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Abstract

Lipid nanoparticle SNAs (LNP-SNAs) have been synthesized for the delivery of DNA and RNA
to targets in the cytoplasm of cells. Both the composition of the LNP core and surface-presented
DNA sequences contribute to LNP-SNA activity. G-rich sequences enhance the activity of LNP-
SNAs compared to T-rich sequences. In the LNP core, increased cholesterol content leads to
greater activity. Optimized LNP-SNA candidates reduce the siRNA concentration required to
silence mRNA by 2 orders of magnitude compared to liposome-based SNAs. In addition, the
LNP-SNA architectures alter biodistribution and efficacy profiles in mice. For example, mRNA
within LNP-SNAs injected intravenously is primarily expressed in the spleen, while mRNA
encapsulated by LNPs (no DNA on the surface) was expressed primarily in the liver with a
relatively small amount in the spleen. These data show that the activity and biodistribution of
LNP-SNA architectures are different from those of conventional liposomal SNAs and therefore
potentially can be used to target tissues.
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Effective delivery at clinically relevant doses is a challenge limiting the implementation

of DNA and RNA therapeutics. Nucleic acids can be used in gene silencing,1~* genome
editing,>~7 gene replacement,82 immune system modulation,19-12 and theranostics.13-1°
While significant progress has been made in each of these areas, therapy development often
requires extensive modification of both the encapsulated DNA and RNA sequence and its
carrier to prevent nuclease degradation and enhance tissue and cellular uptake. The spherical
nucleic acid (SNA) addresses some of the challenges of nucleic acid delivery without

the need for extensive sequence modifications. In these structures, the oligonucleotides,
DNA or RNA, are radially oriented around a spherical nanoparticle template. This dense
three-dimensional arrangement improves DNA and RNA delivery by increasing nuclease
resistance and accumulation in many cell types, through scavenger receptor engagement.16
In cellular assays, the SNA architecture increases the degradation half-life and cellular
uptake in a sequence-dependent manner.17-19 SNA structures generated using modular
nanoparticle cores such as liposomes can be tuned for greater tissue-specific delivery. For
instance, in wild-type mice, SNAs are distributed on the basis of the DNA sequence’s
affinity for the liposome core. Here, the hydrophobicity of the sterol or lipid anchoring

the DNA sequences to the nanoparticle surface determines the number of SNAs that

will be delivered to the liver, spleen, or lungs.19-21 SNAs also enhance the function of

the nucleic acids compared to their equivalent linear form. Antisense oligonucleotides
formulated into liposome-based SNAs enter cells and inhibit gene expression at micromolar
concentrations.?2:23 Consequently, SNAs delivering both DNA and RNA are showing
promising results in the clinic.24-26

While clinically relevant activity is one requirement, nanocarriers must achieve sufficient
delivery to the target while avoiding potentially harmful effects in other organs. Thus,
a structure that can control the distribution and enhance the activity of the nucleic
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acids is needed. SNA architectures based on nanoparticles used for escape from

cellular compartments may increase potency while retaining the SNA structure-dependent
biodistribution properties. Lipid nanoparticles (LNPs) are a modular class of nanoparticles
that can effectively encapsulate many types of nucleic acids and rely on endogenous
lipid-trafficking pathways for delivery.2” Advances in LNP chemistry enable siRNA and
MRNA delivery at therapeutically relevant concentrations. For this reason, LNPs are the
nanocarriers used in a variety of FDA approved RNA therapeutics.28 Although SNA
architectures based upon LNP cores have the potential to deliver encapsulated nucleic
acids at relevant concentrations as well as enhance tissue retention and sequence-specific
targeting, they have yet to be synthesized and studied. To synergize the advantages of

both LNPs and SNAs, a large parameter space of both LNP nanoparticle cores and DNA
sequences must be explored. This requires an efficient optimization process as well as
benchmarking LNP-SNA activity with that of previously studied SNAs and bare LNPs that
have no surface-conjugated DNA. Finally, to assess the potential of LNP-SNASs as genetic
medicines, it is necessary to determine how adding conjugated DNA to the surface of
LNP-SNAs alters the activity and targeting ability in mice after intravenous injection.

