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Abstract

Therapeutic nucleic acids hold great promise for treatment of genetic diseases, yet the delivery of
this highly charged macromolecular drug remains a challenge in the field. Peptides are promising
agents to mediate nucleic acid delivery because they can encode biological function to overcome
the trafficking barriers. Electrostatic nanocomplexes of nucleic acid and peptides can achieve
effective delivery, but the balance between their stability and biological function must be finely
tuned. In this work, we explore two peptide building blocks that have been studied in the literature:
targeting ligands and intracellular trafficking peptides. We grafted these peptides on a polyethylene
glycol (PEG) backbone with eight sites for substitution to create so-called “peptide spiders”.
These conjugates achieve stability via the well-known hydrophilic shielding effect of PEG. In
addition, the coordination of peptide building blocks into multimers may create new biological
properties, such as the well-known phenomena of increased binding avidity with multivalent
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ligands. In this work, we linked two trafficking peptides to the PEG backbone using either non-
reducible or reducible chemistries and investigated the ability of these materials to carry silencing
RNAs into mammalian cells. We then investigated these nanomaterials for their pharmacokinetic
properties and silencing of undruggable targets in a mouse model of cancer. While reducible
linkages were more potent at silencing in vitro, this effect was reversed when applied in the
context of living animals. This work offers a insight into peptide-based delivery materials and
investigates peptide-polymer linkages.

Keywords
Peptides; polyethylene glycol; gene delivery; cancer

1. Introduction

The delivery of nucleic acids to specific cell types within the body offers a promising
therapeutic avenue to regulate gene expression for the treatment of disease. Potential cargoes
include nucleic acids to induce gene silencing (SIRNA, miRNA), gene expression (NRNA
transcripts, plasmid DNA), and CRISPR-based gene editing. To achieve nucleic acid
delivery, the challenge is to chaperone a highly charged macromolecule so that it can
navigate several biological hurdles including maintaining stability in the blood, extravasation
into tissue, uptake in cells of interest, and intracellular trafficking to specific subcellular
compartments. Nanoparticles offer a solution to address the challenges of nucleic acid
delivery because they can be programmed with multiple functions into a single entity, such
as protection and condensation of macromolecular cargo and trafficking through multi-scale
biological barriers.2:2 In addition, nanoparticles can assemble hundreds of molecules in an
organized structure to create many advantages for drug delivery, for example hydrophobic
pockets for drug loading, co-delivery of drug combinations, and creating high local
concentrations for improvement of therapeutic indices. Inspired by viruses, a natural
nanoparticle, engineers have incorporated biological function using biomolecules to achieve
trafficking.® Beyond biological function, the pharmacokinetics of the nanoparticles must
also be engineered and modern nanoparticle formulations incorporate molecules for
stabilization; for example, ONPATTRO® is the first synthetic sSiRNA nanoparticle drug
approved by the FDA and includes polyethylene glycol (PEG) in its formulation.*

One class of biomolecules is peptides, which are attractive candidates for clinical translation
because they can display selective biological function while maintaining biocompatibility.®
Their development as therapeutics has been facilitated by technology to improve their
stability, including chemical modifications® or assembly on nanostructures.” Peptides have
been used to transfer nucleic acid cargos into cells, in particular peptides that interact with
membranes to overcome entrapment in endocytic vesicles.8-10 Another class of peptides that
has been studied widely across the nanoparticle field includes peptides that act as ligands to
mediate active targeting.1113 In previous work, we described a peptide-based approach for
SiRNA delivery that combines both of these functional elements and includes a domain for
(1) tumor-targeting/penetration and (2) endosomal escape that electrostatically assemble
with nucleic acid cargo.1*1° The result was a two component system comprised of nucleic
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acid with trafficking peptide. Further refinements were made to this system to achieve stable
vascular delivery, namely by exploring several architectures for the incorporation of
polyethylene glycol (PEG) that preserved silencing activity.1® This three component system
was comprised of electrostatic complexation of nucleic acid with a trafficking peptide and
peptide-PEG hybrid material. Both peptides and PEG have been widely investigated as
components of nucleic acid delivery carriers,17-19 and establishing strategies to engineer the
structures of these materials has been an active area of research.29-22 A remaining challenge
is how to balance the seemingly conflicting goals of achieving stability in physiological
solutions with the efficient cellular accumulation and release of cargo for successful delivery
that presents a problem for many nonviral gene carriers when applied in vivo.23-25 |t is also
the case that the incorporation strategy of PEG is dependent on the composition of the
nanoparticle, and can include lipids, polymers, and metals.26:27 Strategies to incorporate
PEG into nanoparticles composed predominantly of peptides without compromising activity
has yet to be resolved.28:29

