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CHAPTER |

Introduction

1.1  Background and Significance

It has been only 20 years since the discovery of the potentsgeneing effects of RNA
interference in 1998, but since then, the potential of SiRNA nanomedicines has skyrédketed.
first nanoparticleformulated siRNA therapeutic received U.S. FDA approval in August 2018,
offering new options for patients with a rare, Hifeeatening diseagesiRNAs are short, 230
basepair oligonucleotides that are primarily active in the cglbplasm, where they can
associate with a group of proteins that make up the fdaced silencing complex (RISE).
These siRNAs can then bind to complementary mRNA and cause the mRNA to be cleaved,
preventing translation to protein and effectively silen@rgene. RNA interference is
particularly wuseful as a therapeutic strategy
target® targets for which no effective small molecule inhibitors currently éxist.

Despite many promising new cancer therapeutics, from CARIIE to PARP inhibitors
to immune checkpoint inhibitors, there are commangrexpressed¢ancerassociategenes
t hat are consi thgatssuth a8 MYChndiKRASA Suthdadgets may lack
binding sites amenable to sinaolecule inhibition or may reside intracellularly and be difficult
to reach with standard delivery stratedi@ecauseiRNAs target mMRNA before it is translated
to an Aundruggabl eo protein, siRNAs can be de
can be used to study the role that certain molecular targets play in cancer progression.

This application is particularluseful in the context of Triple Negative Breast Cancer
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(TNBC). Patients with TNBC have tumors that lack expression of estrogen receptors,
progesterone receptors, or HER2 amplification. Currently, there are no molecularly targeted
therapies available foFNBC treatment, and standard of care is surgical resection with
neoadjuvant chemotherapyRoughly 70% of patients with TNBC still have residual disease
after undergoing this treatment regimen and theredgperience high rates of cancer
recurrencé.There is a significant need for more efficacious, targeted therapeutics with fewer
side effects for this patient population. One such potential target is Ractabunit of mMTORC2.
Our group recently found that increageiCTORgene expression correlated with decreased
progressiosfree survival in patients with bastite TNBC subtypeg. While small molecule
inhibitors exist for both mTORC2 and mTORC1 together, there are no potent, specific small
molecule inhibitors that target mMTORC2 alone. siRbised therapeusdold great potential

for silencing molecules like Rictor and evaluating their effectiveness as novel therapeutic targets
for TNBC.

Although siRNA could theoretically be used in a variety of disease applications, most
clinical programs based @RNA corjugates osiRNA nanomedicine primarily target liver
diseases.® °This is becaus&alNAc conjugates actively target the liver and becausajar
percentage of the injected dose of nanoparticles naturally targets thé Tiver liver is the
bodyés default blood filtration sysceem, so
significant liver exposurelhe liver is the site of Kupffer cells, a major component of the
mononuclear phagocyte system (MPS), which serve as a phagocytic filter fesipatho
materials in the blood: There is therefore a significant need for development of nanocarriers
that can delivery siRNAs more efficiently totexhepatic targets, such as tumors.

As individual drug components, siRNAs have many properties that make them poorly
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amenable to clinical translation. siRNAs are large, hydrophilic biomoleculesawéhnegative
charge. These f acHoavailability @ud to poer tissue penetr&idbh/ooserties.
Due to their molecular size being below the cut off for kidney filtration, intravenanjsigted
unmodifiedsiRNAs are rapidly excreted in urif@Additionally, unmodified sSiRNAs are prone

to nucleasemediated degradation in the blood, further preventing them from achieving
biological activity. Locallydelivered siRNAs that are able to reach their cellular targets
encounter problems associated vgtor cell uptake, and an inability to escape the
endolysosomal pathway siRNAs are therefore poorly equipped to reach the cell cytoplasm,
where they can actively induce silencing.

Nanoparticle encapsulation has long been hailed as an effective strategy to overcome the
many barriers facing siRNAs on their journey to a target cell. Nanoparticles provide siRNAs
with protection against nucleases, protection against kidney filtratiorgased cell
uptake/tissue penetration, and the potential for escape into the cell cytéb\abite there are
many types of nanoparticleased drug delivery systems, the most common methods ajiinabn
siRNA nanoparticle encapsulation involve complexation with cationic lipids or caatymer
based materiaf®. While viral gene therapies are the subject of extensive research, they have
been plagued by safety concerns and therefore inspired the developmenvivbh@ynthetic
alternatives. In this work, we have focused on polylbased siRNA délery. While lipids are
arguably more fAnatural o materials, tmerw tend
hepatic target$

Complexation of siRNAs with polymeric materials results in the formation of polyplex
nanoparticles, which are selssembled and often stided by electrostatic interactions between

polymeric cationic components and negativeharged siRNAS! Poly(ethylene imine) is the
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classic, golestandard example of an siRN#®mplexing polyplex system, with high cationic

charge density on protonated amines that interact with the siRNA and can allow for improved
celluptakeane ndosomal escape by #Aspolyflgxasenteote spongeod
endolysosomal pathway in a cell and the pH of their local environment drops, polymer amines
become increasingly protonated, and associated osmotic swelling causes endosomal rupture.
Purely cationic polymersan also cause serious cytotoxicity when administered intravenously,

and thus many strategies have sought te steri
forming polymer blocks such as poly(ethylene glycol) (PEG) that reduce direct exposelis of ¢

to cationic components and impraivevivo stability 1*: 2° Additional incorporation of

hydrophobic polymer moieties in the ceoeming polymer block has been shown to improve

stability of poyplex assembly through the additional hydrophobic interactions reinforcing

electrostatic associatidti?* This inclusion of hydrophobicity has also been shown to enhance
endosomal escape behavior, allowing for more efficient delivery of the siRNA into the

cytoplasm.

However, all polyplex delivery systems still face significant challenges when introduced
to the compex milieu that is thén vivo, intravenous environment. Due to their electrostatic
stabilization, polyplexes are prone tocEmplexation when they encounter anionic heparan
sulfate proteoglycans in the glomerular basement membrane of the Kidhespite steric
stabilization strategies such as PEGylation, polyplexes remain vulnerable to protein adsorption
and associated removal by phagocytic cells of the RPSEach of hese factors contributes to
the extremely short circulation hdifes of electrostaticallcomplexed polyplexes. Polyplex
surface chemistry is extremely important in determinimgivo fate, as surface properties like

charge and hydrophilicity can dictainteractions with serum proteins and kidney proteoglycans.
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At the same time, steric shielding such as PEGylation can significantly reduce cell3dptake.
Optimizing polyplex surface chemistry whileoeeo mi ng t he APEG di |l emmado
imperative for improved polyplex performance.

Nanoparticle druglelivery systems are known to accumulate at the site of solid tumors
based on the enhanced permeability and retention (EPR) effect. The EPR effebeddsnsi
vasculature around tumors tends to be tortuous, disordered, and more leaky compared to
vasculature in normal tissu€s3°The increased pore sizes between tumor endothelial cells
all ows for i ncr el@0snmgartiflds inta ksaug spacesoWhile-<the idespread
applicability of the EPR effect has recently bexalled into question, it has been demonstrated to
occur in humans and may differentially impact various subsets of cancer pHtiéiRegardles
of the magnitude of EPR, it is imperative for nanocarriers to circulate in the bloodstream for
extended time periods. Because tumors receive a relatively small portion of cardiac output,
sufficient particle accumulation relies upon extended blood pensist®

In order to use SNPs as a viable platform for candervivg, it is of central importance to
develop formulations that can be administered repeatedly and efficaciatisiyt systemic
toxicity. Despite improvements in stealth nanocarrier materials, many pebhased siRNA
delivery systems consist of cationic polymers with some degree of toXitiiile polyplex
dose can be reduced to improve toxicity, it comes at the sacrifidéoafcg. Some of the most
advanced systems include cyclodextrased carriers, which have made it to early phase clinical
testing. In both preclinical and clinical testing, these polymers showeeddpsadent
toxicities* 3’ In phase 1a and 1b clinical trials, study protocols had to be modified to include
earlier |l ow doses to fAsensiti z eeaeinpraunologcalt s t o

toxicities. Even with these modifications, a significant proportion of patients had experienced
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immunological dosdimiting toxicities. In preclinical models, these polymeric systems were
evaluated for toxicities without the siRNA compons, and it was found that the systemic
toxicities were primarily associated with polymer, not siRNA.

Many other siRNA delivery systems hakmown inflammatory and toxic side effects. In
lipidic systems, it was found that inflammation associated with cationic lipids is directly
dependent on dose and charge ratio. Such lipid vectors can increase activation of interferons and
cytokines, includig IFN-0 ,  -UN F a-h2¢%4° Cdtionic polymers are known to causimilar
immune activatiort! For example, poly(ethylene imine) (PEI) interacts with negatively charged
proteins in the circulation and causes immediate aggregatiated toxicity*?> While stealth
strategies exist to present this type of aggregation, cationic polymer systems continue to
experience dose and charge ratependent toxicities.

Given that increasing charge ratio can play an important roleNiP stability, it is
important to find an optimal balance between charge ratio and to%ditiz also important to
develop a better understanding of polysbased toxicity mechanisms in general to redudefsi
associated adverse events. A central goal of this work is toogewedsatile SiRNA carrier
systems that are both highly effective at tumor gene silemeimiyo and nortoxic. These
systems can then be leveraged as an enabling technology for preclinical study of biologically
relevant targets in animal models. As aa®l central goal, this work aims to identify and
characterize novel mechanisms oN§t toxicity. Achieving safe, repeated delivery of SIRNA at
high doses would significantly improve our ability to interrogate the impact of sileircirigo

molecular tagets in tumors.
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1.2 Innovation

1.2.1 Optimized Zwitterionic Corona Surface Chemistry

Although PEGylation is widely considered the gold standard for circulatitiancing,
steric shielding of nanoparticle dr uagt idoenl.iover
Zwitterionic materials are contain positivetharged and negativegharged moieties in close
proximity and are both neteutral and highly hydrophilic. Zwitterionic materials are known to
interact with water molecules through electrostatic imt@was, while PEGylated surfaces
interact with watemoleculeghrough hydrogen bondirfd.In the case of PEG, water therefore
takes on a less thermodynamically favorable, d&gestructue around the polymer. For
zwitterionic materials, water retains its normal molecular conformations, enhancing the overall
hydrophilicity of the material.

One example of a zwitterionic polymer is poltthacryloyloxyethyl
phosphorylcholine) [PMPC], a poheric form of phosphorylcholine. It has proven effective as
an FDA-approved component of biomedical devices such as contact lenses aedutingg
stents44¢

Previous siNPs developed in our lab were PEGylated with 5000 g/mol PEG and
contained an optimized core composed of 50% hydrophobic, 50% cationic comFdidwetse
polyplexes extended the circulatory hbfié of SIRNA from 23 min to 58 min. In this work, we
study the impact of alternative coronas such as PMPC and-likedPEGs (POEGMA) on si
NP circulation time, investigating both high and low moleculaight coronas. We further
study the impact of lead candidate coronas on tumor uptake and tumor gene knockdown.

We are the first to directly compare PEG to PMB&Sed coronas and to demonstrate the

significant enhancement in tumor uptake and gene knoakadwhe zwitterionic polyplex
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corona. We demonstrate that the use of zwitterionic corona can be an effective way to overcome
the APEG dilemma, 6 referring to the reduced
nontcanonical surface chemistriaeaenerally undeutilized in the field of SIRNA delivery.

Our work demonstrates that zwitterionic carriers may improWPsactivity, encouraging their

further development for tumor applications.

1.2.2 Dual Hydrophobization of Carrier and Cargo and Charge Ratio Optimization

Thiswork builds on previous work that has shown that dual hydrophobization of both
polymer and siRNA cargo (via conjugation of sSiRNA to polymers), significantly improvd® si
stability and extends-$P circulation haHlives*’ This dual hydrophobization strategy is highly
uniqueand undeiutilized in the field. Hydrophobization is a strategy that has been more
frequently investigated for carrier and cargo separatel§Hydrophobization can improve
association of cationic polymers witkell membranes and thus improve their uptake propétties.

Hydrophobes uc h as p al 4tocopHerol hawvebeah spaaifically donjugated to
siRNAs to improve their membrane penetration properties and biodistriléiiHydrophobic
siRNA conjugation can also increase siRNA circulation-tiadfs 7 >4

The Kataoka group in particular has studied hydrophobization of carrier and cargo
individually in separate studié.%°In these works, they found that cholesterol modification of
siRNA improved micelle stabily and halflives, but even these optimized carriers only achieved
roughly 50% decrease in tumor luminescence after intravenous défwaten the polymers
instead were conjugated with cholesteryl moieties, similar effects were noted in that the polyion
complex micelles exhibited increased blood stability and transfection efficiency.

While the benefits of hydrophobic mifidations in polyplex systems have been clearly
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delineated, some groups have found increased toxicity toward cells with increasing
hydrophobicity?® >’ These findings were not supported by our own work, and in fact, our data
indicate that dual hydrophobizatican actually decrease systemic toxicity of cationic polymer

systems, a relationship that has not previously been investitjated.

1.2.3 N:P Ratio and Pharmacokinetics

This work is also the first to describe the relationship betwebifPstharge ratio and
pharmacokinetics. Gary awodlleaguedave previously identified dear relationship between
charge ratio and toxicity, with excessive free polymers causing aggregelated toxicitiesn
vivo.>® While these authors probed the impact of charge ratia vivo biodistribution, they did
not comprehensively study the pharmacokikehavior of polyplexes at varied charge ratios.

Although the risks of increased charge ratio include severe toxicities, this work uniquely
leverages a dual hydrophobization strategy to enable safe deliverfBEsat high charge
ratios, thereby immving stNP circulation haHlives. This strategy fthyet to be thoroughly
characterize@nd will have asignificantimpact on the field for design of effective and safe

siRNA nanocarriers.

1.2.4 The Role of Platelet Activating Factor in Nanocarrier Toxicity
Although reports oih vivo nanocarrier toxicities are wedlocumented, they are poorly
understood?® *° Administration of CALAA-01, a cyclodextrifbased nanopolyplex, in humans
resulted innfusionrelated immune hypersensitivity reactions that halted further clinical
development of the carrier system. Similar types of hypersensitivity reactions have historically

been reported for virddased carriers
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In this work, we are the first to connect a toxicity mechanism affecting adenovirus
vectors to synthetic, polymeric nanocarriers. We demonstrate that inhibition of the Platelet
Activating Factor Receptor (PAFR), completely abrogat@é=sassociated ade toxicities,
indicating a role for PAF in toxicity mechanisms. We further show that nanopaassteciated
Kupffer cell stimulation is a triggering event for the release of PAF in the mouse bloodstream,
causing acute shodlke symptoms. Our results fylcharacterize an anaphylactdighe
response to S\Ps in the absence of priorNP exposure. We have identified PAFR inhibitors
as potential prophylactic treatments to reduce immunological infusion reactioAdRg.sThis
work has significant, broaidhplications for the field of nanomedicine in general, as other
nanoparticlebased therapeutics may trigger the same pathway due to the commonafpffer

related clearance of all nanomaterials.

1.3  Specific Aims

The overall goal of this work is evelop longcirculating, nortoxic SIRNA
nanocarriers that are optimized for intravenous delivery and that enable silencing of targets for
which no small molecule inhibitors currently exist. We also seek to understand the biological
mechanisms of nanoc#@r-associated toxicities to further improve the therapeutic window of
siRNA nanopolyplexes(si-NPs)in general. This technology is applied in the context of Triple
Negative Breast Cancer (TNBC), an aggressive form of breast cancer for which no clinically
approved, moleculariyargeted therapies currently exist. Patients with TNBC have no other
standard of care options apart from surgical resection and chemotherapy. RNAI, enabled by
nanotechnology, provides a means to interrogate novel therapeutic taméighly specific

manner. However, intravenous delivery of SIRNA nanocarriers has been plagued by rapid
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systemic clearance due to inferior stability and toxicity from cationic carrier components.

This work will optimize siNP circulation time, tumor upke, and tumor gene
knockdown by implementing novel zwitterionic surface chemistry.ifilvévo pharmacokinetics
and toxicity profile of these 9Ps will be further controlled by screening hydrophobized nucleic
acid cargo over a range of charge ratiosaly, the mechanism of acute toxicities resulting from
intravenous sNP injection will be probed in depth. Understanding the mechanisms\#t si
toxicity will enhance our ability to design future nanocarriers with increased maximum tolerated
doses. Its our goal to maximize the therapeutic window in thisdvay identifying methods for
increased sNP efficacy and increased tolerability.

Specific Aim 1: Optimize sNP corona chemistry for improved pharmacokinetics and
tumor bioactivity.While previous wrk has improved NP stability and bioactivity through a
balanced ratio of cationic and hydrophobic monomers, circulatioditxadf remain too short for
optimal tumor accumulation. Because tumors receive a relatively low percentage of total blood
volume ideal nanocarriers must circulate for extended times and maximize uptake and retention
at the site of the tumor. This work improves\$? surface chemistry in order to improve siRNA
bioavailability, tumor uptake, and silencing activity. A library of géxes with different
corona blocks including linegmoly (ethylene glycol)REG), brushlike poly(oligoethylene
glycol methacrylate)ROEGMA), and zwitterionigoly(2-methacryloyloxyethyl
phosphorylcholine)RMPQ were synthesized and comprehensively screened for stability,
endosomolysigoxicity, cell uptake, gene silencing, protein adsorption, complement activation,
andin vivo pharmacokinetics. The leadSP candidates were then compared to our previous
A g esl tda n d-AllP with a 5k PEG corona fam vivotumor gene silencing and cellular

uptake.
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Specific Aim 2: Reduce NP toxicity through charge ratio optimization and dual
hydrophobization of carrier and cardeaead siNPs with optimized corona chemistugere
further improved by varying charge ratio (polymer: siRNA) and by use of hydrophobized,
palmitic-acid functionalized siRNAs to reduce toxicity while maintaining improved circulation
properties. SNPs were formulated at charge ratios of 10, 15, on&0,or without palmitic
acid siRNA functionalization. SNPs were screened vitro for stability, endosomolysis, cell
viability, uptake, and silencing activity to determine the impact of the charge ratio and
hydrophobic modifications on particle perfornez.In vivo, more extensive pharmacokinetic
and toxicity screenings were performed. Serum was monitored for ALT, AST, BUN levels, as
well as immune markers such as@LIL-12, IFNo , a n-d. T IN&R fbrmslation based
on improved haHife and toxigty was screeneth vivoto confirm luciferase knockdown in a
MDA-MB-231tumor model and compared to-REl for tumor accumulation.

Specific Aim 3: Determine mechanisms of acute toxicity associated withdoigé
intravenous injection of polyplex nanopalés to inform future nanoparticle desiggased on
observed behavioral similarities betweeiN&trelated toxicities and adenovirassociated
toxicities, the impact of PAFR inhibition was evaluated for reduciigPsassociated toxicities.
Acute shockike symptoms were thoroughly characterized and assessed. The abilityRx &
induce PAF release or activate PAFR themselves was expiovédo. Additionally, clodronate
liposomes were utilized to assess the importance of the mononuclear phagsteyte(PS)
for stNP-mediated toxicities. Furthermore, the ability of alternativiBitypes to induce these
anaphylactoidike toxicities was evaluated in both normal BALB/c mice and inflammatddy

tumorbearing mice.
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CHAPTER 1

Alternatives to PEGylation: Zwitterionic Nanocarrier Surface Chemistry Improves

siRNA Tumor Delivery and Silencing Activity

Text for Chapter Il taken from:
Jackson MA, Werfel TA, Curvino EJ, Yu F, Kavanaugh TE, Sarett SM, Dockery MD,
Kilchrist KV, Jackson AN, Giorgio TD, Duvall CLZwitterionic Nanocarrier Surface
Chemistry Improves siRNA Tumor Delivery and Silencing Activity Relative to

Polyethylene GlycolACS NanoJun 27, 2017. PMID: 28548843

2.1  Abstract

Although siRNAbased nanomedicines dgiromise for cancer treatment, conventional
siRNA-polymer complex (polyplex) nanocarrier systems have poor pharmacokinetics following
intravenous delivery, hindering tumor accumulation. Here, we determined the impact of surface
chemistry on thén vivo pharmacokinetics and tumor delivery of SIRNA polyplexes. A library of
diblock polymers was synthesized, all containing the sameeppbnsive, endosomolytic
polyplex coreforming block but different corona blocks: 5 kDa (benchmark) and 20 kDa linear
PEG, 10kDa and 20 kDa bruslike poly(oligo ethylene glycol) (POEGMA), and 10 kDa and 20
kDa zwitterionic phosphorylcholinbased polymers (PMPQh vitro, it was found that 20 kDa
PEG and 20 kDa PMPC had the highest stability in the presence of salt or bepaniare the
most effective at blocking protein adsorption. Following intravenous deli2érigkDa PEG and
PMPC coronas both extended circulation fiaks five-fold compared to 5 kDa PEG. However,

in mouse orthotopic xenograft tumors, zwitterionic PMBaSed polyplexes showed highest
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vivo luciferase silencing (>75% knockdown for 10 days with single IV 1 mg/kg dose) and three
fold higher average tumor cell uptake than 5 kDa PEG polyplexes (20 kDa PEG polyplexes were
only two-fold higher than 5 kDa PEG). These results show that high motegaight

zwitterionic polyplex coronas significantly enhance siRNA polyplex pharmacokinetics without
sacrificing polyplex uptake and bioactivity within tumors when compared to traditional PEG

architectures.

2.2 Introduction

There has been great interest ia tlevelopment of small interfering RNAs (SiRNAS) as
human therapeutics for a variety of diseases, including cancer, with over 50 clinical trials
completed or currently in progre$s®?However, because of the poor phaaokinetic
properties of free siRNA, there remains an unmet need for carriers with optimized systemic
bioavailability and delivery to solid tumof3Because tumors aregused with a relatively
small fraction of the bodydés blood volume, si
the systemic circulation for extended time in order to maximize the opportunity for passive
accumulation within a tumd¥. The carrier must also be actively internalized and retained within
the tumor cells rather than being transported back out of the tumor or being reabsorbed into the
systemic circulation.