Here, we report a strategy that employs Design of Experiment (DoE) methodologies?®
such as definitive screening designs and fractional factorials to generate SNAs from

LNP structures (LNP-SNAS). This approach hastens the discovery of optimal LNP-SNA
formulations by reducing the number of conditions required to assess the effects of each
factor and the two-factor effects. Large-scale experiments in the initial stages of LNP-SNA
development are time- and material-prohibitive. For screening purposes, we synthesized
LNP-SNAs with a 45 base-pair (bp) DNA sequence designed to bind cyclic GMP-AMP
synthase (CGAS), activating the cytosolic cGAS-STING pathway. This pathway, while a
useful proof-of-concept for DNA delivery to bind cytosolic proteins, is also therapeutically
relevant.3931 STING activation in the tumor microenvironment leads to a significant
regression of solid tumors. Double-stranded (ds) DNA binding to cGAS leads to the
activation of transcription factors such as IRF3.32-34 Thus, with a cell line engineered to
secrete luciferase as a result of IRF3 induction, we can use luminescence as an output for
DNA delivery.

LNP-SNA Synthesis and Library A Screening Using a Definitive Screening Design.

LNPs were synthesized using the ethanol dilution method,3° where the aqueous phase
containing the nucleic acids (DNA or RNA) in 10 mM citrate buffer (pH 4) was mixed

with the ethanol phase containing the various lipids, including an ionizable lipid (Figure
1A,B), phospholipid, lipid-PEG, and cholesterol (Figure 1C). The phospholipid is designed
to support the structure and may aid in endosomal escape.36:37 The cholesterol enhances
LNP stability and promotes the fusion of LNPs with biological membranes.38:3° The
ionizable lipids are positively charged at endosomal pH, which aids in cytosolic delivery
and nucleic acid loading.27-36:40-42 | jpid-PEGs are used to prevent nanoparticle aggregation
and increase blood circulation times.2” Lipid-PEG(2000)-maleimides coat the surfaces

of our LNPs and provide a conjugation site for sulfhydryl-terminated DNA. In library
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A, we used 1,2-dioleoyl-sr-glycero-3-phosphocholine (DOPC) as the phospholipid. In
addition, we tested two different commercially available ionizable lipids, 1,2-dioleoyl-3-
dimethylammonium-propane (18:1 DAP) and dilinoleylmethyl-4-dimethylaminobutyrate
(DLin-MC3-DMA) (Figure 1B), and three different lipid-PEG(2000)-maleimides which
differed in the length of the lipid’s diacyl tail (Figure 1C). Six different molar ratios of these
components were used (Table S1).

Following dialysis against PBS, the diameter of the LNPs was characterized by
nanoparticle tracking analysis (NTA), and their encapsulation efficiency was determined
using a fluorescence-based assay (Table S1). The LNP-SNAs in library A had a

median hydrodynamic diameter of 221 nm (Figure 1D) and a median encapsulation
efficiency of 82% (Figure 1E). To form SNAs from the LNPs, the LNPs were mixed

with 3”-sulfhydryl-terminated DNA to facilitate conjugation to the surface-presented lipid-
PEG(2000)-maleimides (Table S2). LNP-SNA formation was confirmed by agarose gel
electro-phoresis (Figure S1). In library A, we used a poly(T) DNA sequence (T21-SH)
because it does not form secondary structures. To confirm that the outer DNA sequence used
to form LNP-SNA structures does not cause background cGAS-STING pathway activation,
we transfected each DNA sequence used in screening experiments. Only the 45 bp dsDNA
sequence specific for cGAS recognition resulted in detectable IRF3 induction (Figures S2
and S3).

To estimate both the main effects of each parameter and second-order effects between
parameters, we employed a definitive screening design.2® This ensures that (1) the

main effects are not confounded with two-factor effects, (2) we can detect nonlinear
correlations, and (3) we can eliminate unimportant formulation parameters for subsequent
screening experiments. The IRF3 induction screen of library A yielded five LNP-SNAS
that significantly activated the cGAS-STING pathway (p < 0.05 compared to untreated
(N.T.), Figure 1F). These five LNP-SNAs contained either C14 or C16 lipid-PEGs, 1-2.5%
lipid-PEGs, and DLin-MC3-DMA as the ionizable lipid. These compositions are similar to
those found in the LNP literature, where lower lipid-PEG mol % and shorter diacyl tails
on lipid-PEGs often lead to greater activity.#344 Additionally, DLin-MC3-DMA, one of
the most frequently used lipids in clinical trials, is known to be effective for the delivery
of siRNA and mRNA.4145 From these findings, we eliminated unimportant compositions
including the 18:1 DAP ionizable lipid and the C18 lipid-PEG and expanded the design
space around the top five LNP-SNA formulations to create a second library.