In this work, we designed a nucleic acid carrier material that allows for stoichiometric
control of two biological units: tumor-targeting and intracellular trafficking. In order to
target tumors, we used iRGD, a peptide discovered via in vivo phage display that binds to
upregulated aB3 integrins on tumor cells and stroma3°. We and others have shown that
iRGD modification can increase the accumulation of multiple nanoparticle types (e.g.,
liposomes, polymeric nanoparticles) into several tumor models4:39-33, We used transportan
for intracellular trafficking, a membrane-active peptide that was identified in a screen of
known cell penetrating peptides to increase intracellular delivery of siRNA cargol®. These
biological units represented by peptides are coordinated on a multi-arm polyethylene glycol
scaffold to promote stability of resulting nanoparticles after electrostatic complexation of
nucleic acids. In addition, presentation of multimers of each biological unit has the potential
to enhance biological function that is represented in nature. For example, multivalent
targeting ligands are known to improve avidity34:35 and mediate differential biological
responses.3 In another example, viral proteins that insert in membranes for transfer of
genetic material or membrane rupture often have repeating subunits3” or can work as multi-
protein structures.38:39 Synthetic peptides derived from these proteins have membrane-
associating properties, and their arrangement in multimers can increase their activity.*? To
take advantage of these multimer effects, we arrange both targeting-targeting ligands and
intracellular trafficking peptides as multimers in this work. Previous work has explored
multi-valent peptides on polymer backbones,*142 although these studies were restricted to
investigations in vitro; in the present work, we investigate the function of these materials in
vivo. The challenge of predicting in vivo efficacy of non-viral gene carriers based on in vitro
optimizations has been well-documented.2743 We investigated the role of attaching peptides
with reducible or non-reducible bonds; although materials made with reducible disulfide
bonds performed on par with those made with non-reducible bonds in /n vitro silencing
assays, materials with non-reducible bonds had improved performance when applied to
animals bearing tumors. Overall, our work presents insights into the design principles of
peptide-based electrostatic nucleic acid delivery nanoparticle, including a potential design
for hydrophilic PEG stabilization and bond stability for the incorporation of trafficking
peptides.
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2. Materials and methods

2.1 Reagents

Peptides were synthesized by CPC Scientific to 90% purity. Transportan was synthesized
with an N-terminal myristic acid and a C-terminal cysteine (myristic acid-
GWTLNSAGYLLGKINLKALAALAKKILC) and iRGD was synthesized with an N-
terminal azide (Azidoacetyl-GGGCRGDKGPDC). The following siRNA sequences were
synthesized from Dharmacon: siLuc (CUUACGCUGAGUACUUCGA), silD4 (equimolar
mixture of GCGAUAUGAACGACUGCUUAU and CCGACUUUAGAAGCCUACUUU).
All fluorophore modified siRNA was prepared by modifying the 5” end on the sense strand.
VivoTag-S-750 fluorophore was used for whole organ scans and siRNA encapsulation
because this fluorophore is compatible with the LI-COR Odyssey imaging systems, DyL ight
647 fluorophore was used for epifluorescence microscopy, and FAM fluorophore was used
for immunohistochemistry because its signal can be amplified with antibody labeling.

2.2 Peptide spider conjugation

20,000 g/mol molecular weight 8-arm PEG was purchased functionalized with OPSS
(Creative PEG Works) or maleimide (JenKem). The sizes of each PEG was verified by
Matrix Assisted Laser Desorption/lonization (MALDI) and found to be 14,000 g/mol and 20
g/mol, respectively. To prepare peptide conjugates, 8.1 equivalents of peptide at the indicated
stoichiometry was added to PEG in dimethylformamide and 50 mM trimethylamine. After
reaction for 4 hours in the dark, reaction was quenched with 100 mM cysteine for 15
minutes and dialyzed extensively into water using a 10,000 MWCO membrane for 4
complete exchanges.

2.3 Nanoparticle formulation and characterization

Conjugate concentrations were calculated based on the absorbance of the tryptophan residue
in transportan at 280 nm and 6 transportan peptides per conjugate. For all in vitro studies,
nanoparticles were formulated by adding equal volumes of conjugate to 2 uM siRNA in
water at the indicated molar ratios and mixing rapidly. Nanoparticles were imaged with
transmission electron microscopy by adsorbing particles to grids and negative stained with
tungstophosphoric acid. Particles were imaged with a JEOL 2100 FEG TEM. Hydrodynamic
diameters were measured using an 850 nm laser with a Wyatt Dyna Pro Plate Reader
between 30 minutes at 6 hours after formulation of nanoparticles. Zeta potential
measurements were made on a Malvern Zetasizer Nano. Nanoparticle concentration was
measured with a Malvern NanoSight. For in vivo formulations, concentrations of conjugates
and siRNA were ten-fold higher to create volumes suitable for in vivo administration.

