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RNA interference (RNAI) has generated significant inter-
est as a strategy to suppress viral infection, but in some
cases antiviral activity of unmodified short-interfering
RNA (siRNA) has been attributed to activation of innate
immune responses. We hypothesized that immunostim-
ulation by unmodified siRNA could mediate both RNAi
as well as innate immune stimulation depending on the
mode of drug delivery. We investigated the potential of
immunostimulatory RNAs (isRNAs) to suppress influenza A
virus in vivo in the mouse lung. Lipidoid 98N12-5(1) for-
mulated with unmodified siRNA targeting the influenza
nucleoprotein gene exhibited antiviral activity. Formu-
lations were optimized to increase antiviral activity, but
the antiviral activity of lipidoid-delivered siRNA did not
depend on sequence homology to the influenza genome
as siRNA directed against unrelated targets also sup-
pressed influenza replication in vivo. This activity was
primarily attributed to enhancement of innate immune
stimulation by lipidoid-mediated delivery, which indi-
cates increased toll-like receptor (TLR) activation by
siRNA. Certain chemical modifications to the siRNA back-
bone, which block TLR7/8 activation but retain in vitro
RNAI activity, prevented siRNA-mediated antiviral activ-
ity despite enhanced lipidoid-mediated delivery. Here,
we demonstrate that innate immune activation caused
by unmodified siRNA can have therapeutically relevant
effects, and that these non-RNAi effects can be controlled
through chemical modifications and drug delivery.
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INTRODUCTION

RNA interference (RNAi), mediated by short double-stranded
RNA (dsRNA) molecules termed short-interfering RNAs (siRNAs),
causes degradation of target mRNA in a highly sequence-specific
manner.”” RNAI holds significant promise as an antiviral thera-
peutic strategy.>® RNA viruses have single- or dsRNA genomes
that may be good targets for RNAi,* and RNAi has been used
to inhibit a variety of difficult-to-control viruses such human

immunodeficiency virus*® and hepatitis C.” Respiratory tract infec-
tions such as respiratory syncytial virus (RSV),*'° parainfluenza
virus,® and severe acute respiratory syndrome coronavirus' have
all been suppressed in vivo following intranasal instillation of
naked siRNAs. In the case of naked unmodified siRNAs targeting
RSV, an RNAi-mediated mechanism of action has been confirmed
by 5-RACE detection of the RSV mRNA cleavage site."” Lipid
carriers have also been used to deliver siRNAs effective against
Ebola virus'? and the DNA virus hepatitis B.!>"

In 2003, Ge et al.”® reported selection of siRNA sequences that
efficiently inhibited influenza viral replication in cell culture and
chicken eggs. The most promising siRNAs targeting the NP (siNP-
1496) and PA genes of Influenza A/PR/8/34 (PR8) were subsequently
used by Ge ef al.’® to inhibit influenza in vivo in mouse models of
infection. They reported inhibition of viral titers in the lungs of
mice following intravenous delivery by linear poly(ethylenimine)
(PEI). Tompkins et al.'” used the same siRNA sequences, which
were delivered by hydrodynamic intravenous injection followed
by intranasal instillation of oligofectamine/siRNA complexes, to
demonstrate protection against a lethal challenge of multiple dif-
ferent influenza subtypes including H5N1. Thomas et al.'® in 2005
also demonstrated efficient inhibition of influenza in mouse lungs
using different forms of PEI as a delivery material for siNP-1496.
In all reports, the same green fluorescent protein (GFP) sequence
(siGFP-949) was used as a control for nonspecific effects.

Initially it was thought that siRNAs avoided the interferon
(IFN) response that was observed with longer dsRNA molecules."”
Induction of intracellular IFN responses was thought to occur only
when long dsRNA interacted with cytosolic receptors of RNA such as
melanoma differentiation-associated-5 and retinoic acid-inducible
gene-I, collectively termed the retinoic acid-inducible gene-I-like
helicases,”®* or activated toll-like receptors (TLRs).>> However, it has
recently been appreciated that siRNA, while shorter in length, can in
certain instances interact with TLR3 (refs. 23,24), TLR7 (ref. 25), and
TLR8 (ref. 26) to induce IFN responses. This interaction of siRNA
with TLRs depends greatly on siRNA structure and sequence, and
it can be abrogated through sequence selection strategies and/or
chemical modification of siRNA.?”-** Chemical modifications such
as 2'-fluoro pyrimidines and 2'-O-methyl purines have been shown
to prevent the IFN response.”” 2’-O-methyl substitutions to the

Correspondence: Daniel G Anderson, David H. Koch Institute of Integrative Cancer Research, Massachusetts Institute of Technology, 45 Carleton Street,
Building E25-342, Cambridge, Massachusetts 02142, USA. E-mail: dgander@mit.edu