Upon intravenous admistration, polyplexes encounter diverse delivery challenges that
cause polyplex destabilization and/or removal by phagocytic cells, resulting in rapid clearance of
the majority of the injected do$e.°®Polyplexes can disassemble in circulation when they
encounter serum proteins that penetrate polysoeynas or anionic heparan sulfates at the

kidney glomerular basement membrane that compete with electrostatic interactions between
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polymer and siRNAs; free uncomplexed siRNA is then rapidly filtered for removal in the
urine2® 26 58\Moreover, protein adsorption significantly affects biodistribution of polyplexes by
marking them forecognition and phagocytosis by macrophages of the mononuclear phagocyte
system (MPS) and/or potentially activating the complement patfrv&y?8

Polyplex surface chemistry is one of the most influential factors determining
pharmacokineticg vivo because lpysicochemical surface properties like charge and
hydrophilicity dictate nature and level of adsorption or penetration by proteins and other
molecules such as heparan sulf&feBhe most common and exhaustively explored surface
modification method for increasing particle stdljlreducing protein adsorption, and improving
pharmacokinetics is the functionalization of particles with a PEG corona (PEGylation). The
importance of PEG molecular weight, architecture, and surface density for increasing particle
circulation time has beewidely studied® "°”3 However, proteins can penetrate PEG layers,
resulting in opsonization, d&bilization, and RES accumulatién’*Additionally, many studies
have shown that PEG can decrease overall targettgmor) cell uptake once the carrier reaches
the desired tissug: "

A promising alternative to PEGylationisz wi t t er at i ono of polypl ex
surfaces are extremely hydrophilic because they are hydrated through strong electrostatic
interactions, whereas PEGylated surfaces interact with water molecules throuagpeimyd
bonding** Therefore, molecules that hydrate zwitterionic polymers are structured in the same
way as in bulk water. This arrangement makes zwitterionic polymers thermodynamically
unfavorable for protein adsorption, because there is no gain in free energy from displacing

surface water molecules with protéfn’®In general, zwitterionic coronas have been shown to
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improvein vitro stability, cell uptake, and pharmacokinetics of some nanocarriers relative to
both PEGylated and unmodified carriéfs’®
Onetype of zwitterion, phosphorylcholine, has found particularly widespread use for
antifouling applications and is a component of Fapproved contact lenses and delgting
stents?**® Phosphorylcholindased polymerse(g, poly
methacryloyloxyethylphosphorylcholine, PMPC) are hemocompatible, easy to synthesize, and
can mimic northrombogenic surfaces of red blood cells, which contain many phosphorylcholine
groups. In the context of nucleic acid delivery, Ukawa and colleagues have used PMPC coatings
in GALA-modified lipid nanoparticles to increase their plasmid DNAgfactionin vitro.”®
PMPC has also been recently applied for tumor delivery of siRkiNAvo. Yu and colleagues
used PMP¢based cationic polymers to intravenously deliver sSiRNA against MDM2, reducing
NSCLC tumor growthn vivo compared to scrambled controls, but there was no analysis of
pharmacokinetics, no analysis of per cell particle uptakenarabmparison to PEGylated
polyplexes® There remains a need to comprehensively benchmark PMPC against traditional
PEG architectures fan vivo pharmacokinetics, siRNA delivery, and activity within tumors.
Previous verk in our lab focused on optimization of the polyplex efamening block,
resulting in the identification of a leading composition containing a balanced ratio of cationic and
hydrophobic monomers (dimethylamino ethyl methacrylate (DMAEMA) and butyl nrgihte
(BMA), respectively)?! This optimization study solely utilized 5kDa linear PEG as the cerona
forming block. Here, we preserved the optimal eforening DMAEMA -co-BMA composition
and chain extended various cordnaming blocks in order to dissect the impact of corona
chemistry orin vivo stability, pharmacokinetics, tumor accumulation, and tumor gene

knockdown. We and others have sought to improve PEGltsrocarrier pharmacokinetics
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through the use of a brudke PEG architecture or high molecular weighsNaped PEGs, to
varying degrees of succeSs’? 8%3|n this study we compared PMPC coronas to these PEG
architectures in addition to theéar SkDa PEGWe analyzed these polyplex surface materials
using a number of techniques that quantify protein adsorption, polyplex stabiliitro uptake

and bioactivity, as well as vivo pharmacokinetics and tumor gene silencing activity.

2.3 Results and Discussion

Six diblock copolymers were synthesized with angldponsive block comprising a
random copolymer of dimethylaminoethyiethacrylate (DMAEMA) and butyl methacrylate
(BMA) at equimolar ratio and a total degree of polymerization of approximately 150. The
polyplex coronaorming blocks consisted of 5kDa linear PEG, 20kDa lineah#ped PEG,
10kDa poly(oligo(ethylene glycotethyl ether methacrylate) (POEGMA), 20kDa POEGMA,
10kDa zwitterionic PMPC, or 20kDa zwitterionic PMPC coroR@yre 2.1). The 5kDa linear
PEG and 20kDa linear-ghaped PEGs were purchased, conjugated to the RAFT chain transfer
agent, and then chain extid with RAFT to form the corlorming DMAEMA-co-BMA block.
For the POEGMA and PMPC polymers, the efsmlaning DMAEMA-co-BMA block was first
RAFT-polymerized and was subsequently extended using RAFT to polymerize two variants of
each hydrophilic block congsition near their target molecular weights of 10kDa and 20kDa. All
diblock polymers were welinatched in terms of consistent DMAEM#&-BMA block size and
composition (approximately 150 degree of polymerization with 50% of each monomer) and all
polymers tsted had relatively low polydispersity indices (PDI) rangiry3 (Table 1,H-
NMR methods detailed in Supplemental Figure®\.S1-S3). These properties were important

to control because small changes in core length or composition could affect the polyplex
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performance independent of corona chemi&tryhe 5k linear PEG, 10k PMPC, and 10k
POEGMA corona lengths were chosen because they were the shortest corthsatfetgvould
form relatively monodisperse polyplex structures. The 20k PMPC and 20k POEGMA were
chosen as standards to compare to the 20kiShayed PEG, which has been used in FDA

approved drugs for extending circulation tifié*
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Figure 2.1 siRNA polyplexes containing varied corona architectuddigpolymers contain the
same polyplex coréorming block consisting of equimolar DMAEMA and BMA. The corena
forming blocks comprise either linear PEG, zwitterionic PMPC, or brush PEG structures
(POEGMA), as pictured. Polymer structures are displayetiefeft, with coreforming block

in red and corondorming block in blue. Polymers are complexed with siRNA at low pH,
triggering spontaneous assembly of polyplexes before the pH is raised to physiological pH

Table 2.1 Polymer molecular weightsHH NMR), monomer compositions NMR), and
polydispersity indices (gel permeation chromatography)
aPMPC polymers were not analyzed with GPC due to insolubility in mobile DMF phase.
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Polymer T‘(’;";‘r'n'\é'l\)’v Co(rg/”rso'};'w % BMA | % DMAEMA | PDI
5k PEG 28636 5000 50 50 1.021
20k PEG 43353 20000 50 50 1.071

10k PMPC 34129 10177 51 49 a

20k PMPC 45044 21092 50 50 a
10k POEGMA 34171 11716 47 53 1.156
20k POEGMA 42619 18667 49 51 1.296

Polyplexes were formed by first mixing polymer and siRNA at variouE Matios

(number of protonated polymer amines :number of SiRNA backbone phosphates) in pH 4.0

citrate buffer, and then the pH was raised to Figure 2.1). Based on a Ribogreen agsall

polyplexes reached an encapsulation efficiency of arour@D¥% by N':P 10, and slightly

higher encapsulation efficiencies were achieved'@® 0 (Figure 2.2a). To determine the best

N*:P ratio to use in subsequent testing of this library dfiers, we evaluated the average

stability differences between polyplexes dtP10 and N:P 20 after a brief (30 min)

i ncubati on

in 30% fetal

bovi

ne

serum

(FBS) .

Transfer (FRET) signal between-eacapsulateddorescent siRNAs relative to the signal of

polyplexes unchallenged by FBS, we observed a decrease in average stability of all polyplexes at

N*:P 10 relative to N:P 20. Average stability ranged from-B5% FRET at NP 20 and from

42 to 48% FRET at NP 10 (Figure 2.2b). Because of these results, we select&é® 0 ratio

for all further studies. At this short serum incubation time, there were no significant differences

between polyplexes of different coronas at a givérPNatio.
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Figure 2.2 Polyplexes with different corona chemistries have similar size, zeta potential, and cargo
loading but varied stability against high salt concentratiG®$3) Polyplex siRNA encapsulation
efficiency andstability is highest at NP 20. (A) Ribogreen assay reveals polyplex encapsulation
plateaus by NP ratio of 10. (B) Polyplexes retain higher stability after a 30 minute incubation in
30% FBS at NP 20 compared to NP 10 (p<0.01, n=3). (C) All polylexes were around 100
145nm in average size. {I) Dynamic light scattering traces show that 20k PMPC and 20k PEG
populations are more resistant to high salt conditionsX1420).

Importantly, despite their varied corona molecular weightscaagacteristics, all
polyplexes had similar average hydrodynamic diameters of approximately 100 nm and showed

no significant differences in surface charge (near neutral zeta poterigalig 2.2c-i,
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Supplemental FigureA.S4). Thus, although size and sacé charge are known to affect
pharmacokinetics, these factors were constant among each of the polyplexes despite different
hydrophilic block chemistrie® Polyplex size and stability evaluated under increasing salt
concentrations showed that size of most polyplexes was only slightlyeaffiegtthe addition of
0.1 M salt Figure 2.2d-i). However, at 0.25 M NacCl, the 20k PMPC and 20k PEG polyplexes
appeared most resistant to destabilization by increasing salt concentrations, while the 5k PEG
and POEGMA corona polyplexes lost their uniforesdistribution. This result suggests that
larger coronas improved stability for linear PEG and zwitterionic PMPC coronas, but in the case
of POEGMA-based polyplexes, increasing corona size did not improve stability. Polyplexes
made with the longer 20k P@MA corona, in addition to being less stable than other
polyplexes, were also more polydispersed at baseline ws#diwconditions compared to other
polyplexes. This is possibly due to excessive bulkiness, making it more difficult for this polymer
to formtightly-packaged micelles through electrostatic interactions in the’tuvhile these
POEGMA polymers were ssited because the 950 Da side chains form more hydrophilic blocks
than 300 Da OEGMAs, high molecular weight monomers are not as well studied as shorter
OEGMA monomers, and their extended side chains may cause considerable steric repulsion
between coronéorming blocks, a potentially destabilizing factdrs®

In order to maximize polyplex accumulation at the site of the tumor, polyplexes must
resist destabilization in circulatidd.The main sources of polyplex instability in the blood
circulation include serum and anionic heparan sulfates in the kidney glomerular basement
membrane, the latter of which can interact withifpgedy charged components of sSiRNA
polyplexes and result in decomplexatfdrf® 6To determine the impact of particle surface

chemistry on polyplex stability, @challenged polyplexes containing FRET paaded siRNA
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with serum or heparin salts. We found that at higher serum levels (30%), alternative corona
chemistries improved stability compared to 5k linear PEG coronas, but there were few stability
differencesbetween individual coronaS@pplemental FigureA.S5. At 10% serum, all
polyplexes at RtP 20 resisted destabilization regardless of corona biSakglemental Figure
A.S5). As shown previously in Figu@2b, polyplex N:P ratio appeared more imparit for
shortterm serum stability than corona block differences.

Heparin salinduced destabilization showed a greater dependency on corona compaosition.
In heparin salts at a range of concentratidigure 2.3a-c), 20k PEG and zwitterionic 20k
PMPC coronas provided the greatest stability over time compared to all other polyplex coronas.
In 100 U/mL heparin over 100 minutes, the average FRET signal for 20k PMPC and 20k PEG
samples was significantly higher than tbébk PEG, 20k POEGMA, and 10k PMPC (p<0.05),
indicating greater resistance to changguced destabilization. The 20k PMPC and 20k PEG also
performed best with 60 U/mL heparin, only decreasing in average FRET signal by 40 and 36%,
respectively, while th&RET signal in all other polyplex samples decreased Hy386. At each
heparin condition, 10k POEGMA was intermediately stable, and this was most apparent at 20
U/mL heparin, when 10k POEGMA did not diverge from 20k PEG and 20k PMPC until roughly
55 minues of incubation. The other polyplexes, 5k PEG, 10k PMPC, and 20k POEGMA, were
consistently the least hepastable. While larger corona molecular weight improved stability for
linear PEGylated and zwitterated polyplexes, this advantage did not hofditR@EGMA
coronas. This could possibly be due to unfavorable steric properties of the bulky POEGMA side
chains, which could potentially reduce core stability at bas&lihile some heparin may be
binding free, uncomplexed polymer, the results of our Ribogreen dSgaye 2.2a) indicate

that the packaging of siRNA is the same for all polyplexes'dt IR0, sothe molar amount of
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free polymer is consistent between all polyplexes and unlikely to influence these comparisons.
Heparin binding free polymer is also unlikely based on the polyplex DLS triaicesd 2.2d-i)

that do not show evidence of free polymer Badause any uncomplexed polymer in solution is
micellar (due to the presence of hydrophobic BMA in the-domeing block), thus making
DMAEMA unavailable for binding!

In order for the polyplexes to enable siRNA bioavailability in the target cell cytoplasm,
the polyplexes must exhibit efficient cell uptake,-p#$ponsive endosomal escape, and target
gene knockdown, while also not being cytotoxic to normal{cemmcerous) cells. The cere
forming block of each polyplex in our library, consisting of DMAEMA-BMA, has previously
been optimized for pHesponsive endosomolytic behavior, and we hypothesized that the various
corona chemistries would not affect thisperty?! We measured pidependent membrane
disruptive behavior, a surrogate assay for endosome escape capability in which polyplex samples
are incubated with teblood cells in buffers of progressively lower pH that mimic extracellular,
early/late endosome, and lysosome environnf&m#.of the polyplexes produced membrane
disruptive activity at pH values at or below 6.8, corresponding to pHs found in th
endolysosomal pathway, but no hemolytic activity occurred at physiological and extracellular pH
of 7.4 (Figure 2.4a). Because the piesponsive behavior of these polyplexes is controlled by
their core blocks, it was expected that the different coronaddwmt differentially impact
endosomolytic behavior. These trends were independent of polyplex concentration in the range

tested Supplement FigureA.S6).
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Figure 2.3 20k PEG and 20k PMP&ronaforming blocks increase polyplex stability in heparin
salts relative to all other formulatiarBolyplexes were also incubated for 200 min in 20 U/mL

(A), 60 U/mL (B), and 100 U/mL (C) heparin salts. 20k PMPC and 20k PEG maintained greatest
stabilty levels at each heparin condition. All measurements represent average of 3 separate
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stability experiments. All polyplexes were formulated atN20.
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Figure 2.4 In vitro, all tested polyplesurface chemistries, except POEGMA, exhibited desirable
hemolysis, cytocompatibility, uptake, and target gene knockdown propéitiassays were
performed at a dose of 100 nM siRNA and 2.7 uM polymérRN0) unless otherwise noted.

(A) In a red blood cell hemolysis assay, all polyplexes (at 40 pg/mL polymer) displayed similar
pH-dependent membrane disruptive behavior sugled for endosomal escape due to their
consistent cordorming polymer block composition which dictates thisidgor. (B) Polyplex
viability in NIH 3T3 fibroblasts at 100 nM siRNA 48 h after polyplex addition. (C) All high
molecular weight coronas had significantly lower uptake compared to lower molecular weight
counterparts, (p<0.01, n=3). (D) Percent of calllow, medium, and high gates for each
polyplex. 20k PEG polyplexes had the highest percent of cells in the low uptake group compared
to any other polyplex (p<0.001, n=3). (E) Dassponse curve of polyplex inhibition of

luciferase activity. Luciferase gty was monitored after 48 hours polyplex treatment. (k) IC
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values for all polyplexes reveal significantly improved efficacy of PMf2€ed polyplexes
compared to PEGylated polyplexes of similar molecular weight (p<0.04, n=3).

We next screened for tmity of all polyplexes in luciferasexpressing NIH3T3
fibroblasts Figure 2.4b), in order to determine whether the polyplexes were harmful to normal
and norcancerous cells. At 48 hours pastatment, none of the polyplexes significantly
affected viabity levels relative to untreated cells, with the exception of 10k PMPC. Average
viability of 10k PMPC was still quite high, at 87%, indicating it was also relativelytoxia.
We also evaluated cytotoxicity of all polyplexes bearing scrambled siRNA in{MBA231
cancer cells. All cell viability values were still greater than 75% after 48 hour incubation with
high polyplex concentrationS(pplemental FigureA.S7).

We next evaluated uptake of polyplexes by MDMB-231 breast cancer ce(Bigure
2.4c). Oveall, shorter polyplexes made with smaller molecular weight corona blocks had
significantly higher mean fluorescence intensities compared to more shielded polyplexes
comprising longer corortorming blocks (p<0.001, n=3). In comparing different polyplex
coronaforming block chemistries, the mean fluorescence intensity of 20k PMPC was greater
than 20k PEG polyplexes, and 10k PMPC had the highest uptake levels overall (p<0.001, n=3).
Forin vitro uptake, lower molecular weight coronas are often associatednereased cell
uptake, because the cationic PDMAEMA components are less shi&ided.ever, polyplegs
made with shorter cororfarming blocks are generally less stable and therefore likely to produce
less favorablén vivo pharmacokinetic properties. We also stratified polyplex uptake based on
the percent of cells found within low, medium, and high uptake subiSgtsé¢ 2.4d,
Supplemental FigureA.S89 in order to further interrogate differences in the distribution of

polyplex uptake levels within the different treated cell populations. The 20k PEG had the highest
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percent of polyplex uptake positive cells in the low uptake group by a significant margin
(p<0.001), with 47% of cells in this group, while all other polyplexes/panged from 386% of
cells in the low uptake group. In comparison, 10k PMPC had the highest percent of cells in the
Ahigho group, at 31%. 20k PMPC, while more sh
had a similar per cen tategory (1¢1&%) lassthe ishortetcorena i hi g h 0
polyplexes. In the high uptake category, 20k PEG polyplexes had the lowest percent of cells
(8.9%), after 20k POEGMA (1.22%), which was significantly lower than the percent of cells
treated with 20k PMPC polyplex@sthe high category (8.9%s 15%, p<0.04). These
combined data provide support that PMP&3ed coronas have higher cell uptake properties
compared to their PEGylated counterparts, suggesting that zwitterionic coronas provide
polyplexes with stealth prapties without limiting polyplex uptake as significantly as
incorporation of high molecular weight, stealth PEG coronas. These data suggest that PMPC is
less susceptibletothewelle scr i bed APEG di |*Histograins ofthesel r ug d e
cell populations can be found $upplemental FigureA.S8h.

After confirming pHresponsiveness, cytocompatibility, and tumor cetbkp behavior
of the polyplexes, we evaluated knockdown of the model gene luciferase in lucéapmsssing
MDA-MB 231 breast cancer cellBi§ure 2.4e), across a range of doses. At the highest dose of
100 nM siRNA after 48 hours, cells exposed to 5k PEIk PEG, or either PMPC corona all
retained less than 10% luciferase activity (90% knockdown), which was significantly lower than
10k POEGMA, with 50% knockdown, and 20k POEGMA, with no significant knockdown. At
75 nM, differences between linear PEG &MPC polyplexes emerged. 10k PMPC corona
polyplexes had the best bioactivity, with 8% remaining luciferase activity, followed by 20k

PMPC and 5k PEG, which were not significantly different from each other at 14% luciferase
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activity. 20k PEG coronas at tidese had significantly higher remaining luciferase activity than
20k PMPC and 5k PEG (29%), providing evidence that PNB§2d coronas have increased
bioactivity compared to their linear PEG counterparts. These general trends are also evidenced
by the IGo values for each polyplefFigure 2.4f). Polyplexes containing 10k PMPC had the
lowest 1Go, at 18 nM, compared to 5k PEG at 49 nM. 20k PM#28ed polyplexes also had a
significantly lower IGothan 20k PEG polyplexes (55 mi 64 nM), with values similato the

ICs0 Of less wellshielded 5k PEG. All polyplex Iég averages were significantly different from

each other (p <0.04). In general, the POEGWM&Sed coronas did not produce desirable levels of
in vitro bioactivity, while all other polyplex formulatns produced potent knockdown with
negligible cytotoxicity.

Both PEGylation and zwitteration are designed to reduce protein adsorption to
nanocarriers because opsonization makes nanocarriers more identifiable to macrophages of the
MPS and/or destabilizgmlyplexes. If complement protein C3b adsorbs, the complement
cascade can be activated, further recruiting immune cells and promoting rapid cléavsieace.
used isothermal titration calorimetry (ITC) and a hemolizsised complement assay to evaluate
how PEG/lation and zwitteration differentially affect protein adsorption as a function of block
molecular weight.

In ITC, a protein solution is slowly titrated into a solution of polyplexes, and changes in
heat resulting from their interaction are recordedifre 2.5a). These heat changes can be used
to calculate entropy, enthalpy, and Gibbés fr
nanocarrief® ° Albumin was used here as a model for serum proteins, since it comprises the
largest percent dfuman serum compared to other proteins and is known to opsonize PEGylated

nanoparticleg® 2’ Overall, each polyplex, whether PEGylated or zwitterated, haditivpos
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Gibbdés free ener gy diQurei2bh). #ghsandidatesothat alviminh  a | b u mi
binding was not spontaneous and therefore not
values was increased for the higher molecular weight coronas asmahtp their lower

molecular weight counterparts, indicating albumin adsorption was least favorable for these
polymers. The 20k linear-¢ haped PEG corona had the | argest
followed by the 20k PMPC, and both were significanthhhigyr  t han ®@G of 5k PEG
n=3). The significant differences between polyplex coronas of higher and lower molecular

weight indicate the importance of corona molecular weight in blocking protein adsorption.
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Figure 2.5 Higher molecular weight coronas reduce albumin adsorption while none of the
polyplexes significantly adsorb complement protefA3.Schematic of isothermal titration
calorimetry setup. BSA is slowly titrated into solutioihpolyplexes, and changes in heat are
recorded and used to calculate thermodynamic parameters. (B) ITC of polyplexes (0.5 mg/mL
polymer, N:P' 20) indicated significantly less favorable BSA interaction for 20k PEG and 20k
PMPC compared to standard 5k®En=3, p<0.05). (C) Schematic of complement assay setup.
(D) Negligible complement protein adsorption was observed for all polyplex surface chemistries,
measured by % lysis compared to complement protein controls at various dilutions. Cationic
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control poyplexes (100% PDMAEMAbased particle surface) served as a positive control for
protein/complement adsorption in these assays.

All polyplexes with neutrallycharged, hydrophilic coronas were compared to a positive
control polyplex containing 100% catiorROMAEMA in its corona, which is known to
significantly adsorb proteins at physiological P+ °2As expected, this cationic control
showed negat i ve -8G&Gealkml indieasinga hghly favgrable gnteraction
with albumin. While all rawTC data showed endothermic heat changes for all of the shielded
polyplexes, the cationic control polyplexes had highly exothermic heat cha&8ggdémental
Figure A.S9. The stark contrast between the cationic control polyplex and the neutral polyplex
cr onas demonstrates the overall i mpact of a
Because albumin is not the only component of a nanoparticle protein corona, this contrast was
also demonstrated for whole FBS, using a qualitative agarose geldessay$upplemental
Figure A.S10.%" The cationic PDMAEMAcorona particles retained high FBS signal in the
loading well, where polyplexes are known to remain (instead of migrating through the gel), while
protein signal from wells containing all other polyplexes was much lower and closelyeahatc
the signal from wells containing only FBSThis implies that overall serum adsorption is low
for all shielded polyplexes with the various coronas, but fagleationic PDMAEMA particles.