Library B Screening Using a Fractional Factorial Design.

In library B, we investigated two additional phospholipids to test whether the structure

of the phospholipid’s tail or head group changes the LNP-SNA function (Figure 2A).
1,2-Distearoyl-sr-glycero-3-phosphocholine (DSPC) has the same headgroup as DOPC
but has a saturated lipid tail. 1,2-Dioleoyl-sr-glycero-3-phosphoethanolamine (DOPE)
has a primary amine in its headgroup instead of the quaternary amine present in
phosphatidylcholine. Because LNPs with shorter lipid-PEG-maleimides exhibited greater
IRF3 induction, we limited library B to C14 and C16 maleimide-PEG(2000)-lipids.

In addition to the T21-SH sequence, we included a G-rich (GGT x 7 -SH) DNA
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sequence, which forms a G-quadruplex secondary structure,*6:47 as these structures are
known to enhance the uptake of SNA structures via class A scavenger receptor-mediated
endocytosis.1847 We hypothesized that increasing the number of LNP-SNAs taken up by
cells may lead to greater cytosolic delivery if LNP-SNAs of the same percent escape
endosomal compartments. To test the effects of each component as well as their interactions,
we designed a resolution 1V fractional factorial experiment. The full factorial design
contained 5 factors, 3 with 3 levels and 2 with 2 levels (3 x 3 x 3 x 2 x 2), or 108 possible
LNP-SNA compositions. With a resolution IV fractional factorial experiment, only 37 of the
108 possible LNP-SNAs structures are required to estimate the main effects and 2-factor
effects.

LNP-SNAs in library B exhibited a median diameter of 229 nm (Figure 2B) and a median
encapsulation efficiency of 79% (Figure 2C). As before, transfection was used to ensure

that the surface-presented G-rich sequence does not activate the cGAS-STING pathway
(Figure S3). The IRF3 induction of the LNP-SNAs in library B revealed that the highest-
activating nanoparticle is B-33 (Figure S4), which contained 45 mol % cholesterol and the
G-rich sequence. To evaluate which factors best predicted LNP-SNA activity, we used a
bootstrap forest algorithm (Table S3). We found that, from highest to lowest portions, mol %
cholesterol, DNA sequence, and mol % lipid-PEG were the three most important predictors
of IRF3 induction (Table S4 and Figure S5). Increasing the mol % of cholesterol also had

a positive interaction with lower levels of lipid-PEGs and for LNP-SNAS presenting the
G-rich DNA sequence (Figure S6). The cholesterol may enhance the endosomal escape of
LNP-SNAs through membrane fusion.*8:49 The second most important predictor of activity
in library B was the outer DNA sequence. Because of its secondary structure, the G-rich
DNA sequence increases the uptake of the associated nanoparticles in SNA form compared
to a poly(T) sequence,*”-°0 which may be responsible for this effect. The observed sequence-
dependent function of LNP-SNAs bodes well for the future use of different DNA or RNA
secondary structures to enhance LNP-SNA function and targeting.

Library C: One-at-a-Time Design.

A limitation of fractional factorial design is that the maximum activity obtained in the
screening is a local maximum, not a global maximum. To determine whether B-33 is

the global maximum of the design space in library B, we changed the lipid-PEG mol %
and the phospholipid factors one at a time and observed whether the activity improved.
Importantly, neither increased the activity, indicating that B-33 was in fact the maximum
of this design (Figure 2D). With B-33 identified as the optimal design, we proceeded to
benchmark its activity against the free DNA sequence and 2”3’-cGAMP, which activates
STING downstream of cGAS and has been explored as a therapeutic. The median effective
concentration (ECsg) by the concentration of DNA in B-33 was 28.1 + 2.9 nM, compared
t0 4.75 + 0.13 M for 2"3"-cGAMP (Figure 2E). As a control for nonspecific activation
from the delivery vehicle, we compared B-33 to the same formulation with an encapsulated
T45 control sequence mixed with free STING dsDNA. We observed no nonspecific IRF3
induction from B-33 structures without the encapsulated STING agonist.
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siRNA Delivery with cGAS-STING Pathway Induction Optimized LNP-SNAs.