Molecular Therapy vol. 17 no. 9, 1555-1562 sep. 2009

1555


http://www.nature.com/doifinder/10.1038/mt.2009.147
mailto:dgander@mit.edu

Delivery-mediated Control of RNA Immunostimulation

H H
"I N
o NN O
N)K/\ H N

H

PN T N V)
H

Figure 1 Chemical structure of 98N12-5(1) with one internal sec-
ondary amine and five tail groups.’
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Figure 2 Dose-dependent and formulation-dependent inhibition
of influenza viral replication in mouse lung. Black Swiss mice were
injected twice IV with PBS without siRNA, freshly prepared PEI-siRNA
nanoparticles, freshly prepared 98N12-5(1)-siRNA nanoparticles, or pre-
viously lyophilized 98N12-5(1)-siRNA nanoparticles at 1, 2, or 3mg/kg
siRNA before challenge with 12,000 PFU PR/8 influenza virus. Lung
viral titer was determined by quantitative plaque-forming assay and is
expressed as relative to control (PBS) viral titer. N=3-6, mean + SD shown.
IV, intravenous; PBS, phosphate-buffered saline; PEI, poly(ethylenimine);
PFU, plaque-forming units; siRNA, short-interfering RNA.

Table 1 Sequences of unmodified siRNA molecules used throughout
this study

siRNA Strand Sequence (5-3')

siNP-1496 S GGAUCUUAUUUCUUCGGAGUU
siNP-1496 AS CUCCGAAGAAAUAAGAUCCUU
siGFP-949 S GGCUACGUCCAGGAGCGCAUU
siGFP-949 AS UGCGCUCCUGGACGUAGCCUU
siPgal-728 S CUACACAAAUCAGCGAUUUUU
sipgal-728 AS AAAUCGCUGAUUUGUGUAGUU
siPolyA/U AAAAAAAAAAAAAAAAAAAAA
siPolyA/U UUUUUUUUUUUUUUUUUUUUU

Abbreviations: AS, antisense strand; S, sense strand.

ribose backbone in particular have been shown to suppress TLR7
and TLRS interactions with immunostimulatory RNAs (isRNAs).*
It has been hypothesized that these modifications modulate binding
of the TLR through structural conformational changes and affect
hydrogen bonding in the minor groove of dsRNA.%

In both humans and in mice, the IFN-a-inducing siRNA-TLR7
interaction occurs mainly in the endosome of a specialized cell
called the plasmacytoid dendritic cell (pDC); the pDC circulates
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in the blood, resides in large numbers in the liver, and is the chief
producer of IFN-a.?"**! Many cell types including myeloid DCs
(mDCs), monocytes, and monocyte-derived DCs (mo-DCs) express
some functional TLR7 (in mice) or TLR8 (in humans). These cells
can also respond to immunostimulatory sequences of siRNA to
produce cytokines such as tumor necrosis factor-a (TNF-a) in high
amounts.”>” As such, isSRNA is a functional definition, and may
be determined not only by base sequence, structure, and chemi-
cal modifications, but also by location in the endosome of the cells
where sequence- and structure-specific TLR interactions occur.

A systemic IFN response to RNA may confound or mask
the gene-specific effects of true RNAI in in vivo models of viral
infection. As previously mentioned, an RNAi-mediated mecha-
nism of action has been confirmed by 5-RACE detection of the
RSV mRNA cleavage site following dosing of naked unmodified
siRNA.** However, the influenza virus is highly sensitive to type
1 IFNs, and production of type 1 IFNs is an important compo-
nent of innate defense against influenza and other viruses.*® Small
molecule TLR7/8 agonists* and the TLR3-agonist poly(I:C-L:C)*
have previously shown potent in vivo antiviral activity against
influenza through induction of IFN responses.

Clinically relevant use of siRNAs requires a method of drug
delivery,* but the role of drug delivery in enhancing isRNA activity
has not been clearly defined. We hypothesized that, in addition to
mediating RNAI, siRNA may have an antiviral effect due to innate
immune stimulation, and that this effect may be modulated by
method of delivery. We have recently established a combinatorial
library of lipid-like materials for delivery of nucleic acids termed
“lipidoids” that can efficiently deliver small RNA’s across cellular
barriers."” Using high-throughput screening methods, promising
novel materials were previously identified that exhibited highly
efficient in vitro and in vivo delivery of siRNA molecules to elicit
RNAi-mediated downregulation of liver-specific targets. We fur-
ther investigated the ability of siRNA delivered with one promising
candidate material, 98N12-5(1), for its ability to suppress influenza
A virus replication in the lung using a murine model of influenza
infection. Using a new lipidoid nanoparticle formulation optimized
to achieve antiviral effects, we describe the efficient prophylactic
inhibition of influenza A in mouse lungs due to innate immune
stimulation following the delivery of unmodified siRNA.