In order to evaluate potential complement protein adsorption by the various corona
chemistries, we used a hemolytic assay modified from Bartlett and colleddqRmgplexes were
incubated with various dilutions of human complement sera and then antiboslyized sheep
erythrocytes were added to each mixture. If complement proteinst@dasorb to polyplexes,
then they are available in solution to lyse the erythrocytes. However, if adsorption does occur,

red blood cell lysis is reduced as fewer complement proteins are available to causégiysss (
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2.50). For all polyplexes, we did n@bserve significant differences in lysis compared to the
complement only protein controls at all concentrations of complement sera, meaning that
complement adsorption was negligibledure 2.5d). The unshielded cationic polyplexes with a
PDMAEMA corona,on the other hand, robustly reduced lysis compared to the complement only
control, indicating significant adsorption, as expected. The 20k POEGMA corona polyplex
exhibited slightly elevated lysis levels compared to the protein only control, probabtgsasta
of its greater instability in serum, but overall, the coronas tested do not react spontaneously with
complement proteins to any significant degree, in agreement with the results for albumin
adsorption as measured by ITC. These data also indicathéhaomplement assay may not be
as sensitive as the ITC method at detecting small functional differences in protein adsorption.
We next studied thm vivo pharmacokinetics of the polyplex library after intravenous
administration. Traditional methods dfiaracterizing nanocarrier pharmacokinetics rely on
multiple blood draws and extrapolation to determine initial nanocarrier blood concentrations.
Intravital confocal laser scanning microscopy (IVM), on the other hand, provides real time,
continuous trackig of fluorescence in the mouse ear blood vessels and requires fewer &himals.
Recently intravital microscopy has been used to mopiblyplexes in blood circulation,
particularly to understand the impact of core stabilizing components on circulation time and to
characterize the impact of spee&gsecific inmune state on nanoparticle cleargdcé. > IVM
provides a more absolute quantification of particle pharmacokinetic parametasstiagrefore a
more robust way to discern differences between PEGylated and zwitterionic coronas. For our
study, polyplexes were loaded with Ggbnjugated cargo, and the fluorescence signal tracked

for 20 minutes after injection.
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Intravital microscopystudies revealed improved pharmacokinetic properties for 20k
PMPC and 20k PEG, in agreement with ouvitro stability results, as visualized kgure
2.6a. Pharmacokinetic curves of blood circulatidiigure 2.6b) were fit to the data, and area
under he curve values for 20k PMPC and 20k PEG were 586 and 507 (mg* min)/(L)
respectively, roughly three to four times higher than all other polyplexes tésiee(2.6¢).
Average circulation halfives for 20k PMPC and 20k PEG were 26 minutes and 22 minutes
respectively, while circulation halives for all other polyplexes ranged fron85minutes Table
2.2). Average circulation halife for free nucleic acid was less than 2 minutes. Similarly, 20k
PMPC and 20k PEG had much lower clearance values tlyawilagr polyplexes studied éble
2.2). Organ biodistribution§upplemental FigureA.S11) studies at 20 minutes revealed that for
all of the polyplexes, the greatest percentage of the fluorescent siRNA was localized in the
kidneys, followed by the MPS orga (liver and spleen). For all polyplexes, less than 50% of the
total fluorescence was localized in the kidney, which is an improvement over many other
polyplex systems in the literature which are more rapidly disassembled in the kidney and
therefore havéigher kidney accumulatioti: °6°° However, this is likely due in large part to the
balance of cationic and hydrophobic monomers in the-fmomeing block of these polyplexes,

which reduces heparan sulfdiased disassembly as our group has shown previéusly.

43



>

-~ 5k PEG = 20k PMPC
- 20k PEG 10k POEGMA
== 10k PMPC — 20k POEGMA

5k PEG

0 15 20
Time (min)

10k
POEGMA POEGMA 20k PMPC 10k PMPC 20k PEG

0 min 1 min 5min 10min 20 min

20k

Figure 2.6 High molecular weight zwitterionic and linear PEG coronas significantly improve
polyplex pharmacokinetics (1 mg/kg GgiRNA, 189 umol/kg polymer, (P~ 20). (A) Panel

of intravital microscopy images for visualization of pharmacokinetic differences between
polyplexes shows obvious increase in circulation time for 20k PEG and 20k PMPC compared to
gold standard 5k PEG. (Byverage intravascular fluorescence intensity curves from mouse ear
vessel imaging quantify this outcome (n=4). (C) Area under the curve shows that 20k PEG and
20k PMPC had roughly three to fefald higher bioavailability compared to other polyplexes
(n=4,p <0.001).

Table 2.2 Pharmacokinetic parameters quantified from intravascular imaging data including
half-life (T %2), area under curve (AUC), and clearance (CI).

Polymer T % (min) AUC (mg *min)/(L) Cl (mL/min)
5k PEG 52+17 127 + 37 0.22 £0.07
20k PEG 224 +5.8 507 + 152 0.06 +£0.02
10k PMPC 84+10 192 + 23 0.13+0.02
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20k PMPC 26.3+5.5 586 + 157 0.05+0.01

10k POEGMA 76+04 165+ 14 0.15+0.01
20k POEGMA 74+20 176 + 45 0.15 +0.04
Cy5 Nucleic Acid 1.87+0.20 75+14 4.20 +0.27

The pharmacokinetic properties of 20k PMPC and 20k PEG tested here alesiiihg)
relative to other published polyplex siRNA delivery systems. For exampleythaextrir
based polyplex system, CALAB1 that was administered to humans in the first ever RNAI
clinical trial, cleared from humans, monkeys, mice, and rats below the detection limit only 30
minutes after intravenous injecti8hOur 20k PEG and 20k PMPC polyplexes, on the other
hand, have only just reached their Hilé after approximately 30 minutes. Others have sought to
improve polyplex circulation stability through the addition of cholesterodified SIRNA in
combination with 20kDa PEGonjugated cationic polymers, but such modifications only
increased halfives o around 610 minuteg* An additional approach to inasing circulation
time in a similar system is polyplex core crosslinking, but this only increased circulation half
lives to roughly 10 minutes based on intravital microsé8@ur polyplexes effectively
combine a highhstabilized core with highhgtabilizing, proteirstealth coronas, increasing their
circulation times beyond the gold standards in the field.

In all, our resilts indicate that polyplexes of zwitterionic 20k PMPC and 20k PEG were
the most blood stable and may also be most resistant to natural clearance mechanisms like renal
heparan sulfatenediated clearance, protein adsorption, and phagocytosis. These psoperti
suggest they are the leading candidates for development for oncological SIRNA therapeutics.
Similar to ourin vitro results, the high molecular weight POEGMA coronas did not exhibit the

same beneficial properties, most likely due to the poor stabifitygsties of these polyplexes.
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When nanoparticles circulate longer in the bloodstream, their systemic bioavailability
increases, and they have a greater opportunity to accumulate within tumors. Because our higher
molecular weight coronas had such dramatiprovement in circulation halives and clearance
properties, we hypothesized that they would also improve tumor accumulation and gene
silencing. Therefore, we selectively compared the ability of 20k PEG and 20k PMPC to achieve
tumor cell delivery andlarget gene silencing of the model gene luciferase in a mouse orthotopic
model of breast cancer. These leading formulations were benchmarked against our previous gold
standard 5k PEG polyplexés*’

Mice bearing luciferasexpressing MDAMB 231 mammary fat pad tumors were
intravenously injected with 20k PMPC, 20k PEG, or 5k PEG polyplexes bearing 1 mgkg anti
luciferase or scrambled control siRNAs. Each animal received only one treatment, and tumor
luminescence was monitoréar a 10day period posinjection. We compared the relative
luminescence of each individual tumor to its luminescence prior to polyplex injection, and the
luminescence values for the luciferase siRNA polyjteated tumors were compared to average
luminescence values for the tumors from scrambled control SIRNA pofyygated mice. There
were no significant differences in relative luminescence between any scrambled polyplex group
throughout the study period.

Throughout the 1@ay period posinjection mice treated with zwitterionic 20k PMPC
polyplexes containing luciferase siRNA exhibited more potent andléstong luciferase
silencing than either PEGased polyplexKigure 2.73a), with significantly increased knockdown
on Days 37. Throughout the &atment, relative luminescence values for 20k PMPC averaged
about 20% that of scrambled controls, indicating 80% knockdown. The differences between 20k

PEG and 5k PEG were not significant, but average knockdown potency tended to be slightly
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higher for the20k PEG than 5k PEG polyplexes. Average knockdown of luciferase by 20k PEG
ranged from 75% on Day 1 to 36% on Day 10 compared to scrambled polyplex controls, and
knockdown of luciferase by 5k PEG ranged from average 56% on Day 1 to 35% on Day 10. This
study suggests that, despite their similar pharmacokinetic properties, 20k PMPC hasrhigher

vivo bioactivity compared to 20k PEG (representative tumor luminescence images demonstrating
these trends are displayedHigure 2.7b). Mouse body weight wagcorded each day of the

study period as an indicator of toxicity, and there were no significant differences between any
polyplex treatment group and untreated twiearing mice $upplement FigureA.S12.

In order to elucidate the mechanism behind tkes@ased tumor gene knockdown of
zwitterionic 20k PMPC, we also studied thevivo biodistribution and tumor cell uptake of
zwitteratedvs. PEGylated polyplexes. We injected turtmgaring mice with 20k PMPC, 20k
PEG, and 5k PEG polyplexes bearing dgbekd cargo. After 24 hours, the tumors were
removed and dissociated into a single cell suspension to measure polyplex internalization level
per tumor cell (tumor cells identified as GFP positive based on reporter transduced prior to tumor
cell inoculation imo mice). After 24 hours of accumulation time, zwitterionic 20k PMPC
showed significantly higher tumor cell uptake levels than either 5k or 20k PEGylated polyplexes
(Figures 2.7c and2.d). Mean Cy5 fluorescence intensity in GFP positive (tumor) cell2G&r
PMPC was thredold higher than that of 5k PEG and almost #fetl higher than 20k PEG.
Additionally, 20k PMPC had the highest percentage of@y&tive tumor cells, with roughly
90% positive, while average percent uptake for 5k PEG and 20k PEQ¥eaantl 80%,
respectively, at 24 hour&igure 2.7€). These data suggest that the longeradf of 20k
PMPC and 20k PEG played an important role in their tumor uptake, and that 20k PMPC coronas

do not sacrifice cell uptake as much as Hi&Sed coronasOrgan biodistribution data based on

47



overall fluorescence at this 2¥ur time point revealed that average radiance in tumors was 1.2

1.9-fold higher than

liver average radiance and 2 4fold higher than heart and lung average

radiance for all of theglyplexes studiedJupplemental FigureA.S13.
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histograms of polyplex uptake for tumor cells analyzed by flow cytometry from tumors
harvested at 24 hours pdstatment. Results indicate increased Cyb5réésoence in GFP

positive MDA-MB-231 cells for 20k PMPC polypletxeated tumors compared to PEGylated
polyplexes. (D) At 24 hours, 20k PMPC polyplexes had significant, 63% increased mean Cy5
fluorescence in tumor cells compared to 20k PEG and 213% rdiatblePEG (p=0.0008s 5k

PEG, p=0.052&s.20k PEG , n=4 tumors per group). (E) 20k PMPC had significantly

increased % positive cells at 24 hours compared to 5k PEGG(ta#hors per group, p=0.0114),
while 20k PEG had a strong trend toward increasqubsftive cells compared to 5k PEG
(p=0.0582). (F) In am vitro time course, 20k PMPC polyplexes exhibited significantly higher
uptake compared to PEGylated polyplexes at 30 minutes, 4 hours, and 48 hours (p<0.02, n=3).
(G) Histological quantification gbolyplex intensity after 24 hrsx vivoincubation with MDA

MB-231 tumors excised from athymic nude mice. Line profiles were drawn starting at the tumor
edge (n=27, 3 tumors per polyplex, 9 profiles per tumor). (H) Representative histology images of
ex vivo andin vivotumor penetration of polyplexes. Overall, polyplexes achieved similar
penetration depths both vivo andex vivq but histology evidence supports differences in uptake
between polyplex types.

The increaseth vivo uptake of 20k PMPC polyplexes compared to 20k PEG polyplexes
indicates that the higher levels of gene knockdown of 20k PMPC are driven by a combination of
increased circulation time and higher rate of cell uptake of Rigs@d polyplexes. To further
elucidate the latter mechanism, we comparedinhatro uptake properties of 5k PEG, 20k PEG,
and 20k PMPC over a twiay time courseHigure 2.7f). Measurements at early time points of
30 minutes and 4 hours showed that 20k PMPC was taken up byNWB231s moe rapidly
than 20k PEG, with-2old higher uptake at each time point (p<0.002, n=3). 20k PMPC uptake was
also significantly higher than 20k PEG corona polyplexes at 24 hours. 5k PEG polyplexes had
similar uptake levels to 20k PMPC at earlier time pointgitro. However, 5k PEG polyplexes
lack the same level of corona shielding, resulting in higher uptake lewatso, but less stability
in circulation and therefore reducedvivotumor biodistribution. Additionally, 20k PMPC more
rapidly penetrated thcell population homogenously relative to either PEGylated corona. At 4
hours, 5k PEG showed 60% positive cells compared to 95% for 20k PMPC polyplexes (p<0.01,

Supplemental FigureA.S14. By 48 hours, 20k PMPC polyplexes exhibit significantly increased
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uptake compared to both 5k PEG and 20k PEG coronas (p<0.0003). Thus, 20k PMPC polyplexes
maximize both serum stability and increased cell uptake. Whilesteeled 5k PEG polyplexes
have higher uptake at early time points, more sestable 20k PEG poptexes catch up to 5k
PEG polyplexes over time. 20k PMPC, on the other hand, combines both a high rate of uptake and
the increased stabilization properties necessary for continued uptake over longer periods of time
in the presence of serum, enabling itpiovedin vivo tumor uptake compared to PEGylated
polyplexes.
In order to dissect whether thevivorelative tumor cell uptake differencdsdure 2.7d)

were driven in part by differences in tumor tissue penetration of the polyplexes, we investigated
penetration in arex vivomodel, using MDAMB-231 tumors excised from nude mice. After 24
hours of polyplex incubation with tumors, all polyplexes penetrated to similar depths from the
tumor edge Kigure 2.7g). Quantification based on line profiles drawnnfrahe tumor edge
indicated that, particularly close to the tumor edgeZ@@m), average intensities of 20k PMPC
polyplexes were significantly higher (p<0.01) than 5k PEG and 20k PEG polyplexes;faiti1.5
and 2.%fold higher, respectively. Overall areader the average intensity curve was also highest
for 20k PMPC. However, overall distribution of polyplexes based on depth was similar, as seen
in representative histology imagesigure 2.7h). While the highest polyplex signal intensities
were observedithin 40 um from the tumor edge, average signal from all polypleated tumors
was still higher than signal from untreated tumors deeper in the tumdrOQt@m), with no
significant differences between individual polyplex types at these deeper tugimrste

The 5k PEG polyplex intensities near the tumor edge are higher than the 20k PEG intensities in
this study, which is different than the tumor delivery levels se&ivo, due to theex vivonature

of the experiment; these polyplexes did not regsiedility in circulation prior to reaching the
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tumors and, with lower molecular weight PEG, are less shielded to begin with, allowing for
increased tumor uptake. Given this result, it is noteworthy that the morehiadtied 20k PMPC

based polyplexes gtayed higher average intensities at low penetration depths than 5k PEG
polyplexes, despite their higher molecular weight coronas, further supporting the improved uptake
properties of PMP&orona polyplexes.

The similar depth penetration profile of eaxflthese polyplexes indicates that the higher
bioactivity of 20k PMPC corona polyplexes is driven primarily by higher uptake properties and
not by differences in tissue penetration. These penetration profiles were further corroborated
with histological evluation of tumors aftein vivotail vein administration of Cy¥bearing
polyplexes Figure 2.7h). Here again, Cy5 signal from each polyplex could be found deep
within tumor sections and relatively wgdenetrated. While all polyplexes appear to have a
similar histological distribution in the tumor, the overall amount of uptake is different depending
on polyplex type, as we quantified comprehensively throngfvo flow cytometry.

Our combined tumor gene knockdown and tumor uptake data indicate that high
molecular weight zwitterionic PMPC coronas perform significantly better than their linear PEG
counterparts. Our work thoroughly demonstratesrthaevo advantages of PMPC compared to
PEG in systemicallglelivered siRNA polyplexes, and other studies in-polyplex systems
support and corroborate our findings. In gold nanopatrticles, for example, multiple studies have
shown that zwitterionic coatings increase accumulation at the site of a tumor over PEGylated
surface coating®? °1Similarly, in proteinbased nanoparticles, PMPC coatings improve tumor
uptake over PEased copolymers, and this effect was also primarily observed at later time
points (12 h posinjection), implying better tumor accumulation and retention over tinmias

study reveals?®?
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The observation that PMPKased polyplexes improve cell uptake while redggrotein
adsorption is somewhat counterintuitive and requires further mechanistic investigation, both in
normal and cancer cells. One potential explanation is that zwitterionic phosphorylcholine particle
surface chemistries improve tumor accumulation beedhey promote association with cell
membranes, given their similarity to membrane phospholipid H&€4{s1t has also been
observed that PMPC surface chemistries are particularly conducive to internalization by cancer
cells, even more so than in normal cé¥s1°This may be due to the fact that myanvasive
and rapidly proliferating cancer cells, including the MIMB-231 cells in our study, have
increased choline transport, due to their higher membrane synthesis and ttfthalver. these
existing data are consistent with our own results comprehensively demonstrating increased tumor
cell uptake of PMPased siRNA polyplexes compared to PEGylated polyplexesihettio
andin vivo.

In comparing to other siRNA delivery work, our 20k PMPC polypkegenerated higher
tumor gene knockdown compared to the few previous exampies/ivio PMPGbased siRNA
delivery. In one study, siRNAearing PMPEPDPA (poly(diisopropanolamine ethyl
methacrylate)) diblock copolymers achieved significant luciferasekdown (up to 75%), but
this level was achieved after 6 repeated injections of low polyplex doses (as opposed to our
single 1 mg/kg dose) and these polyplexes were not compared to PEGylated coufiféviosits.
top-perfarming polyplex systems are PEGylated and frequently suffer from low tumor uptake
without addition of targeting ligands or cholesteryl stabilizing moiéti¢§82Our PMPGbased
polyplexes, on the other hand, without active targeting, increased average tumor cell uptake
threefold compared to 5k PEG and tviold compared to 20k PEG, and achieved up to 90%

Cy5-positive tumor cells after only a single, relatively ledose administration. The 20k PMPC
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polyplexes preserve the stability advantages of high molecular weight stealth coronas while also
producing higher cell uptake than high molecular weight PEGylated polyplexes.

These results are predicated on the assumed presence of the enhanced permeability and
retention (EPR) effect in tumors, which enables nanoparticle extravasation through porous tumor
vasculature. This effect has been subject to debate in éeeature, with most studies
suggesting that this phenomenon is heterogeneous in human cdriéétswever, a recent
clinical trial in human subjects directly confirmed the presence of the EPR effect in all of the
patients studied (across multiple solid tumor types), showing micellar accumulation in tumor
tissue but not in surrounding tisst#ésAs is the case for clinical, standard of care cancer
therapeutics, it is true that some patients may benefit more than others from nanomedicines
taking advantage of the EPR effect.cBet work has suggested that magnetic nanoparticles can
be used as an imaging agent to predict whetherided nanomedicines will be advantageous
in different patients? These opportunities for personalized nanomedibmsed cancer treatment
only intensify the need for improved polyplex stability and tumor accumulatiordir to
maximize the full potential of EPR across a varied patient population. In our study, we have
shown that these goals are achievable for siRNA polyplexes using zwitterionic PMPC surface

chemistries more so than PEGylated ones.

2.4  Conclusion
Taken together, our data show that while high molecular weight PEG and PMPC coronas
generally improve polyplex circulation time, zwitterionic PMPC coronas significantly improve
in vivotumor cell uptake and bioactivity compared to canonical PEGStro, larger molecular

weight hydrophilic corondorming blocks performed better in terms of increasing heparin
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stability and blocking protein adsorption. In these and other assays, POEGMA was the exception
to this trend, and the PEG brulike architecture aa rule did not perform as well as PMPC and
linear PEG corondorming blocks in the polyplex format used in these studies. These
comprehensivén vitro data corroborated oum vivo pharmacokinetic data, which used intravital
microscopy for elucidating thatravenous impact of polyplex corona chemistry. This method
guantitatively showed that both high molecular weight cotffonaing blocks comprising either
20k Y-shaped PEG or 20k zwitterionic PMPC improve polyplex circulationlival$ over

shorter coroas. These results motivated moralepth studies of the 20k PEG and PMPC
formulations in comparison to our 5k PEG benchmark.i@uivotumor uptake and gene
knockdown studies show that high molecular weight zwitterionic coronas significantly improve
in vivogene knockdown and tumor cell uptake compared to high molecular weight PEGylated
polyplexes. This work has important implications for optimization of SiRNA nanocarriers used
for systemic cancer therapeutics. PEG has long been regarded as thargtaddstwhile
increasingly wellcharacterized nenanonical surface chemistries remain urngidized. We

have shown that PMPC, a biocompatible material that is a component capiréved

products, is easily and controllably polymerized and significamthroves tumor cell uptake

and knockdown activity of sSiRNA polyplexes over PB&sed structures, encouraging further

development of zwitterionic surface chemistries for siRNA oncological therapeutics.

2.5  Materials and Methods
All materials were purchasdrbm Sigma Aldrich unless otherwise described. Inhibitors
were removed from dimethylaminoethyl methacrylate (DMAEMA) and butyl methacrylate

(BMA) using an activated aluminum oxide column. All DNA or siRNA oligonucleotides were
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purchased from Integrated DNPechnologies (Coralville, IA, USA), and sequences can be
found in our previous work! In FRET experimentsn vitro cell uptake experiments) vivo
biodistritution, and pharmacokinetic experiments, DNA oligonucleotides were used as a model
for sSiRNA oligonucleotides of the same length.

Polymer SynthesiAll polymers were synthesized usingcganc4-
(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT) asnéral chain transfer agent. ECT
was synthesized in house according to previously published mefgid®EG ECT was
synthesized as previously described byplmg a 5 kDa hydroxyterminated PEG (JenKem,
USA) to ECT by DCC DMAP couplingSupplemental FigureA.S1). For the coupling reaction,
ECT was added to a reaction vessel at 10:1 molar equivalents of 5kDa or 20kDa PEG (JenKem,
USA) and dissolved in dichloromethane at 10% wt/v. Dicyclohexyl carbodiimide (DCC) was
then added to activate the carboxylic acids @THE&t a 1:1 molar ratio with ECT. After stirring 5
min, hydroxytteminated 5kDa or 20kDa PEG was added to the reaction mixture, followed by 4
dimethylaminopyridine (DMAP). DMAP was added at a 5:1 molar equivalent to PEG. ECT was
added to the 5 kDa PEG af@:1 molar ratio. Dicyclohexyl carbodiimide (DCC) and 4
dimethylaminopyridine (DMAP) were added at 5 molar equivalents the amount of PEG. The
coupling reaction was stirred at room temperature for 48 hours and the final product was purified
as previously dscribect! From the 5 kDa or 20kDa PEG macroCTA, DMAEMA and BMA
were RAFT polymerized at 50:50 molar ratios using AIBN as an initiator (10:1 CTA:Initiator
ratio) in 10% w/v dioxane. Reactions were planned with a degree of polymerization of 240, in
order to achieve #B0 repeating units each of DMAEMA and BMA (at a B®6 monomer
conversion rate). The reaction was nitrogen purged for 30 minutes and thenwad stiat 65 e C

for 24 hours. The final reaction mixture was dialyzed into methanol for two days, then water for
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two days, and lyophilized. 20k PEG was synthesized using the same methods as for the 5k PEG
polymers, but a 20kDa-ghaped hydroxyl PEG was conjigd to ECT to create the appropriate
macroCTA. Zwitterionic PMPC was synthesized in a-step process. First, DMAEMA and
BMA were RAFT polymerized at the same monomer feed ratios and conversion estimates
described abovéH NMR was used to evaluate consien rate Supplemental FigureA.S2).
This random DMAEMABMA copolymer (DB ECT) was then used as a macroCTA to
polymerize a homopolymer block of(fnethacryoyloxyethyl) phosphorylcholine. For a 20 kDa
corona or a 10 kDa corona, target degree of polymaimbf 75 and 40 were used,
respectively. These polymerizations used AIBN at a 5:1 CTA:initiator ratio and were done at
10% wi/v in anhydrous methanol solvent. Reactions were purged with nitrogen for 30 minutes
before heating t o eadhioner@udsavere dalzedimnethanol folkwon a |
days, then water for two days, and lyophilized. Polymers with POEGMA (poly(ethylene glycol)
ethyl ether methacrylate) (Mn = 950) in the corona were synthesized in a similar method using a
10:1 CTA:initiata ratio and dioxane as a reaction solvent (10% wt/v). Prior to polymerization,
inhibitors were removed from POEGMA monomers by first dissolving in anhydrous THF,
running through an alumna column, and then drying using a rotary evaporator. For 10k
POEGMA caonas and 20k POEGMA coronas, aimed degrees of polymerization were 19 and
31, respectively, with conversion rates of 60% and 65%, respectively.