2.4 Encapsulation Efficiency

Nanoparticles were formulated with VivoTag-S750-labeled siRNA at the indicated
formulation ratios in triplicate. 6.7 pmoles of siRNA was loaded per lane of a 2% agarose
gel and imaged on a LI-COR Odyssey. Amount of siRNA was quantified for each
formulation normalized to a free siRNA control using ImageJ software to determine
encapsulation efficiency.
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2.5 Cell Culture

OVCAR-8 expressing firefly luciferase (OVCAR-8 Luc+) were a gift from Joyce Liu (Dana
Farber Cancer Institute). U937 and MDA-MB-435S cells were obtained from ATCC.
OVCAR-8 and U937 cells were cultured in RPMI 1640 media supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin & streptomycin (PS). MDA-MB-435S cells were
cultured in Dulbecco’s Modified Eagle’s Medium supplemented with FBS and PS.

2.6 Silencing activity and toxicity

OVCAR-8 cells stably expressing luciferase were plated at 8,000 cells/well in a 96-well
tissue culture plate 24 hours before transfection. Nanoparticles were formulated as described
above with siLuc siRNA and added to cells in OptiMEM at less than 10% of the final
volume. Cells were also transfected with Lipofectamine™ RNAIMAX (Invitrogen)
according to manufacturer’s instructions. Cells were incubated for 4 hours and medium was
replaced with culture media for an additional 48 hours. Cell viability was measured by
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) (MTS) using the CellTiter AQueous One Cell Proliferation Assay (Promega)
according to manufacturer’s instructions. Luciferase activity was measured by lysing cells
with passive lysis buffer (Promega) and assaying 20 pL of lysate with 30 pL luciferin
(Promega). Luminescence was integrated for 1 second on a Tecan Infinite M200 Pro plate
reader and normalized by protein content measured by a bicinchoninic acid assay (Pierce).

2.7 Intracellular Distribution

OVCAR-8 cells were grown for 24 hours at ~50% confluency on coverglasses coated with
10 pg/mL poly-D-lysine. Cells were transfected as above at a final concentration of 100 nM
Dy647-labeled siRNA formulated at a 4:1 ratio of peptide spider:siRNA and incubated at 37
°C for 2 hours. Cells were then rinsed with PBS twice and fixed in 4% paraformaldehyde.
Cells were stained for lysosome-associated membrane protein-1 (LAMP1; Abcam) and
counterstained with phalloidin and Hoechst (Invitrogen) and imaged on a Nikon Eclipse Ti
microscope.

2.8 Cell association

Relative receptor expression was determined. U937 and MDA-MB-435S cells were
harvested using Enzyme-free Cell Dissociation Buffer (Gibco) and incubated on ice for 15
minutes. Cells were blocked with 2% BSA, 10% donkey serum in PBS and cells were
incubated with primary antibody against a, integrin, a3 integrin, or 1gG control
(BioLegend) for one hour. To measure nanoparticle association, cells were harvested as
above and 100,000 cells per condition were incubated with nanoparticles formulated at a 4:1
ratio of peptide spider:siRNA with Dy547-labled siRNA at the indicated concentration for 2
hours on ice. After washing with PBS, cells were analyzed on a BD LSR Fortessa HTS and
analyzed with FlowJo software.

2.9 Pharmacokinetics of nanoparticles in animals

A flank xenograft mouse model was created by bilaterally implanting 5-10x108 MDA-
MB-435 cells subcutaneously in 4-5 week old female NCR-nude mice (Taconic).
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Experiments were initiated when tumors had an average tumor volume between 200-300
mm3 per flank. Mice were distributed to groups based on tumor size. To measure half-lives,
nanoparticles formulated with 1 nmole of VivoTag-S 750-labeled siRNA at 4:1 ratio of
peptide spider:siRNA in 5% dextrose were injected intravenously and 10 pL of blood was
drawn at 0, 5, 15, 30, 60, and 120 minutes post injection. Biodistribution of nanoparticles in
organs was determined by harvesting organs at 3 hours post injection and homogenizing
samples in a hypotonic 1% SDS, 18 mM Tris, pH 7.4 buffer. Samples were then boiled and
cleared before measuring fluorescence of VivoTag-S 750 in the tissue supernatant.