RESULTS

98N12-5(1)-siRNA nanoparticles

have antiviral activity

Short-interfering RNAs were encapsulated in nanoparticles based
upon the 98N12-5(1) lipidoid, a novel lipid-like material that has
been used for efficient in vivo siRNA-delivery to the liver'®*>4
(Figure 1). We developed a method for generating stable nano-
particles of lipidoid with cholesterol and polyethylene glycol
(PEG)-ceramide in sodium acetate and ethanol. Lipidoid was
formulated, extruded at high pressure to normalize particle sizes,
and then dialyzed to remove ethanol. These particles consistently
exhibit a characteristic size of 70-100 nm as measured by dynamic
light scattering with >90% encapsulation of RNA (Supplementary
Table S1). We investigated the use of dialyzed lipidoid nanopar-
ticles for inhibition of the PR8 strain influenza A virus in a mouse
model of infection. Initial studies with formulated 98N12-5(1)
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Figure 3 Inhibitory effects of siRNA sequences correlated with
induction of systemic type | interferon response. Mice were injected
twice IV with lyophilized 98N12-5(1)-siRNA nanoparticles at 2mg/kg
siRNA before (a) infection with 12,000 PFU PR/8 influenza virus, or (b)
blood collection by cardiac puncture. (a) Lung viral titer was determined
by quantitative plaque-forming assay. Data from individual mice shown;
black lines indicate mean for each group. (b) Serum IFN-o. concentration
was determined by ELISA. Nanoparticles with siNP-1496 or unmatched
sifgal-728 sequence elicited high levels of IFN-o that corresponded
with significant reductions in viral titer compared to nanoparticles for-
mulated with siGFP-949. *P < 0.05 compared to siGFP-949 group by 5
group 1-way ANOVA followed by Bonferroni’s multiple comparison test.
ANOVA, analysis of variance; ELISA, enzyme-linked immunosorbent assay;
IFN, interferon; GFP, green fluorescent protein; PFU, plaque-forming unit;
siRNA, short-interfering RNA.

particles complexed with siNP-1496 indicated a dose-dependent
response following prophylactic treatment 24 hours before infec-
tion with a super-lethal challenge of 12,000 plaque-forming units
of PR/8 influenza virus. Up to 13-fold (~93%) reduction in lung
viral titer compared to phosphate-buffered saline (PBS) injections
was observed at 3 mg/kg siNP-1496 dosing (Figure 2). However,
dialyzed lipidoid particles containing siGFP-949 also exhibited a
4.7-fold (~77%) reduction in viral titer at 3 mg/kg. Commercially
available PEI, by comparison, demonstrated a 5.8-fold (83%) viral
titer reduction at 3 mg/kg dosing of siNP-1496. PEI-siRNA nano-
particles also demonstrated some inhibitory effect at 2 mg/kg dos-
ing (3.6-fold inhibition of viral titer); this effect was similar for
both siGFP-949 (data not shown) and siNP-1496.

Optimization of formulation to increase

antiviral activity

To further optimize particle formulation, we varied our method of
particle preparation. Uponlyophilization and reconstitution in PBS,
lipidoid nanoparticles increased in size to between 400 and 700 nm
(Supplementary Table S1). These larger particles were more effi-
cient than nonlyophilized freshly prepared particles at suppressing
influenza viral titer (Supplementary Figure S1). Extrusion of par-
ticles through a 400-nm filter resulted in similar sizes as extrusion
through a 200-nm filter (data not shown). Extrusion of particles
through a 400-nm filter followed by dialysis did not result in viral
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Table 2 Chemically modified siRNA sequences

siRNA Strand Sequence (5'-3')°

si4746 S GGAUCUUAUUUCUUCGGAGATAT
si4747 AS CUCCGAAGAAAUAAGAUCCATAT
siNP-mm S GGAACUUAUAUGUUCCGAGATAT
siNP-mm AS CUCGGAACAUAUAAGUUCCATdT
si3583 S GGAUCUUAUUUCUUCGGAGATsdT
si3584 AS CUCCGAAGAAAUAAGAUCCATsdT
si3589 S GGAucuuAuuucuucGGAGdTsdT
513590 AS CUCCGAAGAAAUAAGAUCCATsdT

siLuc/1955 S
siLuc/1955 AS

cuuAcGeuGAGuAcuucGAdTdT
UCGAAGuUACUcAGCGUAAGATdT

Abbreviations: AS, antisense strand; dT, deoxythymidine; lower case lettering,
2'-0-methyl modification; s, phosphorothioate; S, sense strand.

Chemically modified residues are underlined.

°All sequences are the same base sequence used for siNP-1496 that target the
nucleoprotein (NP) gene of influenza A, except for siLuc.

suppression as efficient as extrusion through a 200-nm filter fol-
lowed by lyophilization. Compared to freshly prepared nanopar-
ticles, lyophilization of lipidoid-siGFP-949 particles only slightly
increased the antiviral effect at 3 mg/kg dose. Lyophilized nanopar-
ticles at 3 mg/kg siRNA dosing reduced viral titer 13.4-fold (92.5%)
for siGFP-949 and over 300-fold (99.7%) for siNP-1496 (Figure 2).
However, at these highest doses lyophilized nanoparticles caused
weight loss of 8% after the first injection and 16% after the second
injection. At just 2mg/kg dosing of siNP-1496, viral titer reduc-
tion with lyophilized particles was on average 36-fold (~97%) com-
pared to PBS (Figure 2). This lyophilized formulation and 2 mg/kg
dose was selected for the rest of our studies.