All polymers were characterized usittg nuclear magnetic resonance spectroscopy
(Bruker, 400 MHz). Polymer pwdiispersity was evaluated with DMF mobile phase gel
permeation chromatography (GPC, Agilent Technologies, CA). For this measurement, all PEG
or POEGMA polymers were dissolved in DMF containing 0.1M lithium bromide at a

concentration of 10 mg/mL. All NMRpgctra are shown iBupplemental FigureA.S3
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Polyplex Formation and Encapsulation Efficien&yl polyplexes usedn vitro for this
work were first complexed with siRNA in 10 mM citrate buffer at pH 4 for 30 minutes, followed
by raising the pH to 7.4 irgy 10 mM pH 8 phosphate buffer at 5x the volume of the pH 4
solution. Polyplex NP ratios were determined as the mole ratio of protonated amines from
DMAEMA monomers (50% are assumed protonated at physiological pH) to the number of
phosphate groups ohé siRNA according to the following equatién©®
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Unless otherwise noted, &il vitro polyplex characterization assays were performed at a
dose of 100 nM siRNA and 2.7 uM polymer*{R 20), which coresponds to 0.074 mg/mL,

0.12 mg/mL, 0.093 mg/mL, 0.12 mg/mL, 0.093 mg/mL, and 0.12 mg/mL, for 5k PEG, 20k PEG,
10k PMPC, 20k PMPC, 10k POEGMA, and 20k POEGMA, respectively.

Polyplex encapsulation efficiency at variousMratios was evaluated usiagQuantT
Ribogreen assay kit (ThermoFisher, USA). Assay solutions were prepared based on
manufacturerds instructions, and Ribogreen
assay. Polyplex solutions were prepared at 100 nM siRNA, and 50 uL pfgroBolution was
diluted by half in 1X TE buffer, followed by addition of 100 uL Ribogreen reagent to each well.
Fluorescence was measured at 520 nm and encapsulation efficiency was calculated by
normalizing fluorescence of polyplex solutions to fluoreseeof sSIRNAonly control solutions.

Polyplexes were prepared for TEM at 0.5 mg/mL polymer. 5 uL polyplex suspensions
were added to pure carbon TEM grids (TED Pella Inc, Redding, CA, USA), and blotted dry after

60 sec. TEM grids were then counterstainatth 3% uranyl acetate (5 pL) for 20 seconds and
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then dried overnight under vacuum. Images were obtained with a FEI Tecnai Osiris microscope
(200 kV).

Polyplex Stability Evaluations?olyplex diameters and zeta potentials were measured
usingdynamic light scattering (Zetasizer Nano ZS, Malvern Instruments, Westborough, MA).
For these measurements, polyplexes were prepared at final concentrations of 0.167 mg/mL. For
stability measurements, each polyplex solution was incubated with 0.1 or IN2&&Msolutions.

Polyplex stability was also measured in FBS and heparan sulfate through a FRET assay
described previouskt 47 "1Briefly, polyplexes were cbaded with nucleic acids conjugated
with either Alexa Fluo#88 or Alexa Fluo#46 dyes, forming FRET pairs. Intensity of
fluorescence emissicafter excitation at 488 nm was measured at 514 and 572 nm using a
fluorescence plate reader (Tean Infinite F500, Mannedorf, Switzerland). Percent FRET for each

polyplex sample was calculated as:

- ‘
o o W

For FBSbased FRET challenge, polyplexes were incubated at concentrations of 100 nM
SiRNA per well with 10 or 30% FBS. FRET signal of polyplexes incubated with FBS was
compared to that of polyplexes in PBS alone. In all cases, black, clear bottom S&igsliyere
used for fluorescence measurements. FRET signal was tracked over the course of 100 minutes at
5 minute intervals.

Polyplex stability was also evaluated in response to heparin salts. Again, polyplexes were
prepared to have final concentratioisd®0 nM siRNA per well. In each well, 90 uL of
polyplexes were incubated with 10 uL of various concentrations of heparin salts, ranging from
20 U/mL to 100 U/mL final concentration heparin per well. FRET signal was then evaluated the

same as above FB®sd method.
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Hemolysis AssayRed blood cell hemolysis assay was performed using methods
described previousl/. Blood was drawn from consenting human donors according to an IRB
approved protocol. In short, red blood cells (RBCs) were isolated friosreviolood and diluted
into buffer solutions of pH 5.6, 6.2, 6.8, and 7.4. Polyplexes prepared at 5 and 40 pug/mL polymer
concentration were incubated with red blood cells at the various pH values for 1 hour in round
bottom 96 well plates. Negative contraisd positive controls of red blood cells in buffer only or
Triton-X, respectively, were also used for analysis. The RBCs were then centrifuged and
supernatants were analyzed for absorbance at 450 nm using a plate reader. Percent hemolysis
was evaluated byubtracting background buffemly RBC absorbance from the absorbance of
polymercontaining wells, and dividing by the difference between T¥Kosontrols (complete
lysis) and bufferonly RBC absorbance (no lysis).

Creation of Luciferas&xpressing MDAMB-231 Breast Cancer Cells and Luciferase
Expressing NIH3T3 Mouse Fibroblast Cellentivirus was produced by transfecting HEK
293T cells with pGreenFireCMV plasmid, along with pMDLg/pRRE, pRSRev, and
pMD2.G packaging plasmids with Lipofectamine 2@@0a transfection reagent. Media
supernatant containing lentivirus was then collected at 48 and 72 hours. For transfection of
MDA-MB-231 and NIH3T3 cell lines, 10 mL lentiviral media was added to the cells containing
6 ug/mL polybrene for 24 hours of incition. Cells were analyzed pesansduction by
detection of GFP using flow cytometry (BD LSR Il Flow Cytometer, San Jose, CA, USA). Cells
were selected for vector expression by growth in puromgeimtaining media.

Cell Culture All cells used forthismnuscr i pt were cultured i

n

Egl ebs medium (DMEM, Gibco Cell Culture, Carl

fetal bovine serum (Gibco), and 0.1% gentamicin (Gibco).
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Cell Viability: Luciferaseexpressing NIH3T3 cells or MDMB-231 cells were seeded
in a 96well plate at 20,000 cells/mL (2000 cells per well). After 24 hours, polyplex solutions
were introduced to the wells using aitl ratio of 20 with 100 nM scrambled siRNA per well.
After 24 hours, polyplexontaining media wasemoved from the cells and replaced with media
containing luciferin substrate (150 pug/mL). After incubating for 5 minutes, cells were imaged
using an IVIS Lumina Ill imaging system (Caliper Life Sciences, Hopkinton, Massachusetts).
Luciferin-containing me was then replaced with normal media for 24 hours, followed by IVIS
imaging with luciferin media at 48 hours pdigatment. Luminescence signal was compared to
untreated controls for analysis.

In Vitro Luciferase Silencing of MDAVIB-231 Cells Luciferaseexpressing MDAMB-
231 cells were seeded in-9&ll plates at 2000 cells per well and allowed to adhere for 24 hours.
Polyplex solutions containing either luciferase siRNA or scrambled siRNA at 100 nM, 75 nM,
50 nM, 25 nM, 10 nM, and 1 nM were then inatdd with MDAMB-231 cells in quadruplicate.
After 24 hours, media was replaced with lucifecontaining media (150 ug/mL) and
luminescence was evaluated by IVIS imaging. Lucifeontaining media was then replaced
with normal media until 24 or 48 houi, which point luciferin media was reintroduced, and
luminescence again evaluated. For analysis of knockdown, all data were normalized to
scrambled control polyplexes to account for any-specific toxicity effects. 16, values were
calculated using noimear regression in Graphpad.

Uptake by MDAMB-231 Cells Non-luciferase expressing MDMB-231 cells were
seeded in 12vell plates at 80,000 cells per well. Polyplexes were formed containing 100 nM of
Alexa Fluor488-labeled nucleic acid in media containing 10% serum. Polyplexes were

incubated with cells for 30 im, 4 hours, 24 hours, or 48 hours and then removed. Cells were
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washed with PBS, trypsinized for 10 minutes in 0.25% trypsin, and centrifuged at 450 x g for 7
min. Cell pellets were then resuspended in PBS containing 0.04% trypan blue (to quench
extracelldar fluorescence) prior to running through a flow cytometeaégr BD LSR I, BD
Biosciences, Franklin Lakes, NJ, USA). Cells were monitored for Alexa #i8®fluorescence

at excitation and emission wavelengths of 488 and 519 nm, respectively. @a#atifof %

uptake was performed using FlowJo software (FlowJo, LLC, Ashland, OR). Events were gated
for single cells, and then characterized for negative, low, medium, and high uptake levels.
Untreated MDAMB-231 cells were used as negative controls.

Isathermal Titration Calorimetryisothermal titration calorimetry experiments were
performed using a MicroCal VA'C (Malvern, USA) in the Vanderbilt Center for Structural
Biology. Polyplexes were prepared at concentrations of 0.5 mg/mL polymer as deabobed
BSA was dissolved from lyophilized powder at 15 mg/mL in buffer solutions exactly matching
the composition of polyplex buffer. Titration
reference power of 10 pcal/ sec, 300 second initial delay, 308timmg speed. Each injection
was 10 uL, with a duration of 20 sec, spacing of 260 seconds, and filter period of 2 seconds. A
control consisting of heat of dilution of BSA into buffer only was subtracted from titration data.
All data analysis was perfold in Origin, using a one set of sites binding model to determine
thermodynamic parameters. A cationic control polymer consisting of PDMAEMA only in the
corona, as previously described, was used as a positive control for protein adstrptidht

Gel Shift Protein Adsorption Assalolyplexes bearing scrambled siRNA were prepared
at 0.5 mg/mL polymerrad incubated with 5% FBS. A 2% agarose gel was prepared using 1X
TAE buffer. 10 pL of these preparations each was added to wells on an agarose gel with 2 pL

loading dye. Agarose gels were run at 90 mV for 30 min. Gels were then stained using SYPRO
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Ruby sain according to established commercial protocols (Thermo Fisher), and imaged using a
BioRad Chemidoc Imaging System.

Complement AssayAll materials for the hemolysibased complement assay were
purchased from Complement Technologies (Tyler, TX, USRN& polyplexes were prepared
at 50 nM siRNA. Complement sera was prepared at five dilutions (1:20, 1:40, 1:80, 1:160,
1:320), and antibodgensitized sheep red blood cells were prepared separately &t 2x 10
cells/mL in GVB™ buffer. In each test tube, 1@l of complement sera was added to 100 pL of
polyplexes and incubated for 30 minutes. Then 100 pL of antisedgitized RBCs were added
to each tube, and the mixtures were incubated at 37 °C for 1 h with intermittent shaking. All
samples were then ceritiged and supernatants were transferred toaeébplate. Absorbance
at 541 nm was then measured on a plate reader. Absorbance values were used to determine
transmittance and absorptiontfansmittance). Percent lysis was calculated as:
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Percent lysis at each complement dilution was plotted and compared to santpis
containing complement proteins only (no polyplexes).

Polyplex pharmacokinetics, biodistribution, and intravital microscépyin vivo
polyplex preparations, polymers were complexed with 1 mg/kgl@lydled oligonucleotides in
100 mM pH4 citratéuffer. Complexing solutions were then loaded into 20 kDa MWCO dialysis
tubing (Spectrum Laboratories, Rancho Dominguez, CA) and dialyzed inte/P@B&rnight.
Polyplex formation was confirmed by dynamic light scattering (described above) immediately
prior toin vivoinjections.

Male CD-1 mice (Charles River) (n=4 per group) were anesthetized using isoflurane and

immobilized on a heated confocal microscope stage. Prior to imaging, mouse ears were cleaned
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with a depilatory cream. Microscope immersiondlwas used to immobilize the mouse ear on a
glass coverslip. Intravital microscopy was performed using a Nikon Czsi+ system with a Nikon
Eclipse T+oE inverted microscopy base, Plan ApoVC 20x differential interference contrast N2
objective, 0.75 NA, Galvamscanner, and 543 dichroic mirror. All image analysis and
acquisition was done using Nikon NEBBements AR version 4.30.0A.laser gain of 98 was
used throughout. Ear veins were detected using the light microscope, and images were focused to
theplane of greatest vessel width, where flowing red blood cells were clearly visible. Once the
ear was in focus, microscope was switched to confocal laser mode and set to image continuously
every secondlhe mouse was then injected with 100 pL polyplex sotuwvia tail vein at a 1
mg/kg dose (1.89 umol/kg polymer, corresponding to 54.0 mg/kg, 81.8 mg/kg, 64.4 mg/kg, 85.0
mg/kg, 64.5 mg/kg, 80.4 mg/kg for 5k PEG, 20k PEG, 10k PMPC, 20k PMPC, 10k POEGMA,
and 20k POEGMA, respectively), and Cy5 fluorescenaairveins was monitored for 20
minutes. For image analysis, initial background fluorescence was subtracted, and circular regions
of interest were highlighted within the mouse ear vessels. Fluorescence from these regions of
interest was quantified and bac&gnd fluorescence was subtracted. Intensity values were
normalized to initial peak intensity. Fluorescence decay curves were modeled as one
compartment systems using single phase exponential decay. Area under the curve values were
calculated by multiplyig normalized intensity curves by the dose of siRNA in mg and
integrating over time. Pharmacokinetic parameters were calculated using Graphpad Prism
analysis software.

After 20 min of monitoringvia intravital microscopy, animals were sacrificed. Organs
were removed and immediately imaged for Cy5 fluorescence using an IVIS system.

Fluorescence was quantified using an IVIS Lumina Imaging system (Xenogen Corporation,
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Alameda, CA, USA) at excitation and emission wavelengths of 620 and 670 nm, respectively,
using Living Image software version 4.4.

In Vivo Tumor Gene SilencingAthymic female nude mice {8 weeks old, Jackson
Laboratory) were injected under anesthesia in the mammary fatpad on each side with 1 x 10
luciferase expressing MDMB-231 cells in a 5&0 mixture of Matrigel:DMEM (serurfree).
Tumor growth was followed until they reached approximately 106.rRmlyplexes were
prepared loaded with either luciferase or scrambled siRNA at 1 mg/kg as described for
pharmacokinetic studies. Animals were ingghitp. with luciferin substrate (150mg/kg), imaged
for baseline tumor bioluminescence using an IVIS system, and then subsequently injected with
polyplexesviatail vein. Mice were ranjected with luciferin substrate on Days 1, 3, 5, 7, and 10
postpolyplex treatment. Luminescence signal of each individual tumor was compared to its
baseline prareatment signal, and each relative luminescence value was normalized to the
average relative luminescence of respective scrambled siRNA polyplex groups)(itei@ors
per group). Body weight measurements of all mice were recorded every day of the study period
to monitor toxicity. Of thirty mice studied, five tumdearing mice were removed from the
study due to health concerns prior to the end of the study, betwleee no statistically
significant differences in survival between treatment groups.

Biodistribution of Tumor Bearing MiceBiodistribution studies for athymic female nude
tumorbearing mice (Jackson Laboratory) were conducted using the same methods as
biodistribution studies for the male EDmice. Fluorescence was measured in heart, lungs,
kidneys, liver, spleen, and tumors excised at 24 htadlstein injection.

In Vivo Polyplex Uptake by MDAVIB-231 breast tumor§d umors isolated from mice

during abee-described biodistribution experiments were then used for flow cytometry studies of
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polyplex uptake. Tumors were cut into small pieces, washed with HBSS contairdirgnGa
Mg?*, and then processed using an enzyme mix containing collagenase (0.5 mgaimé LiRe
Sciences, Indianapolis, IN, USA) and DNAse (0.19 mg/mL, BioRAD, Hercules, CA, USA) in
DMEM. After 1 hour incubation in the enzyme mix, the tumors were centrifuged and re
suspended in HBSS without €and Md¢*, and then incubated with 5 mM EDTArf20

minutes. Tumors were then centrifuged and the pellets wengspended in HBSS with €a

and Mg and filtered using a 70 um Nylon cell strainer. Filtrate was then washed once more
with HBSS containing Cdand M¢*, and then incubated in ACK lysisiffer (Thermo Fisher
Scientific, USA) for 2 minutes before being diluted in 20 mL of RBSCells were then pelleted
and resuspended in-2 mL PBS/- prior to running on a flow cytometer (BD LSRii, BD
Biosciences, San Jose, CA, USA). Uptake analyssspeaformed in FlowJo. Cell populations
were isolated using forward and side scatter, then GFP positive tumor cells were gated, and Cy5
fluorescence intensity was measured for the GFP positive tumor cell population.

Tumor Penetration Assay&x Vivo Tumor Penetration. Athymic nude mice bearing
MDA-MB-231 orthotopic mammary tumors were sacrificed when tumors reachezD200n3.
Tumors were then incubated for 24 hours in DMEM containing 10% FBS, 1% gentamicin, and
polyplexes bearing 100 nM Cy&RNA. After 24 hours, tumors were embedded in OCT
compound (Fisher Healthcare) and frozen on dry ice. Tissues werdaftdlg and then cryo
sectioned 100 um deeper in the tissue. Frozen slides were then stained with DAPI and imaged
using confocal microscopy (samestrument from intravital microscopy methods). Tissues were
analyzed for Cy5 fluorescence by normalizing to untreated tumors to account for background

autofluorescencd.ine profiles were drawn blinded to Cy5 fluorescence in regions where a clearly
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defined tumor edge was visible. Quantitative analysis consisted of 9 line profiles sampled
randomly from tumor perimeter, with 3 tumors per polyplex.

In Vivo Tumor Penetration Athymic nude mice bearing MDMB-231 orthotopic
mammary tumors were injected with 1 mg/kg &RBNA polyplex solutions (at same polymer
concentrations as for tumor uptake and intravital microscopy studies). Animals were sacrificed 24
hours after injectionsand tumors were processed by freezing in OCT as described abaye for
vivo penetration assays. Tumor sections were imaged using confocal microscopy, and images were
sampled randomly throughout interior of tumor section, collecting both Cy5 and DARI.sign

Statistical Method#)nless otherwise noted, all statistical determinations were made
using oneway ANOVA with Tukey multiple comparisons test in Graphpad Prism. All reported
data display mean and standard &@5ror. Signif.i

Ethics statemenill animal studies were conducted according to the National Institutes
of Health guidelines for care and use of laboratory animals. Each study involving animals in this
work was reviewed and approved by the Institutional Animal adelise Committee (IACUC)

at Vanderbilt University.
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CHAPTER 11l

Dual Carrier Cargo Hydrophobization and Charge Ratio Optimization Improve the

Systemic Circulation and Safety of Zwitterionic NanePolyplexes

Text for Chapter Il taken from:
Jackson MA, Bedingfield SK, Yu F, Stokan ME, Miles RE, Curvino EJ, Hoogenboezem
EN, Bonami RH, Patel SS, Kendall PL, Giorgio TD, Duvall Clual CarrierCargo
HydrophobizatiorandChargeRatio Optimizationlmprovethe SystemicCirculationand

Safetyof Zwitterionic Nano-PolyplexesBiomaterials.February 2019PMID: 30458360.

3.1  Abstract

While polymeric nandormulations for RNAI therapeutics hold great promise for
molecularlytargeted, personalized medicine, they possess significant systemic delivery
challenges including rapid clearance from circulation and the potential for ezsseated
toxicity due to cationic polymer or lipid components. Herein, we evaluatead theo
pharmacokinetic and safety impact of of@rerlooked formulation parameters, including the
ratio of carrier polymer to cargo siRNA and hydrophobic siRNA moditicain combination
with hydrophobic polymer components (dual hydrophobization). For these studies, we used
nancepolyplexes (NPs) with wekhielded, zwitterionic coronas, resulting in various NP
formulations of equivalent hydrodynamic size and neutrabsarEharge regardless of charge
ratio. Doubling nangolyplex charge ratio from 10 to 20 increased circulationtlifalfive-fold

and pharmacokinetic area under the curve-folat, but was also associated with increased liver
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enzymes, a marker of hepatiamage. Dual hydrophobization achieved by formulating NPs with
palmitic acidmodified siRNA (siPANPs) both reduced the amount of carrier polymer required
to achieve optimal pharmacokinetic profiles and abrogated liver toxicities. We also show that
optimized zwitterionic siPANPs are weltolerated upon longerm, repeated administration in
mice and exhibit greater than tviold increased uptake in orthotopic MEMB-231 xenografts
compared to commercial transfection reaganvjvo-jetPEI®. These data sggst that charge

ratio optimization has importamt vivoimplications and that dual hydrophobization strategies

can be used to maximize both NP circulation time and safety.

3.2 Introduction

In the last twenty years, RNBased therapeutics have proceedenhfdiscovery
through extensive development, and to the exciting, recent approval of the first SIRNA
nanomediciné!? This progression has been significartiyvenby lipid andpolymerbased
delivery vehicles. However, when administered intravenously, nucleis @aidinue to face
well-documentedarriersincluding nuclease degradation, poor cell and tissue uptake, and rapid
clearance from circulatigrespeailly in the liver and kidney** 1*3As a testament to these
hurdles,manyof theadvanced RNAbased therapeutics currently in clinical tritdsus onlocal,
carrierfree applicatioror systemic delivery of sSiRNAs directly conjugated to ligands that drive
rapid uptake p hepatocytes in the livét*

There is a significant applicatiapace for systemically delivered siRNAs against-non
hepatic targets. Oncology is a particularly promising field of application for RNAI therapeutics
because they can be designed against tumor drivers that are undruggable by conventional small

molecule appraches: 7 115 116 However, there is still a significant gap irettechnology needed
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to make this clinically feasibleBecause tumors and target tissues other than the liver receive
only a small amount of the total cardiac output, longer nanocarrier circulation times are needed
to achieve sufficient biodistributiotf 11’In fact, there is a close connection between vascular
circulation time and level of tumor delivery of nanatiwnes?® 4" 11822 Nonviral polymeric
SiRNA carriers are often employed to improve cell uptake and provide endosomal escape
properties, but these carriers are still prone to instability in circulation from serum protems or
the case of electrostaticalissembled formulationanioric heparan sulfateshich are highly
concentrated in the kidney, reducing the opportunity for carriers to distribute intact to target sites
such as tumorg> 65 66

Polymericand lipidcarriers often incorporate hydrophiBarface coatings, such as PEG,
that shield thelectrostaticallypackaged/entrapped siRNA cargo in the néormulation
interior, but such improvements often only margipainprove circulation stability?>?> One of
thefirst testedpolymeric siRNA carriers, CALAAD1, was shownotbe primarily disassembled
in the kidney and cleared completely from circulation by 30 minutesiaftavenousnjection
in human patient?’ It also exhibited signsf liver and kidneytoxicity in non-human primates
and hypersensitivity immune reactions in hurpatients that were associated primarily with the
polymer components (not siRNA) of the formulatifBiT.hese experiences point to current major
limitations in the field of systemic, polyméased siRNA delived limited circulation stability
andthe potential foccarrierassociatedoxicity.