Imaging of nanoparticles in tumors

Tumors were implanted in mice as above and treated with nanoparticles prepared with 1
nmole of FAM-labeled siRNA at 4:1 ratio of peptide spider:siRNA injected at 24, 3, and 1
hour(s) prior to harvesting of tumors. Tumors were fixed with 4% paraformaldehyde and 10
pum frozen sections were prepared. FAM signal was amplified with the VectaFluor R.T.U. kit
(\Vector Laboratories) as per manufacturer’s protocol. Sections were imaged on a
Pannoramic 250 (3DHistech).

In vivo silencing activity

Nanoparticles were formulated at 4:1 ratio of peptide spider:siRNA using 2 nmoles of a 1:1
mixture of two 1D4 siRNA sequences. Nanoparticles were injected intravenously in a 5%
dextrose solution 6, 4, and 2 days before harvesting tumors. Tumors were frozen on dry ice
and homogenized in lysis buffer supplemented with protease inhibitors. Western blot
analysis was performed on lysates with antibody against ID4 (Abcam) and normalized by
tubulin (Invitrogen). Quantification of protein was done by calculating area under the curve
using ImageJ software.

2.12 Statistical Analysis

All statistical analysis was performed using GraphPad Prism software.

3. Results and Discussion

3.1 Synthesis and formulation of peptide spider nanoparticles

Peptide spiders were designed to display two trafficking peptides at the end of a polymer
“leg” of an octo-valent polymer “body” (Figure 1A). Peptide spiders were synthesized by
adding stoichiometric ratios of cysteine-terminated membrane-active transportan
(GWTLNSAGYLLGKINLKALAALAKKILC) or tumor-penetrating ligand, iRGD
(CRGDKGPDC), to 20,000 molecular weight 8-arm polyethylene glycol (PEG) linked via
reducible orthopyridyl disulfide or non-reducible maleimide chemistries (Figure 1A). The
targeting peptide, iRGD, was identified by in vivo phage display3C and has been grafted onto
many nanoparticle delivery systems for tumor targeting via binding a,B3 integrin4-46, We
have used transportan in previous work to improve endosomal escape of internalized cargo.
1547 After synthesis, substitution of the materials was confirmed by MALDI to be between
60-80% reaction efficiency (Supplementary Data Figure 1). Concentrations of conjugate
were calculated based on absorbance of tryptophans in the transportan peptide by UV-Vis
spectroscopy and therefore all concentrations used in subsequent formulations were
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standardized by the amount of transportan peptide. The resulting peptide spider conjugates
were formulated into nanoparticles by adding equal volumes of conjugates to siRNA and
mixing rapidly, as has been previously described for other electrostatic complexes.*8 The
formation of spherical particles was confirmed by transmission electron microscopy (TEM)
after negative staining with phosphotungstic acid (Figure 1A, Supplementary Figure S2). In
order to confirm the diameters in aqueous solution as opposed to the dry conditions in TEM,
we performed dynamic light scattering (DLS). Non-reducible or reducible peptide spider
nanoparticles (PSNPs) were formulated at ratios of peptide:siRNA between 0.25 and 8,
corresponding to N/P ratios between 0.156 and 5, as calculated from basic amino acids in
transportan and phosphates in SiRNA. The resulting hydrodynamic diameters were measured
with DLS in water and in physiological levels of salt simulated by phosphate buffered saline
(PBS) up to 6 hours after formulation, indicating that the nanoparticles were stable (Figure
1B). For PSNPs that formed nanoparticles, zeta potential measurements were made and
surface potentials were found to be near neutral (Supplementary Data Figure 2).
Encapulsation efficiency of sSiRNA was measured using a gel retardation assay, in which
uncomplexed siRNA migrates into an agarose gel (Figure 1B). At conjugate to siRNA ratios
above 2, when siRNA encapsulation was greater than 75%, both non-reducible and reducible
peptide spider conjugates were able to form particles smaller than 100 nm in diameter. The
measured hydrodynamic diameters of these particles were the same in water and in PBS,
indicating that these particles were stable in physiological levels of salt. Peptide
nanoparticles with no PEG when formulated at a ratio that fully encapsulated siRNA had
diameters less than 100 nm but aggregated in the presence of PBS to have diameters larger
than 1 micron, as observed previously.18 We used a Malvern NanoSight to measure
nanoparticle concentrations prepared at a 4:1 peptide conjugate:siRNA ratio and both non-
reducible and reducible PSNPs formulations were measured to be ~5x108 nanoparticles/mL.