Antiviral activity is not due to sequence homology
with influenza genome

To address issues of sequence-independent inhibition of influ-
enza observed with siGFP-949 particles, we added a scrambled
control sequence of siNP-1496 to our experimental set of siRNAs.
Lyophilized lipidoid nanoparticles were formulated with siGFP-
949, siNP-1496, or scrambled siNP-1496-sc. We also investigated
serum IFN responses following dosing with nanoparticles, as some
siRNA sequences are known to induce IFN responses through
TLR7 in vivo in mice and TLR7/8 in vitro in human cells.*>* We
observed an association between efficient suppression of viral titers
(Supplementary Figure S2a) and activation of an innate immune
response (Supplementary Figure S2b) using the scrambled siNP-
1496 sequence. In addition, viral inhibition in response to an irrel-
evant siRNA sequence (sifgal-728) known to induce IFN* was
similar in magnitude to that observed with siNP-1496 targeting the
flu genome. Similar antiviral activity was observed as well with the
sequence siPolyA/U, one strand of which (polyA strand) was reported
to not stimulate immune responses when formulated with DOTAP*
(Table 1). Antiviral activity was compared side-by-side with siNP-
1496 in lyophilized 98N12-5(1) nanoparticles. Surprisingly, siNP,
sifgal, and siPolyA/U lipidoid particles all suppressed influenza
reproduction equivalently, achieving over 90-fold reduction in viral
titer compared to PBS controls (Figure 3b). Lipidoid nanoparticles
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Figure 4 Chemical modification to the siRNA backbone can prevent
in vitro induction of innate immune responses in human PBMC cul-
tures. Levels of serum cytokines IFN-oc and TNF-o. 24 hours after in vitro
transfection of human PBMCs with 130 nmol/I unmodified and modified
(see Table 1) versions of siNP-1496 complexed with GenePORTER 2
(IFN-0)) or DOTAP (TNF-o). Controls are untreated cells, cells with empty
transfection agent, or direct incubation with CpG oligo ODN2216 at
500nmol/l to elicit IFN-o. responses through TLRY interactions. IFN-a
is plotted on the left axis (gray) and TNF-o. is plotted on the right axis
(black). Average of two independent donors is shown. IFN, interferon;
PBMC, peripheral blood mononuclear cell; siRNA, short-interfering RNA;
TLR, toll-like receptor; TNF, tumor necrosis factor.

containing both siNP and sifgal elicited high levels of serum IFN-a
and TNF-a, while neither siGFP-nanoparticles nor PBS injections
generated detectable levels of serum IFN-a (Figure 3b).

Antiviral activity is due to immune stimulation
The effect on antiviral activity of chemical modifications to the
siRNA backbone was investigated as these modifications can
prevent interactions with TLRs.***° The siNP-1496 sequence was
modified with various backbone and nucleic acid substitutions
(Table 2). Immune stimulation by modified siRNAs was first
investigated in vitro by transfecting modified siRNA into cultured
human peripheral blood mononuclear cells (PBMCs) with Gene
Porter 2 or DOTAP. IFN-a and TNF-a levels of culture superna-
tants were measured by enzyme-linked immunosorbent assay
24 hours after transfection (Figure 4). Incorporation of neither
deoxythymidine overhangs nor substitution with a phosphorothio-
ate linkage was able to prevent immune stimulation. Substituting
the hydroxyl group on the 2" carbon of ribose with a 2’-O-methyl
group prevented immune stimulation when present on either sense
or antisense strands in vitro (Figure 4). Just a single base (uridine)
modification with 2’-O-methyl could prevent immune stimulation,
as the siRNA duplex formed with si4767 (sense) and si3590 (anti-
sense) did not elicit immune stimulation (Figure 4). Chemically
modified siRNAs retained the ability to inhibit influenza through
RNAi mechanisms in vitro (Figure 5) with the IC,  of all duplexes
in the sub-nmol/l range (<0.4nmol/l). Notably, duplexes with the
§13590-modified strand exhibited a slightly reduced potency with
anIC, approaching 1 nmol/l, though siRNA duplexes formed from
more heavily 2’-O-methyl substituted RNA strands such as si3589
did not suffer from this slight reduction in activity.

A subset of siNP-1496 siRNA representing unmodified and
chemically modified duplexes that retain full in vitro RNAi activity
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Figure 5 In vitro RNA interference of influenza virus using native and
chemically modified siRNAs. Cultured Vero cells were infected with
PR/8 influenza virus and transfected with siRNAs. Viral titer is expressed as
a percentage relative to nontreated control viral titers. The dose-response
RNA interference effects of siRNA were not significantly altered by chem-
ical modifications. The different siRNA duplexes are identified by sense
and antisense strand (S/AS) as listed in Table 2. The parent unmodified
siRNA is represented by 4746/4747; 4746/4747 MM represents a mis-
matched version of 4746/4747, while all other duplexes represent intro-
duction of additional modifications into the original 4746/4747 parent
siRNA duplex. siRNA, short-interfering RNA.

was selected for in vivo investigations of immune stimulation
and antiviral activity. These modified siNP-1496 sequences were
incorporated into the optimal formulation of lyophilized 98N12-
5(1) nanoparticles. We investigated both immune stimulation
and suppression of influenza in vivo in a mouse model. Chemical
modifications that blocked immune stimulation in human PBMCs
in vitro also prevented activation of IFN-a and TNF-a in vivo in
Black Swiss mice (Figure 6a).