In addition to insufficient circulation stabilitgiRNA naneformulations areften
plagued by dosémiting toxicities caused bgationiclipids/polymersthat can damage cellular
membranes or cause aggregation of serum or cellular blood cemtst? 123The design of

polymer carriers is often a balancing act between increased silencing efficiency and increased
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cytotoxicity 126 12’ These toxicities are doskependent, and many have sought to ameliorate
them through iterative modification of the polymer structure of nanocatoiensprove
stability 12 The desire to increase the therapeutic window, or the gap between maximum
tolerated dose and minimum efficacious dose, has led to a multitude of-ldarseyl studies that
have examined the relationship betwgelymer structure and nanocarrier functigft3!

With the substantigbcus on iterating on polymer structure, thevivo pharmacokinetic
and toxicityimpact of two important aspects of formulating SIRNA nanocarriers are often
overlooked thec ar r i er t @hargeratig o o r a fi Nan® gtabikmigi o0 0 )
modifications to siRNA cargo. Few studies have characterized impacPafio (the ratio of
cationic polymer amines to siRNA phosphates)rovivo polyplex pharmacokinetics and
toxicity, and those that have are limited exclusively to cationiy carriers such as
polyethylenimine (PEI) andomopolymers opoly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA).132134|n these studies, increasingMratios are accompanied by increases in
particle zeta pa&ntial, which can increase carrier toxicity by inducing aggregation of blood
components and shifting biodistribution from the lungs to h¥&r3°In vitro, increasing NP
ratios can increase both polyplex transfection efficiency and toxicity due prebence of
excess, uncomplexedolymer, but these effectse likely less relevardfter systemic
adminstration}3¢138 Little is known abouthe impact ofN:P ratioonin vivo circulation halflife
and toxicity properties of weBhielded, hydrophobically stabilized polyplexes.

The present studyas designed to elucidate the effecNolP ratioonin vivo
pharmacokinetics and toxicity profile of SIRNA carriers wdtlal hydroplobic stabilization on
both the cationic, siRNAondensing polymer block and the siRNA cargo. A previeusly

optimized siRNAcondensing random copolymer block was utilized with balanced (50 mol% of
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each) hydrophobic (butyl methacrylate (BMA)) and cationiM@EMA) monomer content,
referred to as A5 OpBleesportsive] endogpmdlyticpreperties alang withl e s
improved circulation stability anith vivo bioactivity relative to traditional nanpolyplexes
(NPs) made solely from cationic monomeusis as P(DMAEMAY! The P(DMAEMA-co-
BMA) segment was blocked with a sugerdrophilic, zwitterionic phosphorylcholindased
polymer (K2-methacryloyloxyethyl pbsphorylcholineP(MPC)) to form the NP corona; we
recently showed this composition to achieve superior tumor cell deliveryorelative to
traditional PEG NP surface chemisfiyeveraging this optimized polymer structure containing
a balance of cationic and hydrophobic content in the siRbiAdensing block, wexplored the
effect of varyng the polymer:siRNAN:P) ratio with and withouhydrophobic modification of
the siRNA cargo witlpalmitic acid(PA,CH ( CH )). Add@i@allif we studkdthe long
term toxicologic impacts of repeated administrationarididatéormulations.Another
contribution from this study is that, despite the growing evidence in favor of zwitterionic
polymer NP surface coatings as an alternative to PlEEpxicology of zwitterionic nanocarrier
systems isignificantly lessstudiedrelative to PEGylated systerfig 13 139, 140

Several groups, including ours, have shown thaintroduction of hydrophobic
moieties improves the stability of polymbased siRNA delivery systerig?’: 48 118, 12§ hege
strategies have typically involved either modification of the polymer structures or addition of
hydrophobic groups such as cholesterol directly onto the siRNA moledufgs? 53 141 14gye
previously demonstrated that the use of a fAdu
polymers and the cargo siRNA could significantly improve the stahilit/tumor gene silencing
ability of PEGylated polyplexe¥.Here, wefurtherinvestigate this strategy utilizing zwitterionic

NPs, in the context of various charge rati@sd with a deeper focus on toxicological impacts of
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the interplay between N:P ratio and siRNA hydrophobizatibimese studies provide unique
insights into dual hydrophobization as a strategy to reduce N:P ratio and even to reduce toxicity

for a specific N:P relative to polymenly hydrophobization.

3.3  Materials and Methods

Materials Chemicals and materials foiotbgical assays were purchased from Sigma
Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham, MA, USA) unless otherwise noted.
All oligonucleotides used in these studies were purchased from Integrated DNA Technologies
(Coralville, 1A, USA). For distudies involving fluorescentliagged oligonucleotides, dsDNA of
23 base pairs were usad amodelfor sSiRNA. The sequences of all oligonucleotides used in
these studies can be fouimdSupplementary Table 1 aneferenced in our previous wotké

Polymer Synthesid?olymers were synthesized using Reversible Addition Fragmentation
Chain Transfer (RAFT) techniques. The RAFT chain transfer agent, 4
(ethylsulfanylthiocarbonyl)sulfanylpentanoic acidas synthesized usimgeviously described
methods® A macroCTA consisting of a random-polymer of poly(dimethylaminoethyl
methacrylateco butyl methacrylate jJ(DMAEMA -co-BMA)] was synthesized using a 50:50
monomer feed ratio, targeting 210 repeat units (expecting 70% conversion), with the goal of
achieving 7580 repeating units of each maner. Prior to polymerization, all monomers were
removed of inhibitors by passing through two activated basic alumina columns. The reaction was
stirred under nitrogen at 65 C for 24 h at 20
(AIBN as initiator). The final reaction was precipitated in cold pentane 3 times, then dried under
vacuum. Molecular weights and degree of polymerization were confirmed by 400HANKR

in CDCk and gel permeation chromatography with DMF mobile phase (0.1 M LiBr; polymer at
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10 mg/mL; Agilent Technologies, CA) with Wyatt miniDAWN TREOS light scattering
detectorsThe dvdc values fothe molecular weight calculation were determined on a
refractomeer (Abbemat 300, Anton Paar). A corona block of poly(@hacryloyloxyethyl
phosphorylcholine) [IMPC)] was then RAFT polymerized from tfR§iDMAEMA -co-BMA)
macroCTA by targeting a degree of polymerization of 75 (to acli@@ekDa block) making
the final polymer (referenced &MPC-bl-(DMAEMA -co-BMA))). The reaction was carried
out at 20 wt % under nitrogen in methanol (wit
CTA: Initiator ratio (AIBN initiator). The crude reaction was then dialyzed in metHanone
day, followed by water for one day, and lyophilized. Degree of polymerization was confirmed by
H-NMR.

Conjugation of Palmitic Acid (PA) to siRNAAmine-modified siRNA was dissolved in a
50:50 mixture of isopropanol and nucledisese watetto createa 40 nmal mL concentration in
thefinal reaction(90% of final volume) NHS-modified PA was dissolved in DMRo create a
4000 nmol/mL concentration in the final react@MF volume wasl0% offinal reaction
volume). ThePA was added to the siRNA solution, stirring at room temperatungdiisopropyl
ethyl amine (DIPEA) was added at 1 uL per mL of final reaction vollrugher additions of
PAIn DMF and DIPEA wereloneat 24 hours and 48 houit 72 hourshucleasdree waer
was added to dilute the DMF to 10% of tb&al volume, and the mixture was centrifuged for 10
min at 3000xg to removerecipitatedexcesA. The supernatant was then dialyzed (12 hours,
2 solvent changes) in nuclease free water using 3500 MWCGigialyping. The resulting
cloudymixture waspassed through@. 22 em filter and then | yophi
powder was ralissolved in water angassed through anoth@r. 2 2 ¢ mfurthérderhoger t o

residual PA The mixture was then purified on RR&5 columns, frozen, lyophilized,-téssolved
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in nucleasdree water, and quantified @Nanoquanplate(Tecan, Mannedof, Switzerland).
The conjugat molecular weightvas confirmedising LGMS, and puritywas verified
using reversghase HPLC. For comjate molecular weight, SiRNA conjugates were run in
negative ionization mode using EX@S-ESI (Waters Synapt). Samples were run using a Kinetix
1.7 em PFP 100 A LC Column under a linear gr a
triethylammonium acetate), 5% metha(mdmM triethylammonium acetate) to 100% methanol.
For additionalHPLC confirmation of purity the conjugate was injected aB50 n mo | in 200
solvent, using water with 100 mM TEAA (triethyl ammonium acetate) and methanol in a linear
gradient (95% watef% methanol to 100% methanol, back to 95% water/5% methandd
Clarity Oligo-RP column (Phenomenex, Torrence, Caingle strandedPA conjugates were
then annealed to antisense siRNA strands using a C1000 Thermal Cyci®a(Biblercules,
CA).
Formuhtion of siRNA NPsBuffers used for NP formulation were created using the
Sigma Buffer Reference Center Online Resource. To form NRE @bl-(DMAEMA -co-
BMA)) polymers were dissolved in 10 mM citric acid buffer (pH=4) teh added twarious
amounts of SiRNA for 30 minutes. The amounts of siRNAA-SIRNA to add were determined
using the N:P ratio (10, 15, or 20), which was calculated using the followingieay (0% of
DMAEMA monomers are assumed to be protonated at pH 7.4:

G ££00 G LIRS iR'@ "Bl 6 0 CRSAED G P10 O Qé
$-1 %-OADARA B G
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After complexing at pH 4 for 30 mutes, the pH was raised to 7.4 by addingri\d
sodium phosphate buffer at pH 8 (5:1 v/v ratio). In all caseless otherwise notegolymer
was dissolved at an initial concentration ah@/mL. NP formulations with normal siRNA (si

NPs) at each N:P ratiare referred to as 10, 15, and 20, while NP formulations witsiRNA
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(siPA-NPs) at each N:P ratio are referred to as 10 PA, 15 PA, 20 PA.

Forin vivo preparationsNPs formed in dilute solutioreg pH 7.4 were then concentrated
to desireddosagesising 15 mL Amicon spin filters, 50k MWCO, with one additional wash step
in PBS-/- (to remove buffer salts arehsure appropriate osmats prior to injection).Prior to
complexation, polymer and buffer solutions were stdililered.

Formulated sNPsand siPANPswere then evaluated for size and surface charge using a
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). For encapsulation efficiency
studies, a Quanl Ribogreen assay (Thermo Fisher, Waltham, MA) was used according to
manufacture s 6 i nstructions, with polyplexes for mul
SsiRNA was used for controlfor supplemental size evaluations in heparin and bovine serum
albumin (BSA) conditions, polyplexes were formulated in pH4 buffer initially at 1 mg/nalL
created as described above. Formulations were then incubated for 10 minutes with 40 U/mL
heparin or 50 wt% (of the total polymer amount) BSA, and their size was evaluated using the
Zetasizer Nano ZS.

pH-Dependent Hemolysi§ o evaluate pHesponsivergs of NPs, a red blood cell
hemolysis assay was used; the methods have been thoroughly described in our previdtis work.
87

NP Stability To evaluate polyplex stability, & Fster Resonance Energy Transfer
(FRET)method wa used. Fluorescentlyabel ed dsDNAs (56 fekauorophor
546 and Aexa488 probes on the antisense strands, wesencapsulated in NPs at equimolar
amounts. The NPs were formulated at 100 nM, and challenged with either heparin sulfate (100,
40, 2 U/mL) or FBS (10%, 30%, 50%) in a black, clear bottom 96 well plate. Fluorescence

intensity at 514 nm and 572 nm was measured using a plate reader (Tecan Infinite F500,
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Mannedorf, Switzerland). Fluorophores were excited at 488 nm. The FRET rattalvalsited
as the ratio oémissionsignal at 572 nm to that at 514 nm.

Endotoxin P(MPC-bl-(DMAEMA -co-BMA)) polymers were tested for endotoxin
contamination using a Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway, NJ). The
instructions in tk kit protocol were followed exactlyith testing done & mg/mL polymer.

In Vitro Knockdown, Uptake, Viability in MDAMB-231 cells Forin vitro luciferase
knockdown assays, MDMB-231 cells were transduced with the luciferase gene in a manner
previously describetf Cells were then seeded at 2,000 per well in black,-tledom 96well
plates. After allowing cells to adhere for 24 hosig\Psand siPANPswere introducedhto
cell mediaat a concentration of 100 nM siRNA (againstifieiase or scrambled control
sequences). Treatments were removed after 24 hours of incubation, and cell bioluminescence
was then measured on an IVIS Lumina Ill imaging system (Caliper Life Sciences, Hopkinton,
MA) at 24 hours and 48 hours after treatmgntbaddi t i on of 150 € g/ mL
was normalized to that of scrambl&&®NA NP controls. Cell viability was measured by
comparing luminescence of scrambled controls to untreated cells.

Cell uptake was measured after seeding normaljumferase expressing MDMB-231
cells at 80,000 per well in 2&ell plates (working volume 1 mL). The cells were allowed to
adhere for 24 hours, and 100 nM NEatmens wereapplied(Cy5-labeled). Ater 24 hours
media was removeand thecells were trypsiized, pelleted, and resuspended in PBS. (
Intracellular NPlevelsweremeasured by FACS (BD LSRII, Franklin Lakes, NJ), and datieew
guantified using FlowJo (Ashland, OR).

Intravital Microscopy, BiodistributionAnesthetized male C2 mice (Charles Rer)

were placed on the stage of a confocal microscope (Nikon Czsi+ with Nikon Eclipge Ti
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inverted microscopy base, Plan ApoVC 20X differential interference contrast N2 objective, 0.75

NA, Galvano scanner, 543 dichroic mirror). The ear of the mougeré@maoved) was placed on

coverslip glass and immobilized with immersion @ihe microscope was focused onto

prominent ear veins until red blood cell flow was clearly visible. Mice were then injected with

Cy5-NPs at 1 mg/kglosevia the tail vein; intraval fluorescence was monitored (imaging once

per second) immediately prior to injection and for 30 minutes after injection or until the Cy5

signal reached half of its initial intensity (if longer than 30 minutes). Clittiay was

performed using nonlineaegressionn Graphpad Prism. Single phase and-phase

exponential decay models were considered and
Mice (n=5 per group) were sacrificed 24 hours after injecaod organs were imaged

for Cy5 (excitation 620, emission 670, auto exposure) fluorescence (total radiant efficiency)

using the IVIS imaging system described above. All daeeguantified using the Living Image

Software (Perkin Elmer).

Toxicity Studiedn Vivo: Female B\LB/c mice (46 weeks, Charles River, Wilmington,
MA), were enrolled in either a-Bjection study (n=5 per group) oridjection study (n=5 per
group). For the 3njection study, mice were injected by tail veinday 1, 4, and 7 wittNPs
prepared as described above with 1 mg/kg siRNA. The mice were sacrificed 12 hours after the
final day 7 injection by cardiac punctuneder isoflurane anesthesBlood and organs were
harvested for further analysis (detailed below). Mouse body weigbtrecorded daily
throughout the treatment period. For thmj@ction study, mice were injected day 1, 4, 7, 14,
21, and 28. Mice were sacrificed 12 hours afterddne28 injection. Additional mice (n=5 per

group) were injectedubcutaneouslgncewi h L P S or(CBIN1:7evhy in olive oil, 4
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mL/kg) as positive controls fdoxicity readouts. These mice wesacrificed 12 hours after
injection.

Serum Markers and Complete Blood Counts (CBEs) serumCBC, and cytokine
measurements, blood was V@sted by cardiac puncture and collected in EECbated tubes.
Plasma wassolatedby centrifuging blood samples at 3000xg for 10 minates taking the
supernatantComplete blood counts, as well@asmaalanine aminotransferase (ALT), aspartate
aminotansferase (AST), and blood urea nitrogen (BUN) were measured by the Vanderbilt
Translational Pathology Shared Resource. Clinical chemistry testing was performed using the
Alfa Wasserman ACE Alera system. Cytokines were measured by the Vanderbilt Hormdone an
Analytical Services Core using Multiplex Luminex technology
(https://www.vumc.org/hormone/luminex).

Histology. Upon sacrifice, mouse tissues were collecpedserved in 10% formalimand
submitted to the Vanderbilt Translational Pathology Shared Resomhere they were
embedded in paraffin, sectioned into 5 em sec
(H&E). H&E stained slides were processed and scanned by the Vanderbilt Digital Histology

Shared Resourcevivw.mc.vanderbilt.edu/dhsrSlides were evaluated for toxiciassociated

tissue damage by Dr. Kelli Boyd, DVM, PhD, DACVP and Dr. Lauren Himmel, DVM, PhD in
the Vanderbilt Translational Pathology Shared Resource.
Liver Immune Cell AnalysisMice in the 6injection study were sacrificed 12 hours after
final injection, and their livers were removed and stored in media ofegethar8 hours).
Livers were cut into small pieces and macer at
allowed to settle for 280 minutes. Cells remaining in suspension were centrifuged for 5 min at

300 x g. Pelleted cells were resuspended in HB8&rlayed withiSOLYMPH, and
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centrifuged at 300 x g for 30 minutes. The buffy coat was collected, pelleted, and resuspended in
FACS buffer (1X PBS- 0.05%FBS+ 0.1%NaN + 0.02% EDTA) for staining
Cells were stained using antibodies reactive against BAZC(RA3-6B2), F4/80 (PE,
BM8), CD5 (BV421, 537.3), Ly6G (PCPCy5.5, 1A8), CD11b (PECy7, M1/70), and AlexaFluor
700 succinimidykster to exclude dead cells. Antibodies were purchased from BD Biosciences,
eBioscience, or Tonbo Biosciences. Samples weesl fixitiL X PBS +1% paraformaldehyde (in
1X PBS) andunon a BD Biosciences LSRII flow cytometer. Data analysis was performed
using FlowJo software (FlowJo LL@shland, OR)Data are represented as percent of immune
cells to account for differences in &tell numbers isolated from the buffy coat.
Anti-Phosphocholine Immunogenicityn orderdetermine whether repeat injection
caused carrieassociated immunogenicityerum of mice treated with A and 20 PA
formulationswas assayed fantiphosphochahe antibodies We firstaddeds 0 {MPC-Bl-
(DMAEMA -co-BMA)) polymersolution(5mg/mL in ethanglinto each well of a Nunc
MaxiSorp plate (Thermo Fisher). Plates were allowed to dry completely overnight at room
temperatur e. Bl o c k e ientifiB) SdAuted t8 OXGn waténya$ them adahedl toS ¢
wells and incubated for 1 hr at room temp. Wells were then washed three times with washing
buffer (N503, Thermo Fisher). Plasma from Balb/c nfiteb) injected with the @njection
protocol (described above) witlP#A-NP formulations of 15 PA or 20 PA was then diluted 1:100
in PBS ¢/-), added into the wells 1 0 O, ard injubatedfax hour at 37 C. Ser
antiphosphocholine and serum ag¢ige for antiphosphocholine from the Mouse Amti
Phosphocholine 1gG ELISA kit (Alpha Diagnostic International, San Antonio, TX, USA) were
used as positive and negative contriéells were then washed five times with washing buffer,

and 100 wdnugét el®Panti body -nfolGse G, dgyiHALlwas goat an-
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added to each well and incubated at room temperature for 1 hour. The plate was then washed five
times again with washing buffer. Astep slow TMBELISA (Thermo Fisher) was then
incubated in th wells for 15 minutes in the dark. The caleetric reaction was stopped using
Stop Solution (N600, Thermo Fisher). Absorbance was measured abh¥sMhd absorbance
values were normalized toeasurements dhe negative control serum to determine whether
treated animaderawerepositive for antphasphocholineantibodies

Tumor StudiesAthymic nude mice (Jackson Laboratories, Bar Harbor, ME, USA), were
injectedorthotopicallyin bilateral mammary fatpads with 1e6 lucifer@sg@ressing MDAMB-
231 cellsin a 50:50 mixture of Matrigel: serufree DMEM). Tumor growth was monitored
until tumors reached 100 mipat which point mice were injected intravenously with 1 mg/kg
SiRNA packaged in eithesiPA-NPs(15 PA formulation n=19 tumorspr in in vivo-JetPEI
(n=10 tumors)Each formulation was prepared bearing either luciferase or scrambled siRNA
sequences. Il n vivo Jet PEI was prepared accor
e nvivodJePEI per g si RNA). Tumor lauotifreduose@gre ence wa
IVIS Lumina Il imaging system prior to injection and 24 hours dfteatmentollowing
injection of150 mg/kg luciferin subcutaneouslfor analysis, luminescence of each tumor at 24
hours was compared to baseline luminescence fotuhmadr at O hours. Values for tumors
receiving luciferase siRNA treatment or PBS were then normalized to the average of tumors
receiving scrambled siRNA.

For tumor biodistribution studies, athymic nude mice bearing MIBx231 tumors
(prepared as descritb@bove) were injected intravenously with eith&AsNPs or in vivo-JetPElI
formulations (described above), bearing dgbeled oligonucleotide@®=4-6 tumors per group)

The tumors were then excised from the mice, minced, and incubated for 1 hour with rotation in
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media containing 0.5 mg/mL collagenase, 0.19 mg/mL DNase. Tumors cells were then
resuspended in HBSS), incubated in 5mM EDTA for 20 mjrfiltered through& 0 € m
strainer, washed in HBSS (+/+), immersed in ACK lysis buffer for 2 miputashed and
resuspended in PBS/{), and measured for Cy5 fluorescence using a BD Biosciences LSR |l
cytometer in the Vanderbilt Flow Cytometry Shared Resource.

StatisticalMethods All statistical tests were performed using either-aragy ANOVA
with multiple comparisons test (in cases of two or more groups)etted | e d t-wedt@gndent 6s
comparisons with onInyivolumar knockdpvendatawiasapaédl = 0. 05 .
using a norparametric KruskaWa | | i s t est with DunnDataremul t i pl e
displayed amean plus standard error.

Ethics Statemenfll animal experiments described herein were carried out according to
protocols approved by Vanderbilt Universityos
and all studies followed the National l nstitu

laboratory animals.

3.4  Results and Discussion
The RMPC-bl-(DMAEMA -co-BMA)) diblock copolymers weresuccessfully
synthesized by RAFT polymerizatiovith controlled molecular weighiThe core block of these
polymerscompriseda degree of polymerization (DP) of 156, with a 50:50 monomer composition
of DMAEMA:BMA and polydispersity (PDI) of 1.02 as determined'biyNMR and gel
permeation chromatograpli$upplemental FigureB.S1). This core block monomer ratio was
previously show to optimally balance cytocompatibility with siRNA packaging, endosomal

escape properties, and bioactivitythe RMPC) hydrophilic block was then polymerizeidom
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the p(DMAEMA -co-BMA) macroCTA with a DP of 6719.8 kDa) as confirmed byH-NMR
(Supplemental FigureB.S1). NPs with~20 kDamolecular weight fMPC)-based coronas were
shown previously to extend circulation time compared to shorter PEGs and improve

tumor cell uptake compared to high molecular weight PEGs.

The hydrophobized siRNA used in this work was synthesized by conjugating NHS ester
modified PA to aminemodified sense strand of the siRNA. Due tortiedar excess of PAised
in the reactionthe formation of the PAonjugated siRNA (PAIRNA) conjugatewvas highly
efficient, with unmodified siRNA peaksndetecableby HPLCin the final produc{data not
shown).The molecular weight of the sing&randed, PAIRNA was confirmed by C-MS-ESI
(m/z=8566 for scrambledequence siRNA, expected MW= 8565 g/mol).