3.2 Silencing activity of peptide spider nanoparticles

Having established the ability to form nanoparticles with the peptide spider conjugates, a
series of assays to evaluate function and trafficking within cells was completed. First,
materials were evaluated in a reporter cell line stably expressing luciferase, OVCAR-8.
Downregulation of luciferase enzyme as measured by luciferase activity normlzied by
protein content (left axis) and cell viability (MTS assay, red diamonds; right axis) were
measured 48 hours after treatment with nanoparticles formulated at peptide spider:siRNA
ratios of 2, 4, and 8 and treated at a final SiRNA concentration of 100 or 200 nM (Figure 2).
100% activity was determined by lysing untreated cells and measuring luciferase activity.
All luminescence values were normalized by protein content as measured by bicinchoninic
acid (BCA) assay to account for toxicity in addition to viability measurements with the MTS
assay. As expected, free SiRNA did not result in any silencing. The commercial reagent
Lipofectamine RNAIMAX resulted in greater than 80% silencing, and was used to validate
siRNA sequences /17 vitro. However, lipofectamine cannot be evaluated in systemic in vivo
delivery due to the well-document toxicity of cationic liposomes.4® Both non-reducible and
reducible PSNPs were able to mediate ~ 50% silencing while maintaining viability above
80%. Based on titration of nanoparticle concentration and formulation ratios, reducible
PSNPs appeared to be more effective at silencing compared to non-reducible PSNPs. All
subsequent studies were performed with peptide spider:siRNA ratios of 4.
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3.3 Intracellular distribution of peptide spider nanoparticles

Increased silencing activity, as observed for reducible PSNPs, may be attributable to several
factors. One hypothesis is differential intracellular trafficking of cargo. To test this
hypothesis, OVCAR-8 cells were imaged by microscopy after internalization of
nanoparticles prepared with fluorescently labeled siRNA. PSNPs were incubated at 37 °C
with cells for 2 hours, washed, and fixed in triplicate. Once nanoparticles are internalized
into cells, they are typically found in endosomes, and if they cannot escape into the cytosol,
endosomes will mature into lysosomes.>0 Cells were labeled for lysosomes (lysosomal-
associated membrane protein 1 (LAMP1)), filamental actin (phalloidin), and nuclei
(Hoechst) and imaged by microscopy (Figure 3). As expected, no siRNA signal was detected
in untreated cells. Comparison of siRNA distribution after delivery with non-reducible and
reducible peptide spiders reveals that both materials are able to enter cells, but that reducible
PSNPs lead to diffuse cytosolic siRNA with few puncta compared to the appearance of
distinctly punctate siRNA signal in non-reducible PSNP-treated cells (Figure 3, insets). This
observation suggests that linkage of peptides through reducible disulfide bonds leads to
increased endosomal escape of cargo siRNA. It is also possible that the diffuse versus
punctate appearance of siRNA is due to more stable complexation in nanoparticles made
with non-reducible compared to reducible polymers. Based on glutathione levels measured
in endocytic vesicles®l, peptides could separate from the PEG polymer backbone in peptide
spiders made with reducible bonds, leading to the subsequent release of siRNA cargo and a
more diffuse appearance.

3.4 Cell-association of peptide spider nanoparticles in cells with low and high receptor

expression

The discrepancy in the efficacy of silencing by non-reducible versus reducible PSNPs might
also be due to differential association of material with cells. Increased association of
nanoparticles can yield increased silencing activity, as elevated concentrations of SiRNA
nanoparticles can enhance silencing activity, as observed when cells are incubated with
PSNPs at a final siRNA concentration of 200 nM (Figure 2). To investigate the association
of PSNPs with cells, two cell lines with low and high expression of the iRGD receptors were
employed for binding studies. The cognate receptors for iRGD are integrin heterodimers,
most prominently a,B3/Bs integrins.30 Two human cancer cell lines were evaluated for their
receptor expression by flow cytometry; U937, a human lymphoma cell line, expresses low
levels of a3 and a, while MDA-MB-435S, a human melanoma cell line, expresses high
levels of both (Figure 4A). Non-reducible and reducible PSNPs were formulated with
fluorescently-labeled siRNA at a peptide spider:siRNA ratio of 4 and incubated with cells at
the indicated concentrations for 1 hour at 4 °C. Cells were pre-chilled to 4 °C to inhibit
internalization machinery within cells.52 After removal of free nanoparticles with washing,
signal of fluorescently-labeled siRNA was quantified with flow cytometry. Both non-
reducible and reducible PSNPs had increased signal in integrin-high MDA-MB-435 cells
over integrin-low U937 cells (Figure 4B). Furthermore, based on this analysis, reducible
PSNPs had increased fluorescence signal with cells compared with non-reducible PSNPs,
which may have contributed, at least partly, to the increased silencing activity observed
when cells were treated with reducible PSNPs (Figure 2). Although it was not expected that
reducible PSNPs would have more associated fluorescence signal with cells compared to
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non-reducible PSNPs, it may be due to the differences in the sizes of the 8-arm PEG
backbones which were synthesized by two different vendors. Although both reducible and
non-reducible backbones were purchased at 20 kDa sizes for comparison, when the
materials were characterized by Matrix Assisted Laser Desorption/lonization (MALDI) they
were measured to be 14 KDa for PEG with reducible linkages and 20 KDa for PEG with
non-reducible linkages. We do not believe the 30% difference in backbone size is
responsible for the markedly different intracellular distributions (Figure 3) since they formed
similarly sized nanoparticles (Figure 1B). We also note that at 200 nM concentration of
SiRNA, total binding is similar between reducible and non-reducible PSNPs (Figure 4), and
both the transfection and imaging study were conducted at this concentration of siRNA or
higher (Figures 2 and 3).