Plaque assays may be confounded by production of noninfec-
tious viral particles, residual cytokines in the lung samples, or tox-
icity. Thus, we have established a correlation between functional
viral particles, as measured through plaque-forming assay, and
levels of viral mRNA (Supplementary Figure S3). Measurement
of viral mRNA levels can be normalized to a housekeeping gene,
glyceraldehyde 3-phosphate dehydrogenase, to investigate specific
inhibition of the siRNA target influenza genome. As measured by
branched DNA assay for viral RNA levels, blocking immune stim-
ulation abrogated antiviral responses (Figure 6b). In addition, the
chemically modified GL3 si1995/Luc sequence targeting an irrele-
vant gene, firefly luciferase, formulated in lyophilized 98N12-5(1)
particles did not induce either significant immune stimulation
or antiviral responses. Delivery of immunostimulatory siRNA’s
(si3583/3584 and si4746/4747) was associated with tenfold reduc-
tion in normalized viral mRNA levels, compared to PBS-treated
mice, and exhibited significantly greater antiviral activity than
siRNA modified to abolish immunostimulatory activity. These
data together provide evidence that replication of the influenza
virus was specifically inhibited by the IFN responses and was not
due to carrier-mediated toxicity.

DISCUSSION

Previous work'>'”!8% with the siNP-1496 sequence targeting influ-
enza using only the siGFP-949 sequence as a control did not accu-
rately account for isRNA activity as the siGFP-949 sequence does

www.moleculartherapy.org vol. 17 no. 9 sep. 2009
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Figure 6 Chemical modifications to the siRNA backbone decrease
in vivo induction of serum inflammatory cytokines and antiviral
responses. Mice were injected twice IV with lyophilized 98N12-5(1)
siRNA nanoparticles at 2mg/kg siRNA before (a) blood collection by
cardiac puncture or (b) infection with 12,000 PFU PR8 virus. (a) Serum
IFN-o concentration was determined by ELISA. (b) Lung viral RNA level
was determined by branched DNA assay and normalized to GAPDH
mRNA levels. Data from individual mice shown; black lines indicate
mean for each group. *P < 0.05 compared to PBS group by 7-group one-
way ANOVA followed by Bonferroni’s multiple comparison test. ANOVA,
analysis of variance; ELISA, enzyme-linked immunosorbent assay;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN, interferon;
IV, intravenous; PBS, phosphate-buffered saline; PFU, plaque-forming
unit; siRNA, short-interfering RNA.

not seem to activate TLR-mediated IFN responses,* as we have
observed. PEI-mediated delivery of the siNP-1496 sequence was
not previously found to induce an IFN response,'®'® although our
results indicate that the antiviral activity of PEI was also relatively
low. Commonly used and commercially available cationic lipid
transfection agents such as DOTAP and Lipofectamine have been
used to investigate the biology of isRNA activity in vitro.!>*>2%4
Both lipid- and PEI-based nanoparticles have also been reported
to generate isRNA activity in vivo.>>**** Here, we have dem-
onstrated that the observed antiviral properties of siNP-1496
siRNA are related to delivery-dependent innate immune stimu-
lation rather than an RNAi-mediated antiviral effect. This is the
first report to our knowledge comparing isRNA activity amongst
different delivery systems and describing the effect of increasing
immune stimulation in vivo through systemic delivery of isSRNA
molecules.

We have developed a novel delivery system that efficiently deliv-
ers siRNAs for immune stimulation better than PEI (Figure 2). We
report inhibition of viral titers that approaches 90-fold reduction
(compared to PBS) at 2 mg/kg RNA dosing and 300-fold reduction
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at 3mg/kg dosing using unmodified siRNAs in lyophilized lipi-
doid nanoparticles. Antiviral activity of lyophilized 98N12-5(1)
nanoparticles was superior to PEI nanoparticles encapsulating the
same siRNAs (Figure 2), and amplified the difference in isSRNA
activity between different sequences (Figure 3). Of note, the anti-
viral activity of optimized lipidoid-siRNA nanoparticles was not
limited to just the siNP-1496 sequence. The previously identi-
fied isRNA, sifgal-728 (ref. 41), also exhibited antiviral activity.
Although the polyA strand of siPolyA/U has been reported to
not induce IFN responses when delivered with DOTAP,** when
combined with the polyU strand in the lipidoid nanoparticle this
RNA also had significant antiviral activity (Figure 3), likely due
to the high uridine content.»* Delivery with lyophilized 98N12-
5(1) nanoparticles preferentially to IFN-producing cells is likely to
increase isSRNA potential of any given siRNA sequence including
the siGFP-949 sequence. All antiviral activity observed was asso-
ciated with efficient induction of a type 1 IFN response through
induction of IFN-a and a pro-inflammatory cytokine response
through the induction of TNF-a (Figures 3 and 6).