We formulated 6 unique Nfamplesusing either normal siRNAsi-NPs)or PA-modified
SiRNA (siPA-NPs)at N:P ratios of 10, 15, 2Figure 3.1). These formulations are indicated
throughout this work as 10, 15, 20, B@, 15PA, and 2(PA. For all studies, the dose of SiRNA
was kept constant, only changing the amount of polymer. Despite the different amounts of
polymer utilized, the hydrodynamic diameter of all formulations svaslar at approximately
100 nm Figure 3.2a), and all zeta potentials were close tm\@ (Figure 3.2b). Other studies
that have explored the impact of N:P ratio on NP performance have mostly done so in the
context of PEI or PEPEIl-based polyplexes, wheeechange in N:P ratio causesignificant
change in surface charge of the polypi&x!32 133.136. 14Bacause size arglirface charge can
significantly alterNP biodistributior?®, this polyplex formulation libraris advantageous in that
it enablesexplomation ofthe impact of N:P ratio without confounding changesize orsurface
charge.The consistent size and zeta potential of the candiiasss likely dictated by the

relatively high molecular weight, supdrydrophilicP(MPC)coronaforming polymer that forms
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stable, neutralhcharged NPs with higtesistance to serum protein or complement adsorftion.

siRNA - OR é PA-siRNA
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Figure 3.1 Formulation of siNPs and siPANPs. The NPs were made at N:P ratios of 10,15, and
20 with either urmodified siRNA, or hydrophobicallynodified PASIRNA. To form NPs,
siRNA was complexed with P(MRGI-(DMAEMA -co-BMA)) polymers at pH 4 for 30 minutes,

and then pH was raised to 7.4.
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Figure 3.2 Characterization of NP size, charge,-gependent membrane disruption activity
(endosome escape), SiRNA encapsulation efficieincyitro viability, and activity (A) All NP
formulations were approximately 100 nm in diameter and (B) had neutral zetdigist (C)

The siPANPs exhibited increased encapsulation efficiency at low N:P ratios relativ®lRssi
based on Ribogreen quantification (n=3, p<0.05). (D) All NPs displaggeptndent membrane
disruption tuned to cause lack of toxicity (no hemolgsipH 7.4) and endosome disruption
(hemolysis at pH 6.8 and below). (E) Viability of MEMB-231 cells 48 hours after exposure
to NP formulations. (F)n vitro knockdown of luciferase in MDAB-231 cells 24 and 48 hours
after siNP exposure. Increasing Naio increasedh vitro knockdown, but addition of PA
siRNA had no significant effect.
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At N:P ratios of 10, 15, or 20, all formulations maintaineeB06 encapsulation of
SiRNA (Figure 3.2c). However, at lower N:P ratios of 1 or 5, s#\#®s had significantly higher
encapsulation efficiencies thandPs. The siPANPs with dual hydrophobization on the carrier
polymer and cargo siRNA, thereforaore efficiently encapsulate siRNA at lower N&®ios
likely due to hydrophobic carrigzargo interactions and/or hydrophobiettsiven clustering of
PA-siRNA moleculesHowever, encapsulation efficiency was consistently high for the 6
formulations used in this work at N:P ratios of 10,15, and 2@rdégss of hydrophobization of
the siRNA.

The ability to triggelendosomal rupturand escape is a necessary carrier property to
ensuresiRNA accesdo the cell cytoplasm where it is active. The-gependent membrane
disruptive activityof the RMPC-bl-(DMAEMA -co-BMA)) polymers was characterized for each
formulation using a red blood cell hemolysis assagyre 3.2d), which simulates
endosomolysi&’ At physiological pH, no formulations exhibited significant hemolytic activity,
an indicator of thir safety in circulation. However, all formulations exhibited strong hemolytic
activity at pH 6.8 or lower, indicating their ability to disrupt endosomal membranes in response
to a pH drop on the endolysosomal pathway. Neither the N:P ratio nor thegeresgalmitic
acid on the siRNA significantly altered the qul¢pendent hemolytioehavior which is driven by
the polymer

Prior toin vitro cell assays, the(MPC-bl-(DMAEMA -co-BMA)) polymers used for NP
formulation were tested for endotoxin. Endotoxin is a potent stimulator of innate immunity and
can have significant effects on bathvitro andin vivotoxicology, independent of the NPs
themselves. No endotoxin contamination was timthe FMPC-bl-(DMAEMA -co-BMA))

polymers Supplemental FigureB.S2a).
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In vitro, all formulations were wellolerated with low cytotoxicity up to 150 nM siRNA
in MDA-MB-231 cells Figure 3.2e). At 100 nM, average viability ranged from 88 to 958%.
higher doses of polymer and siRNA, NP toxicity increaggdhesehigher dose$200-300 nM
siRNA), NP toxicity was positively correlated with N:P ratio, indicating that polymer itself (as
opposed to the siRNA) was the source of cytotoxmitge the amountf@olymer increased
with increasing N:P ratio while sSiRNA dose was held constant at a given doseTeietrend
was present regardless of dual hydrophobization state. At each dose, there were no significant
differences between cytotoxicity ofNiPs vssiPA-NPs. After removing NP treatments and
waiting 24 hours, cell viability recovered rapidtyr all dosesup to 300 nM siRNA
(Supplemental FigureB.S2b). Our data suggest that in envitro environment, the addition of
PA-siRNA did not significantly impact viability. The reduced cell viability at higher N:P ratios
highlights the need for reducing polymer dose to achieveiaxiao NP formulationsparticularly
since DMAEMA, like most cationipolymers involved in nucleic acid delivery, is known to be
cytotoxic at high concentration®

Each siNP and siPANP formulation was next tested for vitro bioactivity by knocking
down the model genaciferase in MDAMB-231 cells Figure 3.2f). The amount of luciferase
knockdown positively correlated with the relative amount of polymer (increasing N:P ratio) in
the NP formulation at both 24 and 48 hours after treatment. By 48 hours, NP formula26ns a
or 20 PAachiewed 93 to 97% silencing, while formulations at 10 oP¥0exhibited average
silencing of 50% to 70%. Similar to the cell viability results, the presence of PA in the
formulations did not significantly alter the silenciafficiency in vtro. Uptake of fluorescently
labeled NPs was also measured for each formulaBapglementary Figure B.S2c).

Interestingly, while all formulations exhibited significantly increased uptake compared to
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commercial Lipofectamine 2000, there were no significifferences in uptake caused by
increasing N:P ratiowhich is consistent with the expected result based on these NPs all having
similar diameter, zeta potential, and siRNA packaging efficiehbgrewas a smalincrease in
average mean fluorescence tells treated with siPAPs, butt wasonly significant at N:P 10.
This resultagreeswith the bioactivity data which shows that addition of-BRNA did not
significantly change gene knockdowiowever,NPs formulated at different N:P ratibad

different levels of bioactivitglespite achieving similar level of cell internalizatisnggeting

that increasing N:P ratio may improve bioactivity by mechanisms other than uptake, such as
increased endosomolytic properties that are not sensitively measureditoy hemolysis
assaysThis result is consistent with earlier work utilizing BARNA in PEGylated sNP

systems! In vitro, it was expected thahe stability advantages imparted by-BiRNA would be
lessapparent, sincthere is a low percent serum (10% in these studies), a lack of competition by
molecules such as proteoglycans, and a hemodynamitally environmenivith reduced
mechanical andilution concernslt was anticipated th&A-siRNA may impart stability
differences thaare more impactfuh vivoand thatcould alter thestability (which has impacts

on toxicity), systemic circulationand tissue accumulatiactivity of NPs.

Two ofthe major challenges to NP stability in circulation are serum proteins and anionic
heparan sulfate proteoglycans in the kidney glomerular basement merftbtaimeorder to
understand the potential impact of N:P ratio and hydrophobized siRNAs on NP stahiiity,
we challenged NPs with various concentrations of serum and heparin in alfeR&d assay
(Figure 3.3). This assay involves eencapsulabn of FRET-pairedsiRNAs, and aincreased

FRET ratio indicatebettersiRNA encapsulation stability.
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Figure 3.3 Stability of NPs over time in FBS and anionic heparin sulfate is dependent on both
N:P and dual hydrophobizatioA-C) NPs at 100 nM siRNA were exposed to 100, 40, or 2
U/mL heparin or (BF) 10,30, or 50% FBS, and the ratio of fluorescence at 572 Bi2tom

was measured. In general, NPs at higher N:P ratios or that were made vatRNPAdisplayed

increased cargo loading stability.

With both heparin and serum challeng&reasing N:P ratio increased stability,
particularly at low challenge concertioas, while siRNA conjugation with PA was increasingly
important to stability at high challenge concentratidneparin at 100 U/mL and 40 U/mL, 20
PA formulations consistently had the highest average stability, while formulations at N:P 10 with
normalsiRNA consistently had the lowest average stability, as determined by FRET ratio

(Figure 3.3aand 33b). The15PA NPshad the second highest stability, while 15, 20, and 10
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PA formulations all displayed similar FRET ratios throughout 60 minutes andnotre
significantly different from each other. &edata suggest thatith increased concentration of
heparin,siRNA conjugation to PAignificantly improvesesultantNP stability, particularly at
higher N:P ratios. At 2 U/mL of heparin, the effect of Maflo on stability was gdominant,
with polyplexes formulated at 20 significantly more stable than those formed at 15Fgd@ (
3.30). Thus, at lower concentrations of heparin, NP stability is significantly increased by
increasing N:P ratio, whilsiRNA conjugation to PA had a relatively negligible effect éaich
individual N:P ratio.

In 50% or 30% serum, 15 PA and 20 PA once again exhibited the highest FRET ratios,
indicating their increased stabilitiFigure 3.3d and 3.3€). Here again, in higher serum
conditions,siRNA conjugation to PAncreased FRET ratios compared to $hBIPs without
dual hydrophobization at equivalent N:P ratios. At 50% serum, all-BiP&had higher FRET
ratios, while siNPsat all N:P ratios testedithout PASIRNA exhibited equally low stability,
and their FRET traces were not significantly different from each other. At lower serum
conditions (10% FBS), the impact of N:P ratio was more apparent, as NPs at 15 and 20 had
consistently higher stabilitthan NPs formulated at N:P 10, although 20 PA NPs were still the
most stablewith significantly greateFRET ratiothan the sNPs at N:P 1@fterone hourof
serum exposur@-igure 3.3f). Incubation of all NP formulations in 40 U/mL heparin or bovine
saum albumin did not significantly impact particle si&upplemental FigureB.S3). Together,
these data suggest that formulating NPs at higher N:P ratios can improve their stability against
serum or heparin at lower concentrations, but addition of duabpfidbization ih siPA-NP
formulations)is more effective for increasing stability at higher serum or heparin levels

representative of the vivoenvironment
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We next explored the impact of N:P ratio and dual hydrophobizatiom wawao NP
pharmacokinats using intravital microscopy (IVM) of the mouse gasculatureEach
formulation bearing fluorescentlabeledsiRNA was injected intravenously and tracked via
confocal microscopy (representative imageBigure 3.4a). Electrostaticallycomplexed
particles historically have more rapid blood clearance than solid nanoparticulate systems. VM
allows for more accurate measuremeniBfclearance andarly-phasehalf-lives because it

enablesontinuoussampling of fluoresent signalstarting immediately after injection
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Figure 3.4 Interplay of N:P and dual hydrophobization impaaotsivo pharmacokinetics and
toxicology. (A) Representative intravital microscopy images of Gif§Ps in the mouse ear. (B)
Average pharmacokinetic curves (first 30 min) for each NP formulation, normalized to initial
fluorescence intensity (n=5). (C) Increasing N:P ratios and addition -iRMA at N:P 10 and
15 significantly increased NP area under the curve (p <0.05, n=5). (D) Table-twWémknd
clearance values for each NP formulation. Longestiha$ were achieved by siPHNPs
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formulated at 20 PA. (5) ALT, AST, and BUN sampled frofnlood sera collected at 24 hours
after a single injection of NPs show toxicities dependent on polymer dose in the N:P 20 and N:P
15 groups (n=5). Toxicities were abrogated in NPs formulated witsiRNA. Horizontal y

axis lines indicate normal mouse plasmanges for ALT, AST, and BUN.

Overall, increasing N:P ratio significantly increased NP area under the curve and
circulationhalf-life (Figure 3.4b-d). The 3-NPs formulated at 15 and 20 had Halés increased
by 2.5fold and 5.7#fold respectively comgred to siNPs formulated at N:P 10, ranging from 4
minutes (N:P 10) to 9 minutes (N:P 15) to over 20 minutes (N:P 20). At N:P 20, AUC was
significantly increased by over fodwld compared to N:P 10, and twiold compared to N:P 15.
Similarly, average clrance for sNPs formulated at N:P 20 was significantly greater than either
formulations at 10 or 15. Thus, increasing the amount of polymer relative to siRNA significantly
improved pharmacokinetic characteristics.

Dual hydrophobied siPANPs hadenhancd area under the curve aaidculationhalf-
livesrelative to siNPs particularly at the lower N:P ratioshe siPANPs at N:P 10 and N:P 15
had athreefold and twaofold, respectivelyincrease irarea under the curvelative to the
corresponding sNPsat the same N:P ratioAt N:P 10,siRNA conjugation tgalmitic acid
nearly quadrupled average NP Hifis. At N:P 15, dual hydrophobization increased Hiféf
average from 9 minutes to 23.5 minutes. The benefits of dual hydrophobization begin tshdimin
at N:P 20, at which point addition BfA did not significantly increaskalf-life or area under the
curve. Importantly, #A-NPs formulated at 15 PA did not have significantly different area under
the curves from either 20 or 20 PA NPs. Thus, addid®A enables delivery of the same doses
of siRNA with similar pharmacologic profiles (at 15 PA, 20, and 20 PA), but with a lower dose
of polymerfor the optimized 15 PA formulation.

Each of the NP formulations was determined to have first order, ghgke elimination
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kinetics, based on the best fit nonlinear regression analysis (curves shBwgplementary
Figure 3.4a). This fit can also be demonstrated visually by the linearity of each elimination
curve when plotted in log scal8pplementary Figure 3.4b). The one exception to this trend is
the siNPs formulated at N:P 10. Because these polyplexes are the least stable, it is likely that
some of the Cylabeled nucleic acids were not webbmplexed, and an earphase elimination
is visible for the fee nucleic acid population.

Twenty-four hours after intravenous injection, the organ biodistributiomifdxP
formulatiors was similar, with greatest accumulation in the liver and kidnBypglemental
Figure 3.4c). Both 15 PA and 20 PA formulations had significantly lower fluorescence in the
kidneys compared to-8iPs at N:P 20 with normal siRNA, which had the highest amount of
kidney fluorescence. These data suggest that the dual hydrophobized formulations &:Righer
ratios are less prone to clearance by disassembly in the kidney glomerular basement membrane.

At 24 hours after singleinjection, mice treated with NPs formulated at higher N:P ratios
(15, 20)with normal siRNAs showed signs of elevati@isve norral rangesn ALT, AST, and
BUN, indicators of liver and kidnetpxicity (Figure 3.4e-g). In thesi-NP N:P 20 group, 3/5
mice had abov@ormal AST, 2/5 had elevated ALT, and one had increased BUN. In the N:P 15
group, only one mouse showed any sign of atmadly high serum enzymes (ALT). However,
addition ofPA-siRNA in these formulations completely abrogated signs of toxicity; none of the
mice treated with dual hydrophobize®8iNPs experienced elevationtime serumtoxicity
markers measured

The combimed pharmacokinetic profiles and liver enzyme data suggest that dual
hydrophobization strategies can impart significantly increased stability to electrostatically

complexed polyplexes in circulation while reducing toxicity associated with increased floses o
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polymer. We have shown that increasing N:P ratio significantly improves circulatioliféatf

vivo, but comes at a toxicologic cost associated with increased -catiaining polymer in the
formulations.This toxicity is likely related to reduced bility and exposure of the cationic core
polymer block, as free polycations are known to interact negatively with circulating cells or
serum component€.PA-modified SiRNA increases the hyiprhobic interactions between

polymer and siRNA relative to unmodified siRNA, increasing NP stability and preventing
premature exposure of the cationic moieties in the NP core to the exterior of cells (prior to entry
into acidifying endosomes)Addition of PA-siRNA can therefore reduce the toxicity of high
polymer formulations and significantly increase the-#dfof low-polymer formulations.

As we and others have demonstrated, increases in pharmacokinetic area under the curve
typically correlate with gjnificantly increased tumor biodistributiéh.4” 118 44T umor
accumulations of nanomedicines is typically driven at least in part nthenced permeability
and retention effect (EPR), which has been observed in solid tumors in human patients, and is
known to positively correlate with intravenous area undercurve®® 34 “4Extended $tA-NP
circulation times may indicate reduced polyplex disassembly in the kidney and increased
opportunity for passive accumulation of SiRNA in target tissues.

It is rare for electrostaticalgomplexed polymeritNPsto have alphghase halives as
long as those achieved by our high N:P ratio, thydrophobized carriers. PEGylated
polycations or emulsiobased cationic nanogels clear from circulation compldigl20
minutes®® 132 Though some systems have utilized hydrophobic core monomers to improve
stability of PEGshielded, cationic carriers, firgthase circulation halife is frequently less than
5 minutes duedt a firstpass effect in the livef’> Evencoredisulfide crosslinking, as

demonstrated by the Kataoka group, didimgirove NP circulation hallife to longer han 510
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minutes when introduced to polyion complex micetfe® 14éwhen a cholesterahodified
SiRNA was added, the hdlife was modestly extenddd over 20 minutes (single
hydrophobization), further supporting the powerful impact of hydrophobization of SiRNA on
nanocarrier circulatio® Similarly, clinically studied CALAAO1 complexes utilizing guestost
cyclodextriradamantane stabilization of polymer components were completely cleamed fr
circulation in 30 minutes in humansobablydue to rapid dissociation in the kidn&y.

To date, few studies have demonstratedrthavoimpact of small changes in N:P ratio
on polyplex pharmacokinetics or toxicity. N:P ratio is most often explored in the context of
ercapsulation efficiencyn vitro, with selection based on the lowest N:P ratio with adequate
encapsulation of nucleic acid. However, in our case, NPs formulated at 10, 15, and 20 all had
equally high encapsulation efficiencies and identical physicochepricpérties (size, surface
charge) yet producednarkedly differenin vivo pharmacokinetic properties. Notably, polymer
dose has been demonstrated to imptioawavo stability in the context of various crosslinking
strategiesn PEGylated poly(Llysine)}based NPstheuse of 2iminothiolanecrosslinking
increased theatio of polymer to siRNA andnproved polyplelood circulationcompared to
3 , -@ithiobispropionimidaterosslinking whichresulted inower polymer to siRNA ratioand
lower stability'*® Other groups have primarily stied N:P ratio in the context of how polyplex
surface charge impacts organ biodistribution; it has often been observed that increasing N:P
correlates with higher accumulation in the lung and rapid clearance from circulation, driven by
increasing surfaceharge!®* *3To our knowledge, our data are the first to comprehensively
characterize the impact of charge ratio and dual hydrophobization on the pharmacokinetic
profiles and toxicity o6iRNA-containingNPsand to make the unique observations that dual

hydrophobization can reduce the amount of polymer needed to achieve maximal AUC, while
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also reducing toxicityn vivofor a defined N:P ratio

Because many applications of sSiRNA therapeutics, including delivery to solid tumors,
require repeated intravenous dwsodf NPs, we further explodeghe impact of charge ratio and
PA-siRNAs on more rigorous toxicologic parameters after multiple injections. Additionally, the
effects of longterm administration of zwitterionicoronaNPs have thus far not been well
characteized.

We injected two cohorts of healthyABB/c mice with 1 mg/kg NPs on different
treatment schedules. In the first group, we injet@gi.v. 3 times over the course of a week (3
injection course; day 1,4,7). In the second treatment group, we th)¢P&.v. 6 times over the
course of a month (6 injection course; day 1,4,7,14,21,28). In both cases, the animals were
sacrificed 12 hours after the final injection. We performed a comprehensive panel of tests to
determine the relative safety of the folations, includingassessingerum enzymes, complete
blood counts, plasma cytokines, body weight, histoldéiggr immunecell content, and
immunogenicityBecause of therends towaracute toxicities observett hours after a single
injectionin the N:P20 group, we limited our studies to formulations at 10,15, 10PA, 15PA, and
20PA. As a positive control for toxicity, another group of mice was injected with LPS once and
sacrificed 12 hours later. For both injection courses, no significant changes iwéigthy were
noted for any of the mice receiving any NP formulatiSogplementary Figure B.S5).

After the weeklong, 3injection course, there were no elevations in ALT, AST, or BUN
outside of normal ranges, indicating that all formulations weretoletlated Figure 3.5a-c).
However, the ALT levels for N:P 15 group were significantly increased from sajeeted
mice and from the 15 PA group (p< 0.01, #5)5 suggesting that addition of P®ARNA reduced

liver toxicity. The 20PA group also had signifmtly higher ALT levels than the 1A group
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(p<0.03, n=56), suggesting some polymer datependent effects theliver. After the month
long, G6injection course, all NP formulations remained within normal range except for one
mouse in the 20 PA grouphich experienced elevations in ALT and ASHigure 3.5d-f). This
indicates that in the context of a miittjection study, even with addition of PARNA, higher
N:P ratiosmay cause liver toxicityOverall, there were no statistically significant differences
between NP formulation groups and salireated grops after the énjection course. Thus, the
relatively smallALT differences observed after the more frequeitj&ction in fweek schedule

are likely temporary elevatiortbatwere resolved after the morking course.
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Figure 3.5 All NPs tested had minimal toxicological effects under the rmijiéiction treatment
coursesALT, AST, and BUN levels in mice sera 12 hours after the final injection ef a 3
injection course (AC) or 6injection course (EF) showthat NPs were weliolerated across

multiple injections (n=5). Yellow boxes indicate normal ranges. The only detectable adverse
elevations were in the 20 PA group after 6 doses of 1 mg/kgNPRover the course of 1

month. Mice treated with LPS wereagsas a positive control for liver and kidney damagelL )G
Complete blood counts 12 hours after the final injection of thge@tion course show no

abnormal changes in circulating lymphocytes, erythrocytes, or platelets, for any of the sampled
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NP formuhtions (n=56).