3.5 Pharmacokinetics of peptide spider nanoparticle accumulation in tumor model

Having established that peptide spiders were able to form nanoparticles that exhibit silencing
activity, we applied them to a mouse model of cancer. Using the MDA-MB-435S cell line
that expresses a high level of integrin (Figure 3A), tumor cells were implanted
subcutaneously into both flanks of nude mice. Once the resulting tumors reached 200-300
mm?3 in volume, studies were conducted. Nanoparticles were formulated at 4:1 ratio of
peptide spider:siRNA at a 10 uM final siRNA concentration, 10-fold higher than what was
used in vitro, in order to obtain volumes suitable for in vivo administration. Hydrodynamic
diameters were measured at this concentration, since it is known that formulation
concentration affects particle sizes. Diameters of PSNP formulated at 10 uM were ~100 nm,
moderately bigger than those measured at 1 uM final siRNA concentration used for in vitro
studies (Figure 1B) but diameters were still reasonable for systemic vascular delivery. By
contrast, peptide without PEG formed particles with diameters >1 um when formulated at
high 10 uM concentrations compared to the ~80 nm diameters when formulated at 1 pM
concentrations (Figure 1B). Previous reports in the literature have shown that the diameters
of nanoparticles formed by electrostatic self assembly are concentration dependent>3:54,
Although it is unknown whether the large, micron-scaled particles formed using peptide
without PEG are due to particle formation or rapid aggregation, the introduction of PEG
improved the formulation of nanoparticles with small hydrodynamic diameters suitable for
intravenous application. In physiological levels of salt simulated by PBS, both non-reducible
and reducible PSNPs maintained diameters ~100 nm, similar sizes formed in water (Figure
5A). Nanoparticles were administered to mice at a 1 nmole dose via the tail vein, and blood
half-life was measured by sampling 10 pL of blood for a period of 2 hours (Figure 5B).
Half-lives were on the order of minutes for all nanoparticles; half-lives were 1.8 min for
peptide NPs, 2.1 min for NR-PSNPs, and 3.6 min for R-PSNPs. Three hours after
administration of nanoparticles, mice were sacrificed and the tumors, heart, lung, liver,
kidney, and spleen were dissected and processed to create tissue lysates. Fluorescence signal
of VivoTag-S 750-labeled siRNA was measured in the supernatant (Figure 5C-D). A slight
increase in material was detected in tumors from mice that received PSNPs compared to
peptide nanoparticles, although it was not statistically significant (Figure 5C). The
observation that active targeting may not significantly affect bulk biodistribution, but is
critical for cell-specific interaction and/or retention in the tissue, has been observed
consistently in the literature5-57. Consistent with what has been observed with large particle
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accumulation in organs of the reticuloendothelial system (RES)®8, PSNPs had less
accumulation in off-target organs compared to nanoparticles made with no PEG (Figure 5D).
In particular, non-reducible PSNPs had significantly less accumulation in the lung and
kidney, relative to peptide nanoparticles. However, it is noted that there is significant off-
target organ accumulation of the PSNPs®®. Similarly, PEG lipid nanoparticles that are the
basis for the only FDA-approved siRNA drug Onpattro are observed to accumulate in the
liver and spleen®0 and reducing off-target organ accumulation for tumor delivery remains
an outstanding challenge for the field.