The lipidoid material 98N12-5(1) is capable of mediating cyto-
solic delivery of siRNA molecules and achieving RNAI in vitro and
in vivo to the liver."® Given that efficient TLR7 engagement with
siRNA molecules requires endosomal localization,” our results
indicate endosomal uptake as one method of 98N12-5(1) internal-
ization in vivo. PEI, on the other hand, is highly efficient for rapid
endosomal escape**® and therefore may not release significant
RNA in the endosome for interaction with TLRs. Lyophilization
of lipidoid nanoparticles increases particle sizes and increases
antiviral activity. However, the lyophilization process itself is not
sufficient for achieving high antiviral activity because dialysis
before lyophilization results in particles with decreased antiviral
activity (Supplementary Figure S1). As dialyzed lipidoid-siRNA
nanoparticles deliver siRNA to the liver and spleen, albeit without
resulting in RNAi in the spleen,'®* we hypothesize that lyophiliz-
ing these particles and increasing the particle size preferentially
increases uptake in liver and splenic pDCs.

Understanding and controlling the activation of immune
responses is an important step toward using siRNA molecules
therapeutically. While we did not observe significant anti-flu effect
due to RNAJ, large antiviral effect was caused by the immunostim-
ulatory aspect of certain siRNA. The sense strand of the siNP-1496
sequence has been suggested to activate human PBMCs in vitro.*
Our findings are consistent with this report. The siRNA duplexes
containing 3’-overhangs with deoxythymidine showed immuno-
stimulatory activity in vitro in human PBMCs (Figure 4) or when
formulated and tested in vivo (Figure 6a). Further modification
of the 3’-overhangs with a phosphorothioate linkage also had
little effect on siRNA-mediated immune activation. Only 2'-O-
methyl modifications were able to block IFN responses in vitro
and in vivo. Accordingly, only 2’-O-methyl modifications blocked
the in vivo antiviral response (Figure 6b). Previous reports have
indicated that a minimum of two residues must be modified to
prevent immune stimulation.”® We observed blockade of TLR
activity with 2’-O-methyl modification of just one central uridine
residue (modified strand si3590; Table 2) in the antisense strand
of the NP-1496 sequence that efficiently prevented IFN responses
in human PBMCs (Figure 4). This central base modification
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also slightly decreased the potency of RNAi activity, although it
was not eliminated (Figure 5), and was not further investigated
in vivo. Interestingly, more extensive modification with multiple
2'-O-methyl bases on the sense strand (si3589) molecule did not
change RNAi potency. All of the other modifications completely
preserved in vitro RNAI activity. While we did not directly test
the immunostimulatory activity of our siRNAs in isolated mouse
cells in vitro, we have observed similar immunostimulatory activ-
ity in vitro with human PBMCs and in vivo in mice consistent with
other literature descriptions.?>**4!

Recently, Robbins et al.* reported on the misinterpretation of
anti-influenza effects of the siNP-1496 sequence due to immune
stimulation. They showed that the siGFP-949 sequence is uniquely
nonstimulatory for unknown reasons, though the low GU-content
of the siGFP-949 sequence could be a factor. They also demon-
strated that 2’-O-methyl modification of all uridine nucleotides
in the sense strand of siNP-1496 can abrogate immune responses
and antiviral activity.* Our results presented here are consistent
with the observed differences in immunostimulatory nature of
various siRNAs contained in the report by Robbins et al. Although
we have demonstrated that minimal modification is necessary to
prevent undesired immune stimulation, the exact position and
number of chemical modifications required to abolish immuno-
stimulation must be tested and confirmed experimentally on a
case-by-case basis.

We have further demonstrated the role that enhanced delivery
can have in increasing immunostimulatory siRNA effects. Despite
evidence that chemically modified modified siNP-1496 exhibited
potent RNAi-mediated antiviral activity in vitro (Figure 5) without
significant immune stimulatory activity both in vitro (Figure 4)
and in vivo (Figure 6), these siRNA did not reduce virus titer in
mice when delivered in lipidoid formulation. However, using a
different formulation of 98N12-5(1), we have previously observed
RNAi-mediated antiviral activity following direct pulmonary
instillation in a mouse model of RSV infection.”® The formulation
of 98N12-5(1) described here was optimized for maximum pro-
phylactic effect, which was due to immunostimulatory delivery of
RNA. Itis possible that the relative contribution of RNAi-mediated
gene silencing may be more significant for other delivery methods
or other formulations of 98N12-5(1). Stably expressed siNP-1496
is capable of knocking down reporter gene expression (data not
shown) and inhibiting influenza virus production in cell culture.'®
The lack of observable in vivo RNAi mediated by formulations
with siNP-1496 highlights the importance of siRNA delivery in
achieving the desired RNAi activity. Thus, additional development
is needed to facilitate RNAi-mediated anti-influenza activity of
systemically administered siNP-1496 in vivo.

Immunostimulation using siRNA can have potential benefits
as well. Immunostimulatory RNA molecules have been used to
induce antitumor effects*® and could serve as adjuvants in generat-
ing vaccine responses.*” Previously, it was reported that a 13-fold
reduction in viral titer in a super-lethal infection model similar
to the one described here can lead to a survival benefit; a 63-fold
reduction in viral titer approached 100% survival rate."” We have
also investigated a therapeutic model of treating influenza infec-
tion with 98N12-5(1) nanoparticles administered after infection
with virus. However, no significant benefit was observed with this
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dosing scheme (Supplementary Figure S4). Still, the prophylac-
tic antiviral effects of 98N12-5(1) nanoparticles encapsulating the
siRNAs siNP-1496 or sifgal-726 were robust; we have achieved up
to 300-fold reduction in viral titer.