The complete blood counts for all formulations were not significantly different from
salinetreated mice for either theiBjection Supplemental FigureB.S6a-i) or 6-injection
courseskigure 3.6g-1, Supplementary FigureB.S6j-1). Often, a concern with electrostatically
complexed NPs such as the clinicadlpdied CALAAOQL, is that they may cause platelet
aggregation in circulation, which reduces overall platelet ctiutwever, no significant
changes in platelet counts were recorded foradrilie testedNPs, indicating that the NPs in this
study did not induce major platelet aggregation, meigas of N:P ratio. LPS treatment, on the
other hand, induced significant decreases ily®phocytesvith corresponding increases in %
monocytes, % neutrophils, red blood cell count, and hemoglobin. These data provide further
support that thei-NPsand sPA-NPsat eachN:P ratio testedvere welttolerated upon long

term, repeated administration.
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Figure 3.6 Cytokines and liver histology associated with mirjection coursed. F N 2-6, IL4 L

10, and TNE)sampled from serum of BALB/c mice 12 hours after the final dose éhg&ion

course (AD) or a 6injection course (BH) (n=5). Compared to LR®Bjected positive control

mice, there were no significant or unsafe elevations in any cytokine levels pwasdew mice
experienced cytokine increases after administration of NPs formulated at 15, which were notably
the highest polymer dose tested without dual hydrophobization. (I) Representative liver histology
after 6injection course. For NPs formulatedlf, 15, 10 PA, or 15 PA, all livers were similar to
saline treated mice or exhibited minimal signs of single cell or focal necrosis. However, at the

highest polymer dose of 20 PA, 2/5 mouse livers had visible areas of focal necrosis
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None of the NP formations tested in this study inducsidnificantincreases in
cytokines that would indicate immunotoxicitlyigure 3.6a-h). At 12 hours after the final
injection in the 3injection course, one mouse in tNeP 15 group showed modest increases in
| F NFagure 3.6a), and one mouse had increaseebl(Figure 3.6b) (14- and 6fold above the
saline average, respectively). Aftéet6injection course, one mouse in each of the 15 and 20
PA groups had slightly elevated-B.(Figure 3.6f) (43 and 56old above the saline average),
and the same mouse from the 15 group and a different mouse in the 20 PA group had elevated
IL-10 (Figure 3.69) (26-fold and 8fold above the saline average, respectively). The increase in
IL-10 in these groups after longirm injections matches evidence from the CALAA
studies, in which continuous polyplex dosing increased¢hem levels of the aninflammatory
cytokinelL-1(P?, perhaps a compensatory mechanism against ceetied effectsHowever,
all cytokine increases were modest compared to thettd2Bed mice, which were on the order
of hundreds to thousandisid greater than the saline averages. The siRNAs used in this study
contained multiple @methyl modificationsd reduce their potential immunostimulatory effects,
S0 any cytokine increases are likely caused by polymer components of the NP formulation
our study, only the NP formulation containing either the highest polymer dose (20 PA) or the
highest polymer dee without hydrophobized siRNAs (N:P 15), induced slight cytokine
responses, further suggesting that any immunostimulation is dependent on overall polymer dose
and NP stability. Overall, our data indicate that the zwitterionic NP formulationswedire

tolerated ovetong-term, repeated administration.

Liver, spleen, lung, and kidney tissues were evaluated for histological abnormalities by
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blinded veterinary pathologists after completion of each injection course. InfecBon
course, alltissueswer det er mi ned t ddath eot showmforaghea Ginjektiarb | e 0
course, spleen, l ung, and ki dneySupplementales wer e
Figure B.S7a-b). Mouse livers were graded for signs of necrosis, with mogré#ed mice
showing normal histologyH{gure 3.6i). However, in the livers of mice in the 20 PA group, there
were detectablareas of coagulation necrosis in 2 out of 5 mice. One mouse ibtRA group
showed evidence ofvery small area of coagulation necrosg&upplementary Figure3.7c).
The livers of o mice each in the 1BA and 15 groups had only2lsinglenecroticcell foci,
while 4/5 mice in the 20 PA group had signs of singlérestrosigSupplemental Figure
B.S8a). All cases of cellular necrosis in these mice were therefore very small, with clinically
relevant amounts of necrosis occurringitly one of the 20 PA treated mice, which aligns well
with serum liver enzyme resulBigure 3.5d-€). In the livers of mice treated with a positive
control for liver toxicity, carbon tetrachloride (Cf£hecrosis was more widespread
(Supplemental FigureB.S8b). The histologic analysis therefore indicates that while all
formulations wereelativelywellt ol er at ed, repeated injection of
polymer o 20 PA c ond iminar bublikety manageabliver damageln i n s o me
sum,we observed a clear polymer dose dependence for liver injury, which highlights the need
reduce overall polymer dose while maintaining optimal pharmacokinetic properhés
formulations.
Based on our liver histology results, we atbaracterizedhe populations of immune
cells present in the livers of mice subjected to Higjdctioncourseto test for an inflammatory
response by innate immune cell/hile mice treated with the liveéoxic agentCCl,

experienced elevations percentages diver macrophages and neutrophils, none of the NP
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formulations significantly altered macrog®or neutrophil populations compared to saline
treated miceKigure 3.7a-b). However, the percentage of myeloid dendritic cells in the liver was
significantly increased in the N:P 15 grogmm PA) relative to mice treated with PBS and to all
of the siPANPs(Figure 3.7c). Theaveragepercentage afion-myeloid dendritic cell{DCs),

which may include lymphoid and plasmacytoid Dfes,the N:P 15 group weaeso increased
comparedo saline and other NP formulations, though not significaiilyure 3.7d). Because

the 15 group contained the high®kP ratio for a nosPA-siRNA formulation our data suggest
thatless stabilized gNPs with higher ratios of polymer to siRNsAimulateda DC response in

the liver. LiverDCsare known to be antigepresenting and may be increased in number in
response to inflammation or fibrosi¥.Liver Kupffer cells, a primary phagocyte for
intravenously deliveredanoparticlesn generglare known to secrete 110, which can further
recruit DCsto the liver!*8 Because the N:P 15 group also showed some elevationslh 1P
hours after the final injectionhis effect orDC levels may be due to activation of the Kupffer
cells by N:P 15 sNPs Previous work has also shown that an i.v. injection of colloidal carbon
resulted in increased recruitment of dendritic cells fantulation to the liver, indicatinthat

this could be an underappreciated response to intravenous nanoparticle treidfments.
Additionally, the presence of RAIRNA in sPA-NP formulationsappears tdavea protective
effect, since the 1BA and 20PA groups did not show signs of increapedcentages of

denditic cells. While hepatic DCs can elicit a T cell response, we did not see any increase in
liver T cells or B cells in any of the NP formulatior@upplemental Figure3.9a-b). 149150

Example gating for all lymphocyte populations can be fourSuipplemental FigureB.S10.
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Figure 3.7 Analysis of immune cell types in treated mouse livBiegne of the NP formulations
had significantly increased macrophages or neutrophiB)(Adowever, sNPs formulated at
N:P 15 had (C) significantly increased myeloid dendritic cells compared to-taated mice
and all other NRreated mice except thhe N:P 10 group (n=5, p<0.05). (D) Mice treated with
si-NPs at N:P 15 also had elevated 1myeloid dendritic cells, though no groups had
significantly increased nemyeloid dendritic cells compared to untreated controls.

A common concern with lonterm,repeated administration of PEGylated nanocarriers is
the development of an immunogenic antibody response against PEG, which can diminish their
efficacy as delivery vehicles and lead to clinical adverse evefs However, the
immunogenicity of zwitterionic phosphocholimanocarriers has been less extensively
measured, particularly after lotgrm injection course$® We therefore tested the serum of

mice injected six times over a month with our longastulating zwitterionic $*A-NPs (15 PA

and 20 PA), fo antibodies against phosphocholine using an ELb@sed assay?* >°There
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were no significant increaseskibISA signalfor any of the mice sera sampled, indicating the
complete absence of aqhosphocholine in these sampl&sipplemental FigureB.S11).

Notable, positive control mouse sera containing phosphocholine antibodies did react with our
polymers adsorbed to the plate, giving a positive ELISA sighhus, our lonegcirculating, dual
hydrophobized $IA-NP formulations do not stimulate afC immunogenicity in mice.

Taken together, our data show that zwitterated NPs argalelated upon longerm,
repeated administration, evidenced particularly byntbrenalbody weight and complete blood
count data. However, we have also demonstrated that the formulation N:P ratio and degree of
hydrophobic core stabilization can significantly implasts pronounced markersrmdnocarrier
toxicology. The siPANPsat the highesoverall polymer dose (20 PAgsted in the repeat
injection studiegxhibitedmildly upregulatedigns of hepatotoxicity based on liver enzymes,
histology, and cytokines. Similarly,-BiPs at the highest polymer dose without palmitic acid
SiRNA stabilizaion (15) also exhibited histological, cytokine, and liver dendritic cell responses.
Our data indicate that a dual hydrophobization strategy can be used to improve the balance
between improved pharmacokinetics and toxicologic facamshe siPANP 15 PAformulation
showed negligible signs of toxicity

The polymerinduced toxicities that we observed are likely a resuttestabilization and
extracellular exposure tiie cationic DMAEMAcontaining polymer blockAlthough they are a
driving force for siRM\ delivery, cationic polymer components can be associated with
aggregation of intracellular and extracellular proteins or unwanted membrane distef3ibn.
While the positive charge density can be effectively shietaageéducedising hydrophilioNP
coronaforming polymers and by copolymerization with other monomao$yelectrolyte

complexes are still prone to destabilization by serum and ionic blood or tissue components. Dual
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hydrophobization strategies improve NP stabilizationthedefore may aslioratetoxicity
concerns.

Based on the favorable loitgrm toxicity data of the 15 PARBA-NPs, and their identical
pharmacokinetic area under the curves to the-mraylating, high N:P ratio NPs (20 and 20
PA), we compared this optimal formulaticmthe commercially availabia vivo-jetPEI® (IVJIP)
in an orthotopic murine breast cancer model. At 24 hours after intravenous administration, 15 PA
siPA-NPs show significantly improved tumor luciferase silenémgivo compared to IVJIP
formulations reléive to matched scrambled controlsdure 3.8a,3.8b). We alsagperformed flow
cytometry analysis on extracted tumors after administration of NPs bearing fluoresalealdy
nucleic acids, and we demonstrageslignificant, 2.5old increased mean fluorescence intensity
in tumors for 15 PA $1A-NPs compared to IVJP also at 24 hours after injectagufe 3.8c),
indicating better uptake and retention in tumor cells. Our NP optimization process, incorporating
in vivocharge ratio screening and dual hydrophobization, therefore enables eftioientcell
delivery and target gerlexockdownin vivo, outperforming thenly (to our knowledge)

commercially availabléntravenouslyinjectablesiRNA delivery reagent.
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Figure 3.8 NPs formulated at 15 PA (PMPC) display significantly increased knockdown
(*p<0.02) (A,B) and tumor uptake (G vivocompared to equivalent doses of In Vivo-Jet

PEI® (JP) in nude mice bearing MBMB-231 tumors (*p<0.02, **p<0.01). (A) 1 mg/kg siPA
NPs bearing luciferase siRNA were injected in mice bearing 100tomors, and luminescent
signals were monitored immediatddefore and 24 hours after injection. Luminescence at t=24 h
relative to t= 0 h was compared relative to appropriate scrambled control groups. (B)
Representative images of tumor luminescence from each treatment group bearing either
luciferase (Luc) or@ambled (Scr) siRNA. (C) siRNPs bearing Cy#abeled nucleic acids

were injected intravenously in tumbearing mice. Tumors were collected 24 hours after

intravenous injection and analyzed for uptake by flow cytometry.

3.5 Conclusion
This work comprehesively characterizes the vivoimpacts of charge ratio and dual
carriercargo hydrophobization on NP pharmacokinetics and toxicology. Increasing polymer
given equal siRNA doses can significantly improve circulation-lifaliand area under the curve.
These pharmacokinetic benefits may come at a cost of increased toxicity, particularly hepatic
toxicities, but these can be overcome through dual hydrophobidatising hydrophobically
modified siRNAs with partially hydrophobic polymemNP cores. Our findingghdicate that

testing of electrostaticalgomplexed NPs at different charge ratios should extemivivo
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experiments, as the charge ratio may have a major impact on circulation kinetics, which is not
evidentinvitro. We 6 ve s hown t htarsigrdficaatly debrgades toxicity ovibile z
also increasing the circulation hdilfes of NPs formulated at lower N:P ratios. Thus, dual
hydrophobization allows for equivalent pharmacokinetic profiles at decreased polymer doses,
reducing toxicity and in&asing the potential for therapeutic efficacy.

This work also uniquelgnd deeplynvestigated the lorgerm impact of repeated administration
of zwitterionic polyplexes, encompassing the impact of formulation parameters on their
toxicology. We show thatverall, zwitterionic polyplexes are wetlerated upon repeated
administration, with minimal histologic or immunologic consequences. Furthermore, optimized
zwitterionic sSPA-NP formulations are nemmmunogenic and achieve improved tumor gene
knockdown ad biodistribution compared to commercial gold standardgvo. Our work
demonstrates that charge ratio optimization is importewitvo and that dual hydrophobization
strategies improve delivery while overcoming the toxicologic challenges that face all

electrostaticallycomplexed polymerisiRNA carriers.
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CHAPTER IV

The Role of Platelet Activating Factor in Acute Toxicities of Intravenously Injected siRNA

Nano-Polyplexes

Text for Chapter IV taken from:
Jackson MA, Patel SSYu F, Glass EB, Dollinger BD, Hoogenboezem BE3¢dingfield
SK, Kelly IB, King AR, Miles RE, Patil PGiorgio TD, Duvall CL.Inhibition of Platelet
Activating FactorReceptoiPreventsAcute Toxicities Associatedvith Intravenoudnjection

of siRNA-PolymerNano-Complexesin Preparation.

4.1  Abstract

Nanocarrierassociated toxicity is one of the most significant hurdles to clinical
translation of siRNAbearing nanomedicines. While the many toxicity mechanisms of polymer
based siRNA delivery systems have been thoroughly characterigér, in vivoreactions are
still poorly understood. In this work, we demonstrate that intravenous injection vinabn
siRNA-polymer nanecomplexes (sNPs) can elicit acute, shocklated toxicities similar to
those observed upon adenoviral vector administratiorcanse a thretld increase in plasma
concentrations of Platelet Activating Factor (PAF), a potent lipid mediator of inflammation.
Inhibition of the PAF receptor (PAFR) prior ta NP administration completely prevented these
acute toxicities in mice, indating a role for PAF in noewiral nanocarrierassociated toxicities.
We further demonstrate that gireatment with clodronate liposomes also abrogatBsi

associated toxicities, suggesting that stimulated Kupffer macrophages are the source of secreted
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PAF responsible for cardiovascular effects. This toxicity mechanism was generalizable to other
polymerbased siRNA carrier systems, particularly in mice bearing inflammatory tumors. These
results are the first to connect PAF with thevzivotoxicity mechaisms of a notviral

nanomedicine and suggest PAFR inhibition may be an effective prophylactic strategy to reduce

nanocarriefassociated adverse events.

4.2  Introduction

With the recent firsin-class FDA approval of Onpattro in August 2018, nanopaitiaked
delivery of siRNA has entered a new era of clinical potehtidbwever, cationic carrier
components continue toda toxicologic challenges that hinder their clinical development. As a
testament to this fact, Alnylam, the pharmaceutical company behind the landmark RNAI
approval, has abandoned Onpattrods cationic
progams due to the carri@ssociated immune toxicities that necessitate immunosuppressive
steroid pretreatment in patieritg®?

For polymeric nanoparticlbased siRNA delivery, there is a wkhown positive

correlation between transfection efficigrand toxicity'?” 152This poses a significant challenge
for maximizing the therapeutic window of polyplex (polyrsRNA complex) nanomedicines,
since often the carriers most effective at gene silencing are also the most toxic. Many strategies
have been employed to reduce the cytotoxicity of these carriers while maintaining their efficacy,
including reducible crosknking and increased hydrophatstabilization of polymeric
componentsl 22 23, 127. 16¢ g yntless studies have also investigatedrthitro cytotoxicity
mechanisms of common polymeric carriers such as poly(ethylene imine*{PE).5%Cationic,

siRNA-condensing polymers can cause nanoscale breakages in cellular membianes an
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mitochondrial membranes, disrupting cellular homeostasis, releasing reactive oxygen species
(ROS), and inducing apoptosis pathwa{$.16

However,in vivomechanisms of polyplex toxicity are less wetiderstood® After
intravenous injection, nanosized materials such as polyplexes are imbe rapidly cleared by
the cells of the mononuclear phagocyte system (MPSpmplementdsorption to nanro
polyplex surfaces can increase MPS clearance while also inducthigmamonary distress and
inflammatory innate immune reactiot8: 1%4The ability of most polyples to trigger
endosomolysis for cytoplasmic cargo delivery also increases the potential for activation of toll
like receptors and the triggering of further systemic immune resp&iisgasally, aggregation of
cationic polyplexes in the lungs is thought to induce severe clotting and asphyxiation resulting in
acute, fatal toxicity in ree, 162 165167

Steric shielding of polyplexes with materials such as poly(ethylene glycol) is often
recommeded as a panacea to thaseitro andin vivo toxicities 162 164 16'Hydrophilic shielding
reduces protein adsorption and can help reduce damage to plasma membranes from cationic
polymer componets. However, PEGylated nanomaterials can still be toxic at high d&séS.
CALAA-01, a PEGylated cyclodextrin polymbased siRNA carrier, was discontinued from
clinical development ingrt due to infusiofrelated innate immune responses, including grade 3
hypersensitivity reaction's1®®These and othetinically-optimized nanomedicine formulations
have been reported in humans to cause paortierstood allergitype adverse reactions even in
the absence of prior nanomaterial exposure (no IgE antibd&fes).

We have previously developed novel siRig@implexing polymers containing a high
molecular weight zwitterionic corona composed of a homopolymer of poly(2

methacryloyoxyethyl phosphorylcholine) (PMPC) with a core block composed of a random
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copolymer of poly(dimethylaminoethyl methacrylatebutyl methacrylate) (DB The core
polymer block contains a 50:50 ratio of cationic to hydrophobic monomers, which provides
optimal endosomolytic behavior while reducing cytotoxiéitf.hese PMPEB-based
polyplexes (siNPs) were shown to have improved intravenoudivesdfcompared to
counterparts with smaller hydrophilic coronas. They also exhibited enhanced uptakenm muri
breast tumors compared to their high molecular weight PEGylated comparator pétticles.

Despite their strong hydrophilic shielding, these siNPs exhibited signs of acute toxicities
in mice when delivered as formulations containing high polymer:siRNA ratios (N:P 20). While
we were able to prevent these toxicities through increased hydroplaltilzation of both
polymer and siRNA components, we were puzzled by the unusual pathologies noted in the more
toxic formulations’? Mice receiving these formulations intravenously often exhibited marked
lethargy, inactivity, and prostrated body positiorighim the first 515 minutes of injection. At
lower doses, these mice would recover and resume normal activity after roughly one hour. At
higher doses, these mice would succumb within 1 hour of injection without signs of respiratory
distress. Gross pathay indicated dark, congested livers, reddish intestines, and general signs of
vasodilation.

Similar pathologies have been reported in an entirely different type of nacieic
carrying nanomateriél adenoviruse$’® 1"*High doses of intravenously injected adenoviruses
have been reported to induce behavior changes such as lethargy, prostration, as well as Gl
pathologies and shock in both mice and t&ts-’*These symptoms were similar to anaphylactic
shock, but the animals had received no prior exposure to adenovirus antigens. Xu et al. reported
that these systemic shooklated pathologies were associatéth a molecule called platelet

activating factor (PAF}/° PAF is a potent phospholipid signaling molecule that can trigger a
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variety of biological responses, including vasodilation, vascular permeability, and neutrophil
degranulationt’?"> PAF is involved in many inflammatory diseases including allergic rhinitis,
sefsis, asthma, and inflammatory bowel disease and is both secreted and received by numerous
innate immune cells including mactwgmges, neutrophils, and platelét§173 176 17{n the case of
adenovirus administration, it was found that adenovirus phagocytosis triggered Kupffer cells to
secrete PAF, causing vasoactive changes irt faté8A major percentage of the dose of
intravenously administered nanopatrticles is also phagocytosed and cleared by liver Kupffer
cellst

We therefore hypothesized that PAF could play a role invirah polyplexinducedin
vivo toxicities. In this work, we explore the impact of PAF receptor inhibition on acute toxicities
associated with siNP administration. We also investigate the role of Kupffer cell uptake in these
effects, as well as the ability of other particle systeriaduce PAFassociated toxicities. This
work is the first, to our knowledge, to connect PAF to the toxicities of intravenoysbted,

nontviral nanomedicines of any kind.

4.3  Materials and Methods
All materials were purchased from SigrA&drich (St. Lous, MO, USA) or Fisher
Scientific (Waltham, MA, USA) unless indicated otherwise. siRNAs used in these studies were
purchased from Integrated DNA Technologies (Coralville, 1A, USA) and consisted of a sense
st r ai€CAAUUGCACUGAUAAUGAACUCCIAT][dC]-36) andndense strand (
GAGGAGUUCA[MUJU[MAJAIMUIU[MG][mU][mU] -3 6 ) [ N o tnethyl modiftcdtian;
d=chimeric DNA base].

Polymer Synthesis and Characterization (NMR, GPC, DB8lymers were made using
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Reversible Addition Fragmentation Chain Transfer (RApolymerization using a chain

transfer agent (CTA)of-4ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT). Prior to
polymerization, all monomers exceptithacryloyloxyethyl phosphorylcholine were passed
twice through activated alumina columns éonove inhibitors. PMPDB polymers (poly(2
methacryloyloxyethyl phosphorylcholif® MPC)-b-(dimethylaminoethyl methacrylate
(DMAEMA) -co-butyl methacrylate (BMA))) was synthesized by first creating a random
copolymer of 50% DMAEMA and 50% BMA polymerized from ECT in dioxane under nitrogen
(30 min purge) for 24 h at 65°C using azobisisobutyronitrile (AIBN) as an initiator (1:10
CTA:AIBN ratio). Equivalent molar amounts of DMAEMA and BMA were added to target 210
repeating units overall (anticipating ~ 70% conversion and final repeating units-@6050T he
crude reaction was precipitated in cold pentane three times to remove monomeischndabr
vacuum overnight. Degree of polymerization was confirmed usiR§MR. From this purified

first block (DB-ECT), the PMPC corona block was polymerized in methanol for 24 hours at
65°C (utilized condenser since near methanol boiling point) unistlegen (30 minute purge)

with a 1:5 CTA:AIBN ratio. A degree of polymerization of 75 was targeted to achieve a 20,000
g/mol corona block. Crude reaction mixture was then dialyzed overnight in fresh methanol and
then in dl water for one day. The polymersval yophi I i zed, and itds deg
confirmed with'H-NMR. PMPGBMA polymers were synthesized in a similar manner, starting
from a butyl methacrylate homopolymer. The PMPC block was polymerized in pure ethanol with
all other conditions theame to improve solubility of the PBMA homopolymer CTA. The
20kPEG DB polymer was synthesized and characterized as described preVigllS§yMR

spectra are featured Supplemental FiguresC.S1-S3 Polymers were evaluated for endotoxin

using a Chromogenic LAL Endotoxin Assay Kit (GenScript, Nanjing, China).
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Polyplex and Micelle Formulation®MPGDB and 20k PEGDB polyplexes were
formulated as described previouéhBriefly, polyme's were complexed with sSiRNA at a 20:1
N:P ratio (protonated nitrogens on polymer: anionic phosphates on siRNA) in 10 mM citrate
buffer at pH4. Complexing proceeded for 30 minutes and was followed by addition of a 5x
volume excess of 10 mM phosphate buiepH8 to achieve a final pH of 7.4. Buffers were
created using the Sigma Buffer Reference Center welbsifes://vwww.sigmaaldrich.com/life
science/cordioreagents/biologicabuffers/learningcenter/bufferreferencecenter.html. Note
that polymers were initially dissolved at 30 mg/mL in pure ethanol and then diluted to 3 mg/mL
in the pH 4 citrate buffer. PMRBMA micelles were dissolved in ethanol (5% of the final
volume), and added dropwise to PBS for a final concentratiomadqut to the polymer
concentration of PMPOB for delivering 1.2 mg/kg siRNA (roughly 18 mg/mL). FRarvivo
preparations, polyplexes and micelles were sterile filtered (0.45 um filters) and were then
concentrated to the appropriate volume (1.2 mg/lgedo 100 uL injections) in Amicon spin
filters (MWCO 50,000 kDa). In Vivalet PEI (IVJP) (Polyplus, NY, USA) was prepared
according to manufacturer instructions, at a dose of 2 mg/kg siRNA.