3.6 Tissue distribution of peptide spider nanoparticles in tumors

The accumulation of materials within the tumor tissue were investigated by administering
PSNPs made with 1 nmole of FAM-labeled siRNA at 24, 3, and 1 hour(s) before harvesting
of tumors (Figure 6). Tumors were sectioned and the FAM label amplified using
immunolabeling. Relative levels of siRNA detected in the tumor by non-reducible PSNPs
was higher than peptide nanoparticles and reducible PSNPs. Furthermore, reducible PSNP-
delivered siRNA appeared to be restricted in tissue areas compared to a more distributed
appearance of non-reducible PSNP-delivered siRNA. This relative difference may be
attributed to reduction of the linkage and subsequent dissociation of trafficking peptides
from the PEG backbone in the biological environment of the blood or tumor tissue.

3.7 Activity of peptide spider nanoparticles in tumor models

Lastly, we looked at the ability of our PSNP system to downregulate target proteins. To do
this, we formulated nanoparticles with sSiRNA against the transcription factor 1D4, known to
be upregulated in tumors!4, and administered 2 nmoles of SiRNA per dose (or 1.4 mg/kg) at
6, 4, and 2 days before harvesting tissue. Past reports on systemically-delivered peptide-
based delivery systems for siRNA in the literature have been administered at SiRNA doses
between 0.5 and 1.7 mg/kgB2-64. We first looked at toxicity of these materials under the
conditions of repeat dosing. The heart, lung, liver, kidney, and spleen were embedded in
paraffin and stained with hematoxylin and eosin. A pathologist blinded to the conditions of
the mice inspected the tissue and found no signs of toxicity in any tissue. Representative
images of triplicate samples are presented in Figure 7. The knockdown of the target protein
ID4 was analyzed in tumor lysates using Western blotting (Figure 8A). Non-reducible
PSNPs were able to mediate ~60% downregulation of 1D4 protein, whereas reducible PSNPs
mediated ~30% downregulation and non-PEGylated peptide nanoparticles did not mediate
significant downregulation in this dosing scheme. These results were unexpected because
reducible PSNPs outperformed non-reducible PSNPs when evaluated in vitro. However,
there are multiple trafficking barriers that occur before nanoparticles reach their target cells
(e.g., blood protein interactions, off-target organ accumulation, and tissue extravasation),
which cannot be predicted by culture model systems. We hypothesized that reduction of the
linkage keeping peptides on the PEG backbone could cause destabilization of reducible
PSNPs before they could reach their target destination either in the blood or the tumor
microenvironment. To test this prediction, we incubated non-reducible and reducible PSNPs
with the reducing agent dithiothreitol (DTT) at 5 mM in PBS and monitored their
hydrodynamic diameters over time (Figure 8B). Whereas non-reducible PSNPs were
unaffected by treatment with DTT as expected, reducible PSNPs had increasing diameters
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over time, indicating removal of the PEG shielding and particle aggregation (Figure 8C).
The nanoparticle aggregation of reducible PSNPs may have contributed to the decreased
silencing activity observed (Figure 8A). The aggregation of reducible PSNPs prior to
reaching tumors cells is also supported by the appearance of concentrated siRNA signal in
tumors compared to the diffuse siRNA signal in tumors after non-reducible PSNP delivery
(Figure 6). Our observations are in contrast to other reducible siRNA delivery systems in the
literature that achieve robust silencing®>-57. In our system, transportan peptide is required
for both intracellular release and siRNA binding through the multiple cationic amino acid
residues. Therefore, reduction of the disulfide bond separates the siRNA binding component
from PEG, which is required for stability of the nanoparticles. In previous examples of
reducible systems, disulfide bonds were used to stabilize sSiRNA to siRNA interactions®® or
attach endosomal escape components with siRNA binding/stabilizing components®®. Other
factors that may contribute to differences in stability of various disulfide crosslinked
nanoparticles that still require further investigation are the relative stability of the
nanoparticles themselves, the number of disulfide crosslinks, the local chemical environment
of the disulfide bonds, and the steric shielding of the disulfide bonds.8

4. Conclusions

In this work, we engineered a material to deliver nucleic acids using a polymeric backbone
grafted with trafficking peptides. We investigated the stability of the linker used to attach
peptides to the polymeric backbone and found that although a reducible linker can lead to
more efficient delivery in cultured cells, a non-reducible linker was more effective at
functional delivery to tumors in animal models. This finding highlights the need for holistic
consideration of trafficking barriers in the design of systemically-delivered nucleic acid
carriers, where optimal design criteria between intracellular and systemic delivery may be
conflicting. In one well-documented example of the need to balance design criteria of gene
carriers intended for systemic delivery, PEG is added to FDA-approved nanoparticle
formulations in order to improve pharmacokinetics®® even though it is known that PEG
reduces gene silencing activity®3. Alternatively, the advantage of reducible bonds to confer
silencing activity could be capitalized through local delivery, such as intratumoral injection;
intratumoral injection is a particularly promising route of administration for
immunotherapy’%71. In summary, this work offers insight into the stability of peptide-
polymer hybrid materials for use in nucleic acid delivery.
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Figure 1. Design of peptide spider nanoparticles.
(A) Schematic of a peptide spider. 8-arm polyethylene glycol is modified with trafficking