We provide evidence that formulation methods can significantly
alter the in vivo activity of unmodified small RNA molecules. As
TLR7/8 activity is both cell-specific and compartmentalized to the
late endosome, controlled delivery can influence the level of immu-
nostimulatory siRNA activity. As TLR7/8 engagement is important
for innate antiviral responses,”** avoiding TLRs is important in the
development of RNAI therapies in the infectious disease setting.
Additionally, excessive activity of TLR7/8 leading to increased type
1 IEN secretion from the pDC has been associated with autoim-
munity.*® When siRNAs are administered in vivo they must there-
fore avoid sustained internalization into the endosome of pDCs
and other TLR7/8-responsive cells, or siRNAs must be modified to
prevent TLR7/8 activation as we have demonstrated. Nevertheless,
an attractive therapeutic potential use of controlled siRNA deliv-
ery would be simultaneous RNAi activity and immunostimulatory
RNA activity from the same RNA molecule.* A single RNA with
dual functionality may therefore be readily achieved by controlled
delivery to a cytosolic location for RNAi activity and an endo-
somal location in pDCs for innate immune activation. We show
that these antiviral IFN and related cytokine responses mediated
by certain siRNAs in vivo can be influenced by delivery material
and formulation and can be suppressed by chemical modifications
to the siRNA. Our work offers a proof of concept of optimizing
in vivo drug delivery for isSRNA activity, as well as evidence that
even a robust delivery system can be rendered immunosilent by
certain chemical modifications to siRNA.

METHODS

siRNAs. Unmodified siRNA molecules with 3'UU-overhangs were pur-
chased from Dharmacon (Lafayette, CO) with the “in vivo” processing
option or the “A4” processing option. The siNP-1496 (ref. 15), siGFP-949
(ref. 15), and sifgal-728 (ref. 41) sequences were as previously reported.
Chemically modified siRNAs with the siNP-1496 sequence and GL3
firefly luciferase sequence (sil955/Luc) were synthesized by Alnylam
Pharmaceuticals (Cambridge, MA). See Table 1 for sequences and Table 2
for sequences with chemical modifications.

Lipidoid and PEI nanoparticle preparation. Lipidoid 98N12-5(1) (ref. 10)
was dissolved to 120 mg/ml in ethanol, cholesterol (Sigma-Aldrich, St Louis,
MO) was dissolved to 25mg/ml in ethanol, and N-palmitoyl-sphingosine-
1-[succinyl(methoxypolyethylene glycol)2000] (C16 mPEG 2000 ceramide)
(“PEG”) (Avanti Polar Lipids, Alabaster, AL) was dissolved to 100 mg/ml in
ethanol. Lipidoid, cholesterol, and PEG were combined at a 15:0.8:7 mass
ratio (L:C:P), vortexed briefly, and diluted in a mixture of ethanol and sodium
acetate (25 mmol/l with 16.67 mg/ml sucrose) for a final lipidoid concentra-
tion of 7.5mg/ml in 40% ethanol, 60% NaAc. siRNAs were diluted in NaAc,
25mmol/l, to 500 ug/ml. Diluted lipidoid/cholesterol/PEG were added to
diluted siRNA at a 15:1 mass ratio (L:R) and vortexed for 20 minutes to
allow complexes to form. Complexed lipidoid-RNA nanoparticles were
then extruded 10 passes through a double 200-nm membrane (Whatman,
Florham Park, NJ) on a Northern Lipids (British Columbia, Canada) extru-
sion system at 40 °C. To remove ethanol before injection, nanoparticles were
dialyzed in a Slide-A-Lyzer 3500 molecular weight cutoff dialysis cassette
(Pierce Biotechnology, Rockford, IL) against PBS. For lyophilization, 10mg
of sucrose was added per ml of extruded complexes before freezing at —80°C
for >2 hours followed by >1 day-lyophilization.
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In vivo Jet-PEI was purchased from Polyplus (New York, NY). PEI-
siRNA complexes were made according to the manufacturer’s protocols
immediately before injection and diluted in PBS with 5% glucose.

Lipidoid nanoparticle characterization. For quantification and encap-
sulation efficiency of siRNA, a 50ul sample of nanoparticles was diluted
200-fold in Tris-EDTA buffer, mixed with either 50 ul of Tris-EDTA buf-
fer or 50 ul of 0.4% Triton-X-100 in Tris-EDTA, and incubated with 100 ul
Quant-It Ribogreen reagent (Invitrogen, Carlsbad, CA) according to the
manufacturers protocols for 20 minutes at 37°C in a 96-well black plate.
Fluorescence intensity was determined at 485nm (ex)/535nm (em). Total
fluorescence in the presence of Triton-X was compared to a standard curve
of siRNA diluted in Tris-EDTA to determine total siRNA concentration;
siRNA encapsulation efficiency was determined by the ratio of fluores-
cence signal without Triton-X to signal with Triton-X. Nanoparticle size
was assayed by light scattering using a Zeta-PALS instrument (Brookhaven
Instruments, Holtsville, NY).