While the cGAS-STING pathway was a useful screening tool for LNP-SNA optimization,
we sought to more thoroughly benchmark nanoparticle activity using gene silencing. We
quantified the activity of LNP-SNAs containing the siRNA silencing luciferase gene (Luc2)
as a model system. One of the benefits of LNPs is that they can effectively encapsulate

a variety of nucleic acid cargos, including siRNA, mRNA, and Cas9 mRNA/single-guide
RNA 455152 Because differently sized nucleic acids may be packaged differently within
LNPs-SNAs, we performed an initial test using the top five LNP-SNAs from Libraries B and
C. The test revealed that a slightly different structure, B-35 (Table S1), silenced Luc2 the
most without affecting cell viability (Figure S7). Therefore, we tested B-35 over a range of
concentrations. In a U87-MG-Luc2 cell line, B-35 effectively silenced the constitutive Luc2
expression by up to 92% after 24 h and at a concentration of as low as 25 nM (Figure 2F).
While the surface-presented G-rich DNA sequence had a significant effect on cGAS-STING
pathway activation versus the poly(T) sequence, we sought to determine whether LNP-SNAs
enhance the activity of the equivalent LNP. At the same siRNA treatment concentration, the
B-35 LNP-SNA increased the gene-silencing activity of the equivalent LNP by ~5% at 50
nM (p < 0.05) and 100 nM (p < 0.01) siRNA concentrations (Figure 2F).

LNP-SNAs Exhibit Spleen-Specific mMRNA Expression.

Finally, we investigated the ability of these designs to deliver nucleic acids /in vivo. For this,
we used luciferase (Luc) mRNA so that we could detect luciferase protein production after
the injection of p-luciferin. Since the mRNA sequence is much longer than either the SiRNA
or the 45-bp STING DNA sequence, it may be packaged differently within LNP-SNA
formulations. For this reason, we quantified the mRNA encapsulation efficiencies of the

top three LNP-SNA candidates from the cGAS-STING pathway activation screening (B-19,
B-33, and B-35). Of the three, B-19 exhibited the greatest encapsulation efficiency (Table
S5), lowest polydispersity (Figure S8), and a zeta potential of —=1.46 + 0.44 mV. Therefore,
we used this formulation to evaluate Luc mRNA expression 6 h after the intravenous
injection of LNPs and LNP-SNAs into C57BL/6J mice (0.1 mg kg™1). Comparing LNPs

to LNP-SNAs, we observed significant differences in organ-level mRNA expression. In the
liver, we observed that B-19 LNPs exhibited high levels of Luc mRNA expression, while
the equivalent LNP-SNA had no expression (Figure 3A,B). In the spleen, however, both
LNPs and LNP-SNAs exhibited roughly equal levels of mMRNA expression (Figure 3C, N.S.,
two sample #tests), although both exhibited significantly greater expression than the control
PBS-treated mice. Differences between LNP and LNP-SNA functional distribution may be
due to the differences in receptors used for the endocytosis of each nanoparticle. LNP uptake
is largely mediated by the LDL receptor,>3 while SNA uptake is mainly mediated by class
A scavenger receptors,>*° which recognize DNA. Because highly phagocytic cells in the
liver are responsible for the sequestration of injected nanoparticles,>6-58 differences in the
accumulation of LNPs and SNAs in these cell types are likely the cause of these differences.
We have previously observed a sequence-dependent biodistribution with gold-based SNA
structures. With the same poly(T) and G-rich DNA motifs used in this communication, we
observed greater accumulation of SNAs with G-rich DNA sequences in the liver and spleen
shortly after injection, as well as different proteins coating the nanoparticle surface.1947 To
determine whether spleen-specific mRNA expression is dependent on the sequence present
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on the LNP-SNA surface, we compared poly(T) LNP-SNAs to G-rich LNP-SNAs. We
observed spleen-specific MRNA expression only in the G-rich LNP-SNA structures (Figure
S9), suggesting that this is a G-rich DNA-specific effect.

DISCUSSION

Synthesizing LNP-SNAs with a library of different compositions allows for multivariate
analysis of the effects of both the sequence and lipid nanoparticle composition. We have
observed that both the surface-presented DNA sequence and the LNP composition determine
the activity of LNP-SNAs in cellular assays. From screening a series of LNP-SNA libraries,
we determined that the mol % cholesterol and DNA sequence were the two most important
predictors of cytosolic delivery. While we initially screened libraries of LNP-SNA structures
for the activation of the cGAS-STING pathway mediated by dsDNA delivery, nanoparticles
that were able to encapsulate dsDNA were also effective at delivering similarly sized siRNA.
Compared to the liposomal SNA, 2223 _LNP-SNAs demonstrated a 100-fold reduction in the
oligonucleotide concentration required to achieve gene silencing. In addition, LNP-SNAs
increased gene silencing by 5% compared to the bare LNP with no DNA on its surface in
cellular assays.