peptides via non-reducible/reducible linkages and can condense siRNA. Transmission
electron microscopy of nanoparticles formed with peptide spider conjugates reveal spherical
nanoparticles (scale bar = 100 nm). (B) Hydrodynamic diameters measured by dynamic light
scattering in water (empty bars) or PBS (solid bars). Diameters that could not be measured
due to poor particle formation are denoted by a #. Percent siRNA encapsulation of
corresponding nanoparticles denoted by red circles (right y-axis; n=3, mean +SD).
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Figure 2. Silencing activity of peptide spiders.

Non-reducible and reducible peptide spider nanoparticles carrying siRNA against luciferase
formulated at 2, 4, and 8 conjugate:siRNA ratios were delivered to a reporter cell line stably
expressing luciferase. Luciferase activity normalized by protein content (left y-axis; bars)
and cell viability assayed by MTS (right y-axis; red diamonds) were measured 48 hours after

treatment with nanoparticles (n=3, mean £SD). Controls included untreated cells, free

siRNA, commercial reagent Lipofectamine RNAIMAX, and peptide nanoparticles.
(**p<0.01, ***p<0.001 One-way ANOVA with Dunnett’s post test).
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Non-reducible Reducible
PSNP PSNP

Untreated

Figure 3. Intracellular distribution of peptide spider nanoparticles.
Cells were incubated with non-reducible and reducible peptide spider nanoparticles (PSNP)

carrying fluorescently labeled siRNA (Cy5; magenta) for 2 hours and fixed and stained.
Cells were imaged for nuclei (Hoechst; blue), microtubules (Phalloidin; green), and
lysosomes (LAMPL; red) using microscopy (scale bar = 50 mm). Bottom row shows
enlargement of white box in siRNA image (scale bar = 10 mm; representative images from
n=3 study; study repeated in independent experiments).
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Figure 4. Cell association of peptide spider nanoparticles.
(A) U937 and MDA-MB-435S cell lines were characterized for a, and a.,p3 integrin

staining using flow cytometry. (B) Association of non-reducible and reducible peptide spider
nanoparticles carrying fluorescently labeled siRNA with U937 cells (left) or MDA-
MB-435S cells (right) at several concentrations (n=3, mean +SD).
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Figure 5. Pharmacokinetics of peptide spider nanoparticles.
(A) Sizes of non-reducible and reducible peptide spider nanoparticles measured by dynamic

light scattering made at high concentrations (10 uM) suitable for in vivo injections. (B)
Blood half-life of non-reducible and reducible PSNPs after intravenous delivery in mice
(n=3, mean £SEM). Measurement of PSNPs carrying fluorescently labeled siRNA in (C)
tumors and (D) organs 3 hours after intravenous administration in mice bearing
subcutaneous tumors (n=3, mean +SEM). (**p<0.01 2-way ANOVA with Tukey’s post test.)
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Figure 6. Tissuedistribution of PSNP in tumor tissue.
Mice were dosed with 1 nmole of FAM-labeled siRNA dosed at 24, 3, and 1 hour(s) before

tumors were excised. Tumors were sectioned and siRNA signal was amplified using
immunolabeling (green) and sections counterstained for nuclei (Hoechst; blue).
Representative areas of the tumor are shown (n=3-4 tumors per condition, scale bar = 100

um).
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Figure 7. Toxicity of peptide spider nanoparticles.
Hematoxylin and eosin staining of heart, lung, liver, kidney, and spleen from mice

administered 3 doses of nanoparticles (scale bar = 100 um; n=3, representative images
shown).
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Figure 8. Silencing efficacy of peptide spider nanoparticlesin vivo.
(A) Time line of nanoparticle administration. Right, ID4 protein knockdown in flank model

of MDA-MB-435S tumors after treatment with non-reducible or reducible peptide spider
nanoparticles (n=4, mean £SEM, *p<0.05 one-way ANOVA with Dunnett’s post test.) (B)
Changes in hydrodynamic diameters of PSNPs from time 0 after treatment with the reducing
agent, DTT at 5 mM (n=3, mean £SD). (C) Schematic of proposed mechanism of DTT
initiated aggregation.
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