Nanoparticle injections. Male Black Swiss mice were purchased from
Taconic Farms (Hudson, NY) and cared for according to the standards
of the Massachusetts Institute of Technology under the guidance of the
Division of Comparative Medicine. Mice were anesthetized with a mixture
of ketamine (10mg/ml) and xylazine (1.5mg/ml) in PBS by intraperito-
neal injection. Nanoparticles were resuspended or diluted in PBS to 250 ug
siRNA/ml immediately before injection. PBS at volumes equivalent to
nanoparticle injections was used as a control. Injections were made intra-
venously into the retroorbital plexus.

Influenza infection and viral titer assays. Mice were dosed with nano-
particles twice at 0 and 20 hours and infected with influenza at 24 hours.
Influenza virus A/PR/8/34 (PR8) was diluted to 240,000 plaque-forming
units/ml in PBS with 0.3 wt% bovine serum albumin and 100 U/ml peni-
cillin/streptomycin. After anesthetizing mice with the ketamine/xylazine
mixture, 50 uL (12,000 plaque-forming units) of diluted PR8 virus was
instilled intranasally dropwise. At 48 hours, 24 hours after infection,
mice were sacrificed and the lungs removed. Whole lungs were flash fro-
zen in liquid nitrogen in 2 ml of PBS with 0.3 wt% bovine serum albumin
and subjected to two freeze—thaw cycles. Lungs were then homogenized
by sonication to release virus, centrifuged at 800 relative centrifugal
force, 4°C for 4 minutes, and supernatant samples were frozen at —80°C
until analysis.

To determine viral titer by plaque-forming unit assay, Madin-Darby
canine kidney cells were seeded at 0.5 x 10° cells/well in 6-well plates in
Dulbeccos modified Eagle’s medium (with 10 mmol/l HEPES, 10% fetal
bovine serum, 100 U/ml penicillin/streptomycin, 2mmol/l glucose) and
allowed to grow to single-layer confluence overnight. Media was aspirated
from wells, and 200 pl of virus-containing samples serially diluted tenfold
in PBS were added onto cells in triplicate. Following a 1-hour incubation
period with periodic shaking to distribute viral particles evenly, cells
were covered with 2 ml of semisolid 1% agar/media solution to limit viral
particle spread to cell-to-cell contacts. Plaques were counted after 3 days.

To determine viral titer by viral RNA levels, whole lungs were
harvested, flash frozen with liquid nitrogen, and then mechanically
pulverized. Lung samples were reconstituted in PBS, digested in cell lysis
buffer and proteinase K (Epicentre, Madison, WI), and assayed using a
branched DNA assay (Panomics, Fremont, CA) with probes specific
to HIN1 genomic RNA. Levels of HIN1 genome were measured and
compared to glyceraldehyde 3-phosphate dehydrogenase mRNA levels as
a housekeeping gene for normalization.

In vivo cytokine assays. Mice were dosed with nanoparticles follow-
ing a similar schedule as described above without influenza infection.
Mice were dosed with nanoparticles twice at 0 and 20 hours. At 28 hours,
8 hours after the second injection, mice were killed and blood was col-
lected by cardiac puncture. Serum was collected following clotting
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and centrifugation in serum collection tubes (Sarstedt, Newton, NC).
Sandwich enzyme-linked immunosorbent assay was used to quantify
serum IFN-a levels (PBL Laboratories, Piscataway, NJ) and serum TNF-a
levels (eBioscience, San Diego, CA).

In vitro cytokine assays. Human PBMCs were purified from anony-
mous donor blood buffy coats (Institute for Transfusion Medicine Blood
Bank, Suhl, Germany) by density centrifugation in Ficoll-Histopaque
1077 (Sigma-Aldrich, Munich, Germany) and plated in 96-well plates
at 10° cells/ml. GenePORTER 2 (Genlantis, San Diego, CA) or DOTAP
(Roche Applied Science, Indianapolis, IN) were complexed with siR-
NAs and incubated at 130 nmol/l siRNA with PBMCs. After 24 hours,
supernatants were collected and assayed by sandwich enzyme-linked
immunosorbent assay for levels of human IFN-a and human TNF-a
(BenderMed, Vienna, Austria).

In vitro RNAi assays. Vero cells were seeded at 10,000 cells/well in 96-well
plates. After 1-day incubation (80-90% confluence), cells were transfected
with siRNA complexed with Lipofectamine (Invitrogen). Cells were washed
once with PBS after 24 hours then infected with PR/8 virus. Viral titer was
assayed by immuno-staining plaque assay using primary anti-influenza A
antibody (Chemicon, Temecula, CA) following fixing and permeabiliza-
tion of cells.

SUPPLEMENTARY MATERIAL

Table $1. Physical characteristics of lipidoid-siRNA particles from rep-
resentative batches.

Figure S$1. Fold reduction of viral titer due to different methods of
lipidoid nanoparticle formulation.

Figure $2. Inhibitory effects of mismatched siRNA control sequence
correlated with induction of systemic Type | interferon response.
Figure $3. Correlation between plaque forming unit (PFU) assay and
branched DNA (bDNA) viral mRNA assay for determining viral load.
Figure $4. Survival following low dose influenza challenge and treat-
ment with lipidoid nanoparticles.
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