, Sweden).

siRNA distribution and RNAi in vivo. Eight-week-old C57Bl/6j (Harlan,
Rossdorf, Germany) males and females were used for in vivo studies. All
animal experiments in this study were performed according to approved
protocols and in compliance with the guidelines of the Landesamt fiir
Arbeits-, Gesundheitsschutz und technische Sicherheit Berlin, Germany.
Isotonic siRNA-lipoplex formulations were administered intravenously
through bolus tail-vein injection at the indicated doses. For siRNA-Cy3
biodistribution studies, mice received a single dose of DACC™+%* (2.8 mg
siRNA/kg body weight). One hour after injection, mice were sacrificed and
tissues were processed for paraffin embedding as previously described.”
Sections of 4 um were cut and deparaffinized with Roticlear (Carl Roth,
Berlin, Germany, A538.5), rehydrated through graded ethanol washes
and counterstained with Sytox Green dye (Life Technologies, Darmstadt,
Germany). Fluorescence uptake was analyzed with a Zeiss LSM510 Meta
confocal microscope. Images were recorded and processed by Axioversion
software. For quantitative analysis of siRNA distribution in different organs,
mice received a single dose of lipoplexes formulated with PKN3 siRNA.
Concentrations of PKN3 siRNA in different tissues were determined by a
modified capture probe sandwich hybridization assay.'* For target mRNA
knock down analyses, tissues were dissected immediately after sacrifice of
the mice and instantly snap-frozen in liquid nitrogen. Approximately 20 mg
of tissue was homogenized in a Mixer Mill MM 301 (Retsch GmbH, Haan,
Germany) using tungsten carbide beads (Qiagen, Hilden, Germany). Total
RNA was isolated from the lysate with the Invisorb Spin Tissue RNA Mini
Kit (Invitek, Berlin, Germany). Depending on the tissue, 25-100ng total
RNA was used for quantitative TagMan RT-PCR with the amplicon sets
(listed in Supplementary Table S2) obtained from BioTez GmBH, Berlin,
Germany: The TagMan RT-PCR reactions were carried out with an ABI
PRISM 7700 Sequence Detector (Software: Sequence Detection System
v1.6.3 (ABI Life Technologies)) or StepOnePlus Real Time PCR Sytem
(ABI) using a standard protocol for RT-PCR as described previously®
with primers and probes at a concentration of 300 and 100 nmol/] respec-
tively. TagMan data were calculated by using the comparative Ct method.
Target protein expression was assessed by western blotting of whole tissue
lysates as described previously.” Snap frozen tissues were homogenized as
described above in a Mixer Mill MM 301 (Retsch GmbH, Haan, Germany),
and proteins were extracted in RIPA lysis buffer. Equal amounts of protein
were loaded for immunoblot analysis using the following antibodies: rabbit
anti-PTEN (Ab-2, Neomarkers, Fremont, CA) and mouse anti-Tie2 (clone
Ab33, Upstate Biotechnology, Lake Placid, NY, 05-584).

Infusion studies. For infusion studies, jugular vein catheterized mice
(Harlan) received a single 1-hour infusion of DACC/lipoplexes of the
highest dose (12mg siRNA/kg body weight; 40 ml/kg body weight). For
dose titrations, DACC lipoplex stock solution was diluted in 5% glucose
solution to keep the administration volume constant.

Transfection of mouse endothelial cell line MS1. The mouse endothe-
lial cell line MS1 (ATCC CRL-2279) was obtained from the American
type cell culture collection and cultivated according to the supplier’s
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recommendations. Cells were seeded in six-well plates and transfected
with DACC/siRNA"*? as described previously.” Briefly, about 12 hours
after cell seeding different amounts of DACC/siRNA formulations diluted
in 10% serum-containing medium were added to the cells to achieve trans-
fection concentrations in a range of 10-160 nmol/l siRNA. Three days after
transfection cells were lysed. Proteins were separated by SDS-PAGE and
subjected to immune blotting as previously described.” Immunoblots were
analyzed by luminescence imaging using the Stella camera system and
AIDA image analyzer software 4.25 from Raytest (Mannheim, Germany).

Experimental lung metastasis mouse model. Lewis lung carcinoma cells
were cultured in RPMI medium supplemented with 10% fetal calf serum
and 4 mmol/l glutamine. Cells were dissociated with trypsin and subse-
quently washed in cell culture medium and in phosphate-buffered saline.
A total of 250,000 cells in 200 ul phosphate-buffered saline were injected
into the tail vein of 8-week-old male BDF1 mice (Harlan). Mice (12 ani-
mals/group) were treated 11 times with isotonic sucrose or with DACC
lipoplexes on alternating days beginning 5 days before tumor cell chal-
lenge. Twenty-four hours after the last treatment (day 16 after cell chal-
lenge), four mice/group were sacrificed to collect lung tissue for analysis
of CD31 target gene expression. The remaining eight mice per group were
considered for the survival study. Mice were monitored daily for body
weight development and signs of suffering. When reaching defined end-
point criteria (score > 4) animals were sacrificed.

Statistical analysis. Data are expressed as means + SEM. Statistical sig-
nificance of differences was determined by analysis of variance followed by
Dunnett’s multiple comparisons test log-rank test using GraphPad Prism
version 6.00 for Windows (GraphPad Software, La Jolla, CA). the P < 0.05
was considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure $1. ALT/AST enzyme levels of mice treated with DACC.
Figure $2. TNF-o. and IFN-y levels are not elevated after treatment
with DACC.

Table S1. siRNA sequences.

Table $2. Primer sets for Tagman PCR.
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