The optimized LNP-SNA formulations from /n vitro screening were modified to encapsulate
a larger, ~2 kb mRNA encoding firefly luciferase (Luc). We identified an LNP-SNA
formulation that was able to effectively encapsulate Luc mRNA while producing detectable
MRNA expression in C57BL/6 mice. LNP-SNAs functionalized with G-quadruplex DNA
exhibited organ-selective function in the spleen while avoiding the high degree of liver
MRNA expression shown from the bare LNP. This effect is possibly due to the influence of
G-quadruplexes on the proteins that adsorb to nanoparticle structures. We have previously
observed that G-rich SNA structures have more total protein adsorbed to their surfaces, and
the composition of the protein corona also changes.#’ This shift in the protein corona toward
proteins such as factor H and C3b enhances the uptake of G-quadruplex containing SNAs
into macrophages in cellular assays.1® Because organs such as the spleen contain many

cell types that take up materials via the complement pathway,>9-€0 this may be partially
responsible for this effect.

Organ-specific mMRNA expression observed using LNP-SNAs bodes well for applications
such as delivering a mixture of single-guide RNA (sgRNA) and mRNA coding for a base
editor. Others have measured high levels of off-target edits in both RNA and DNA with
base editors,61-63 thus the use of a carrier with organ-specific activity may increase safety
and efficacy. Specifically, targeting the spleen has the potential to use mMRNA for genome
editing in important cell populations which regulate the immune response to pathologies
such as cancers.%* Future studies are necessary to elucidate the immune cell populations

in which LNP-SNAs have the greatest editing efficiency /n vivo. We envision that the
structure-dependent biodistribution and activity of LNP-SNAs may become a powerful tool
for creating safer and more efficacious genetic medicines.
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Figure 1.

Characterization of LNP-SNA library A. (A) Synthesis of LNP-SNAs. LNPs loaded with
nucleic acids are formed via the ethanol dilution method. DNA or mRNA dissolved in a
pH 4.0 citrate buffer is mixed with lipids and cholesterol in ethanol. Next, the LNPs, which
contain lipid-PEG-maleimides (red circles), are mixed with 3’-SH DNA (blue) overnight at
RT, resulting in LNP-SNAs. DNA and LNPs are not drawn to scale. (B) lonizable lipids
used in library A. (C) library A components are mixed at six different molar ratios, and
resulting LNPs are functionalized with a T21 DNA sequence. (D) Diameter of LNP-SNAs
in library A. (E) Encapsulation efficiency of LNP-SNAs in library A. (F) IRF3 induction of
each formulation in Raw 264.7-Lucia ISG cells treated for 24 h with 100 nM DNA (N.T. =
not treated, error bars represent s.e.m., 7= 3 biologically independent replicates).
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Figure 2.

DoE optimization process improves DNA and RNA delivery in vitro. (A) Core compositions
and surface DNA sequences used in library B. (B) Diameter of library B LNPs. (C)
Encapsulation efficiency of LNP-SNAs in library B. (D) IRF3 induction measured in a RAW
264.7-Lucia ISG cell line of candidates in libraries A-C normalized to untreated samples
(error bars represent s.e.m., 7= 3 biologically independent replicates). (E) IRF3 induction

of B-33 LNP-SNA, 2’3"-cGAMP, and B-33 LNP-SNA mixed with free dsDNA (the red
ribbon represents 95% C.1., 7= 3 biologically independent replicates). (F) U87-Luc2 cells
were treated for 24 h with LNPs or LNP-SNAs encapsulating a siGFP control sequence

or a silL.uc? targeting sequence (error bars represent s.e.m., 7= 3 biologically independent
replicates, one-tailed ¢test comparing LNP and LNP-SNA, * = p<0.05, and ** = p< 0.01).
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Figure 3.
LNP-SNAs effectively deliver mMRNA with organ-specific function. (A) Luc mRNA

expression in major organs by treatment. Luminescence was detected in harvested organs
6 h after the administration of 0.1 mg kg~ Luc mRNA. (B, C) LNP-SNAs exhibit
organ-specific function in the context of mMRNA expression. Luminescence was detected
in harvested organs 6 h after the administration of 0.1 mg kg™ Luc mRNA. (One-tailed
student’s rtest, * = p< 0.05, each dot represents a biologically independent replicate, with
4-7 biologically independent replicates per treatment).
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