PAFR Inhibition StudiesMice (BALB/c, C57BL/6) were purchased from Jackson
Laboratories (Bar Harbor, ME) or Charles River Laboratories (Wilmington, MA). For survival
study and PAFR inhibition studies, mice were-prjiected with either 50 pL saline or 50 L of
ABT-491 (0.05 mg/mlin PBS-/-). Ten minutes after the first injection, mice were then injected
with 1.2 mg/kg siNPs (PMPGDB polyplexes). A separate cohort was injected with saline only.
For hematology and pathology studies, mice were sacrificed 30 minutes folloviNiRy si
injection by cardiac puncture using EDTA as an-antigulant. Blood samples were analyzed

for complete blood count (including hematocrit, hemoglobin, and red blood cell measures) by the
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Vanderbilt Translational Pathology Shared Resource using a Forcgtgzan (Oxford Science,
CT, USA). Mouse organs were removed, saving the pancreas and duodenum for further analysis
and fixing other organs in 10% formalin for histologic analysis. The pancreas was weighed after
removal, frozen, lyophilized, and weighed egfor pancreas wet/dry weight analysis. The
duodenum was washed with a saline solution containing 0.16 mg/mL heparin to remove excess
blood. The tissue was then weighed and homogenized in 1 mL of saline/heparin solution. The
tissue was centrifuged at 10{x for 15 minutes at 4°C. Supernatants were removed and assayed
for hemoglobin content using a Hemoglobin Colorimetric Assay Kit (Cayman Chemical No
700540) according to manufacturersodo instruct.i
stained witthematoxylin and eosin by the Vanderbilt Translational Pathology Shared Resource.
For Evans Blue measurements, 2 minutes aftBiPs{or saline) injection, mice were injected
with 50 uL of a 0.5% (wt/v%) Evans Blue solution in saline that had been ditteted through
a 0.45 um filter. After sacrificing mice at 30 minutes piogction, livers were removed,
weighed, and then incubated in 1 mL formamide for 24 hours at room temperature. A 50 uL
aliquot of formamide for each sample was then transfeaeddwell plate, and Evans Blue
absorbance was measured at 610 nm using a plate reader (Tecan, Mannedorf, Switzerland)
Clodronate Liposome Studidsor animal studies involving clodronate fireatment, %2
of the mice were injected both i.v. and i.p. w00 pL of Clodronate Liposomes (Cedarlane,
Burlington, Canada) 24 hours prior teN#P treatments. Both normal mice and clodrotiegated
mice were then either injected withNPs or saline 24 hours later and sacrificed 30 minutes after
si-NP injection Organs and blood were collected and processed as described above.
PAF ELISA Mouse EDTAtreated blood samples were centrifuged at 3,000xg for 10

min at 4°C and plasma was removed for ELISA analysis. Mouse PAF ELISA kits were
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purchased from LifeSpan Biognces (Seattle, WA, USA). Plasma samples were assayed in
duplicate according to kit manual using 50 pL sample per welliFaitro PAF release assays,
mouse bone marrowerived macrophages (BMDMs) were extracted from the femurs and tibias
of healthy fenale FVB mice sacrificed at8 weeks of age. Bone marrow was flushed out with
DMEM using a 5 mL syringe and collected in DMEM on ice. The cell suspension was
centrifuged at 1000xg for 5 min and the pellet was resuspended in 2 mL ACK Lysis buffer and
incubated for 2 minutes. The lysis solution was then diluted in 20 mL warm DMEM (37°C) and
centrifuged again at 1000xg for 5 minutes. BMDMs were thesuspended in 10 mL of BMDM
media (DMEM, 10% FBS, 1% PenStrep, 1%glutamine, 14% (1:1 v/v) L929 media wekk
and week 2 media (created by culturing L929 murine fibroblast cells in complete DMEM and
collecting media after 7 days of incubation [week 1] and again 7 days later [week 2]). The cells
were then seeded in a 96 well plate at 2xcs per well. BMDMs were polarized to M1 by
incubation with M%inducing cytokines’® Briefly, 7 days after seeding (after replenishing media
on day 2 and day 4), M1 BMDMs received media supplemented with 0.1 pg/mh IFdhnd O .
ng/mL LPS. 24 hours later, media was removed, cells were washed, and 100/R§I\sere
introduced to cells. Ce$upernatants were sampled at 30 minutes and 24 hours¢atshent
and assayed using mouse PAF ELISA Kits.

PAFR Activation StudiesReadyto-Assay Platelet Activating Factor Receptor Cells
(Millipore Sigma, Burlington, MA), were thawed and seeded a0d@! cells per well in a 384
well plate according to manufacturer instructions. Cells were then washed with HBSS (20 mM
HEPES) and loaded with FLIPR Calcium 6 dye (dissolved in HBSS [20mM HEPES, 2.5 mM
probenecid] and incubated for 2 hours according t®?R.Calcium 6 kit instructions. $iPs

were prepared at 100, 50, 25, and 12.5 nM siRNA (finaleii concentrations) in a separate
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384well plate; and ABT491 was prepared &25nM in an additional plate. Fluorescence from
calcium influx was assayed usitige Vanderbilt High Throughput Screening Facility, on a
Panoptic instrument. Five uL AB#91 or saline were first added to the cells, incubated for 5
minutes, and then 12.5 pL ofNiP preparations, saline, or PAF positive control were added to
the cells,and fluorescence was recorded once per second for 30 minutes following particle
addition.
Tumor Mice Sevenrweekold female BALB/c mice were implanted with 1xX140T1 cells
per tumor (in 50:50 mixture of serufree DMEM and Matrigel) in the mammary fatpgt
tumors per mouse). Polyplex and micelle treatments were initiated once tumors had reached 150
300 mmi. All tissue processing/endpoint timing occurred as stated above for the PAFR inhibition
studies.
Liver Uptake Relative uptake of 26RPEGDB and PMPGDB particles bearing Cy5
labeled dsDNAs was originally investigated as part of broader biodistribution studies iR tumor
bearing mice' Briefly, the polyplexes were prepared as described above and injected in nude
mice (Jackson Laboratories, Bar Harbor, ME, USA) bearing MiIB:231 tumors in the
mammary fatpad. Mice were sacrificed at 2 hours gitdyplex injections, and organs were
analyzed for Cy5 fluorescence using an IVIS imaging system (PEf&ier, Waltham, MA,
USA).
Ethics StatemenA | | ani mal studies were approved by
Care and Use Committee. All studigsre performed in accordance with the National Institute
of Healthds guidelines for the care and use o
Statistical MethodsUnless otherwise noted, all statistical analyses involved either one

way ANOVA with multiple comparisonsteét>2 gr ou p s ) -testrtwotnileds(R udent 6 s
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groups only). Data are mean with standard error.

4.4  Results and Discussion

The polymers used for this stuqi?MPGDB) were synthesized as previously reported by
ReversibleAddition-Fragmentation Chaiiiransfer polymerizations such that the corona block
contained a roughly 20,000 g/mol hydrophilic, zwitterionic corona, and a core block composed
of a random copolymer of 78 repeating units each of dimethyl amino ethyl mettaayd
butyl methacrylaté? These results were confirmed #y-NMR and gel permeation
chromatography analysis as previously repoftetihe polymers were tested and found to be free
of endotoxin contamination prior to initiation of all studi€upplemental FigureC.S2).
Polyplex nanoparticles (NPs) were prepared by complexing siRNA with polymer at a 20:1
N:P ratio (cationic amines in polymer: anionic phosphates in siRNA), yieldowpdisperse
nanoparticles with an average diameter close to 100~igure 4.1a). This stNP formulation
was previously reported to have an extended circulatiodifealip to 2226 minutes, but also
more toxicities compared to-KiPs prepared at low¥:P ratios or sSNPs prepared with
hydrophobicallymodified siRNAs, with notable liver necroses and elevations in ALT/AST/BUN

markers 24 hours after injectioffs?3
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Figure 4.1 PAFR inhibitor ABT-491 rescues acute toxicities associated with-tigée siNP
injection.A) si-NPs are formulated at N:P 20 by complexing with siRNA at a reduced pH.
Raising pH to 7.4 producesNPs of roughly 100 nm in diameter. B) Upon intravenaijection

of skNPs at high N:P ratio (high polymer dose) and 1.2 mg/kg siRNA, 4 out of 5 mice
experienced fatal toxicities within 1 hour, but all deaths were preventedyjgeton of ABT-

491 10 minutes prior to-$iP injection. C) Gross pathology denstrates obvious vasodilatory
pathology in major blood vessels (yellow arrows) and reddening of intestines (black arrows) in
mice treated with sNPs, but not for those treated with saline or ABJ1. DF) Mice injected

with high-dose siNPs experiencedgificant increases in blood hematocrit (D), hemoglobin

(E), and red blood cell concentration (F) 30 minutes after injection, all of which were abrogated
by ABT-491 pretreatment.

As described above, we had previously noted behavioral changes in mice injected with
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these potent but more toxicNP formulations characterized by lethargy and prostration within
the first hour after injection. These changes bore striking similaritig®tbehaviors noted in
adenovirugreated rats by Xu et &° We therefore sought to interrogate whether the
mechanisms of NP toxicity were also mediated by platelet activating factor, as described for
adenovirugdreated rats.

We pretreated BALB/c mice with either saline or ABA®1 10 mimites intravenously
prior to injecting mice via tail vein with a relatively high dose (1.2 mg/kg) of SiNPs.-A®ITis
a potent and highly specific smaiolecule inhibitor of the platelet activating factor receptor
(PAFR) 176 180f five mice pretreated with salinefpur mice experienced acute, fatal toxicity
within 1 hour of injection, while the fifth mouse perished several hours(ligure 4.1b). Mice
pretreated with ABT491 eperienced no fatalities and no outward behavioral changes
indicative of toxicities Thirty minutes after sNP injection, mice treated with-8IPs but no
PAFR inhibitor exhibited gross pathology changes characteristic of shock and hypotension,
including reddened intestines, dark, congested livers, and dilated (Feguwse 4.1c). Mice pre
treated with ABF491 did not experience these changes and appeared similar to mice treated
with saline only.

Mice treated with sNPs and no PAFR inhibitor experienceagrsficant increases in blood
hematocrit percentage, hemoglobin concentration, and red blood cell concentration at 30 minutes
postinjection compared to saliteeated or ABF491-pretreated miceKigure 4.1d-f). For
some mice in the $NIP treatment grouglood was so concentrated that it was notably more
difficult to withdraw by cardiac puncture compared to satieated or inhibitor préreated
mice. We observed hematocrit percentages of up to 60% inkie seatment group, which

matched the peak herocrit levels previously observed in adenovitiesated ratst’°These
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blood hemoconcentration sympterwere indicative of shock. Shock is known to cause
increased vascular permeability, which leads to leakage of plasma fluid in tissues and resulting
hemoconcentration. Hemoconcentration is also one of the hallmark side effects of administration
of PAF intravenously-8!

Increased permeability resulting from shock can lead to ademrgans, and Gl tract
effects including increased duodenal hemogldBiwe noted increases (though not statistically
significant) in the pancreas wet/dry weight ratio for silk¢ated mice compared to inhibitpre-
treated micg€Figure 4.2a). We further confirmed these symptoms of tissderea by pre
injecting mice in each treatment group with Evans Blue dye five minutes aNé& seatment
and measuring the absorbance of the dye in liver homogenates 30 minutesN#teresitment.
Evans Blue is an albumibinding dye that can be usemldssess vascular permeability and
plasma leakage into tissué® Mice treated with siNPs had significantly increased Evans Blue
dye absorbance per géivtissue compared to salireated mice, while AB#91 pretreated
mice did not have increased dye absorbdRagure 4.2b). These results indicate that ABO1
pretreatment rescued mice from siftiRluced vascular permeability. siNReated mice also da
nearly four times higher hemoglobin concentrations in their duodenums than mice in the saline

only treatment or PAFR inhibitor piteeatment group@-igure 4.2c).
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Figure 4.2 Mice injected with higkdose siNPs exhibit signs of organ vasocongestion,

vasodilation, and edema, all potential effects of vasoactive actions ofAy Mice injected with

si-NPs exhibit signs of tissue edema, demonstrated by a slight increase gegyenareas

wet/dry ratio (B) and significant increase in duodenum hemoglobin concentration, each of which
were normalized by ABB91prei nj ection. C) Accumulation of
mice 30 minutes after treatment withN#Ps, saline, opretreated with ABF491 10 min prior to

si-NP injection. D) H&E staining demonstrated increased red blood cell presence and congestion
in liver, kidney, lung, and spleen tissues of mice treated witPsi compared to salitecated
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or ABT-491 pretreatel mice 30 minutes after-8lP injection.

Histologically, these results were confirmed by evidence of significant congestion in
multiple organs of mice receiving siNPs ofisigure 4.2d). Notably increased amounts of red
blood cells were visible by H&E stang in the liver, kidney, lungs, and spleen of these mice.
Once again, mice preeated with ABT491 did not experience histologic changes compared to
mice receiving saline only.

Taken together, these data suggest that PAF plays a significant role in the acute toxicities
caused by higldose siNP injection. Inhibition of PAFR completely rescued mice from
polyplexassociated toxicities such that there were no phenotypical or pgittadldifferences
observed between ABZ91/siNP-treated mice and salirteeated mice. Additionally, we have
demonstrated that the acute toxicities resulting freMPsireatment are symptomatic of sheck
like conditions including vasodilation, hemoconcatitin, and vascular edema. These
symptoms virtually match the symptoms observed in mice and rats treated with high doses of
adenovirus vectors. Just like the symptoms observed in the adenovirus case, the shock was
apparent upon first exposure to siNP tnegants and thus not the same as anaphylactie, IgE
mediated shock.To our knowledge, this work is the first to demonstrate PAF involvement in
nonviral nanoparticleelated toxicities.

The PAF receptor is found on variety of immune cells, including neutspglosinophils,
macrophages, and plateléts.1’¢ Activation of PAFR by its ligand can induce neutrophil
degranulation and/or inflammatory releasea$oactive agents such as leukotrienes or nitric
oxide 183 However, the exact mechanism of R&Buced vasodilation is variable and poorly
characterized®* We measured blood samples for increases in the vasoactive agents including

nitric oxideandhistamine, but did not find significant increases in any of these mediators
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(Supplemental FigureC.S5A-B). We did observe an increase in myeloperoxidase activity in si
NP-treated mice, indicating possible neutrophil degranulation, but the increase was not
significant Supplemental FigureC.S5C). We did not observe toxicitgssociated changes in
white Hood cell counts at 30 minutes post siNP injec{Bapplemental FigureC.S6A-D). In
rabbits, PAFR activation can induce platelet aggregation or degranulation, but because rodent
platelets lack the PAFR, we did not observe changes in platelet cBupisiémental Figure
C.S6B).

Because of the presence of PAFR on multiple types of immune cells, we hypothesized
that the acute toxicities we observed upeNBiadministration might be dependent on mouse
strain. Others have shown, for example, that mice stta@ihave THL biased macrophages
clear nanoparticles from circulation more slowly than-biesed mice, leading to starkly
different pharmacokinetic and biodistribution profiles for the same nanoparticles in different
mouse strains® We therefore injected C57BL/6 mice with the samBIBiformulations and
measured the effects of PAFR inhibition on blood hemoconcentration, pancreas edema, and
duodenal hemoglobiFigure 4.3). While Balb/C mice are generally more prone teZHype
responses, C57/Bl6 are Thbiased Overall, we found that the shodike toxicities asociated
with stNP administration were consistent with data present&tjimre 4.1 and therefore not
strainrdependent. Mice treated withNPs experienced significantly increased hematocrit,
hemoglobin, and red blood cell concentratidfigj(re 4.3a-c), while ABT-491 pretreatment
completely abrogated these vasoactive effects. Similarly, there was significantly increased
pancreas edema for siNReated mice and slightly increased duodenal hemoglobin for the same
group Figure 4.3d-€). Thus, the PAFRnedated effects of NP administration are consistent

across disparate mouse strains.
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Figure 4.3 Vasodilatory and edemzlated toxicities and impact of PAFR inhibition are not
limited to the Balb/c straimA-C) Injection of siNPs in C57/BI6 mice resulted in significant
increases in hematocrit, hemoglobin, and red blood cell concentration 30 naiftatésjection.
These effects were abrogated by inhibition of PAFHE)BC57/BI6 mice injected with -MPs
also exhibited significant increases in pancrease wet/dry ratio (D) and slight increases in
duodenum hemoglobin (E), which were reduced by PAF®itidn.

To further understand the involvement of PAFR #NBtinduced toxicities, we measured
levels of PAF in the blood of-$iP-treated mice compared to salitreated mice. Thirty minutes
postsi-NP treatment, mice experienced significant increasdlood PAF levels, in the range of
6-8 ng/mL Figure 4.4a). Because of the severe hemoconcentration causeeN#® seatment,

obtaining sufficient blood for PAF ELISAs was challenging. Therefore, blood from the most
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severely affected mice was not able to be sampled, so the blood concentration in PAF may have
increased even higher for those mice. PAF can be letdakat as low as 0.36 pmol/kg, so it is
reasonable that this PAF concentration would cause increased systemic td&icifieis. data
suggests that systemic administration eMlBis induces systemic release of PAF.

Because macrophages are one of the cell types known to release PAF, we stimulated
mouse bone marrowerived macrphages (BMDMs) with sNPs for 24 hours and measured
PAF release into cell medi&igure 4.4b). We found a significant increase in PAF in the media
of skNP-treated cells compared to salitreated cells, suggesting that macrophages may be one
source of P4 releasedh vivoin mice.

We also hypothesized that owN#Ps themselves might be capable of agonizing the PAF
receptor. The polymer corona of thes&\8is is made up of zwitterionic, phosphorylcholine
moieties, and the chemical structure of platetéivating factor itself contains a prominent
phosphorylcholine. Additionally, there have been examples in nature of bacteria using PAF
mimicry to engage the PAF receptor. For examptegptococcus Pneumoniases
phosphorylcholine moieties in its cell wad bind PAFR, block PAF signaling, and prevent
inflammatory neutrophil reactior$?* 85Additionally, other phosphorylcholine derivatives have
been shown to induce some RMEe activities such as neutrophil activatitid We therefore
treated Chenri cells overexpressing recombinant PAFR with increasing dosedN&fssand
used an intracellular calcium dye to measureréigoence from calcium influx (indicative of
receptor activation). None of theP concentrations increased fluorescence area under the

curves compared to saliteeated miceKigure 4.4c).
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Figure 4.4 siNPs stimulate PAF release and do not directly agonize the PAF red&pRalb/c

mice injected with sNPs display increased PAF concentration in blood samples 30 minutes
after injection. B)In vitro, mouse BMDMs stimlated with 100 nM siNPs exhibited increased

PAF release into culture media after 24 hours of polyplex treatment. C) Introduction of 100, 50,
25, and 12.5 nM dNPs to Chenl cells overexpressing PAFR did not cause calcium efflux,
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resulting in no change e fluorescence area under the curve compared to-sadeted cells.

These data suggest that\dPs do not directly act on the PAF receptor but instead
stimulate systemic release of PAF, which then acts on its receptor to mediate vasoactive changes
leading to siNP toxicities. Release of PAF has been shown to causedépsmdent increases in
vascular permeability and hemoconcentration:e?

PAF can also be released when cells of the mononuclear phagocyte system (MPS) are
activated by phagocytosing materidl Nanoparicles in the 100 nm size range are welbwn
to be cleared from circulation by the MPS, particularly by Kupffer cells of thefhupffer
cells reside intravascularly in liver tissue and serve as a filter for the Bldadhe case of
adenovirusmediated shock, Kupffer cells were found to be responsible for PAF rél€ae.
hypothesized that the same cells evolutionarily primed to fight virus invaders might also respond
similarly to siRNA nanoparticle engulfment.

We therefore used clodronate liposomes to selectively inhibit Kupffer cells. Clodronate
liposome treatment can cause specific depletion of liver macrophages because liposomal
encapsulation allows for an otherwise tohilic drug €lodronate) to pass through the cell
membrane upon phagocyto&i$ Clodronate [posomes are not toxic to other cell types as they
do not extravasate into tissues and are only taken up by intravassiting phagocytic
macrophages in the lung, spleen, and [iér.

We found that préreatment of mice with clodronate liposomes (Clod) prevented shock
toxicities associated with intravenousN\#? injections Figure 4.5). Clod-prereated mice
receiving intravenous-$Ps did not experience significant elevations in hematdeiguge

4 .5a), duodenal hemoglobi©b), or blood PAF levels4(5c), with respective to Clotreated
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mice receiving saline only. These data suggest that the macrophages of the MPS are primary
mediators of the PAfrelated shock toxicities associated with SiNP injection. The Kupffer cells
of the mouse liver, upon stimulation with intravenous siNPs, refeAseinto the blood,

resulting in release of PA&ssociated vasoactive signaling and resulting symptoms of

hypotension, edema, and tissue congestagufe 4.5D).
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Figure 4.5 Pretreatment with clodronat@goosomesabrogates gNP-related toxicities. A) Mice
pretreated with Clod liposomes 24 hours prior to injection do not experience significant
elevations in blood hematocrit 30 mi after intravenou$Riinjection. B) Mice prédreated with

Clod liposomeslo not experience significant increases in duodenal hemoglobin after intravenous
si-NP injection. C) Clod prreatment prevents increase in blood PAF levels aftdiPsi

injection. Note that PBS and-NiP group data are also featured in Figure 4.4a. b@¢®atic of
proposed mechanism for PARediated effects upon-BiP injection.

Kupffer cells are a natural defense system for pathogenic, immunoreactivesinetho
invaders, which are similar in many ways to nanoparticle drug delivery systetfn addition

to adenovirugriggered release, PAF has also been shown to be released from rat Kupffer cells in
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response to zyosan particles, antiboelyoated erythrocytes, immune complexes, Baddella
pertussis so it follows that other nanomaterials could also be a trigger for PAF réféase.
Particle endocytosis may not be directly causing PAF release, however. One study found that
antibodycoated erythrocytestimulated PAF release from Kupffer cells even when phagocytosis
was blocked by cytochalasin B, indicating that membrane signaling but not phagocytosis itself,
may trigger PAF releasé&®

In the case of adenoviruses, Kupffer cell uptake of viral vectors was also associated with
Kupffer cdl death.!”*While we did not gplore Kupffer cell viability in this study due to short,
30 minute posinjection evaluations, our previous work indicated elevated AST/ALT levels and
histologically-evident liver damage in mice treated with multiple rounds of less stable, high
polymer dae siNP formulation&? Kupffer cell death may be further associated with increased
PAF signaling Kupffer cells are known to release PAF in response th-@©Guced
inflammation*® It is possible that a combination of membrane signaling, phagocytosis, and
Kupffer cell death may result in nanomatesémulated PAF release.

As this work is the first documentation of the role of PAF in ipemntclerelated
toxicities, the exact mechanisms of downstream PAF signaling are ripe for further investigations.
PAF has been shown to stimulate release of leukotrienes from rat Kupffer cells, and
prostaglandin E2 in neutrophils, both of which can stateulascular permeability and
hypersensitivity reaction$° PAF release may also be regulated by positive feedbackdoibes
same macrophages with PAF receptors may also secrete PAF in response to PAFR
stimulation!®! These studies point to potential mechanisms involved in nanopaeiated
toxicities.

While our data reveals a new connection between PAF andisiftiffed acute toxicities
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in mice, we wanted to determine whether these-Réd&ted mechanismsere generalizable to
other polymeric nanoparticles and to determine the dependency of the shock symptoms on
polyplex structure. If the PAFelated symptoms were primarily initiated by Kupffer cell
interactions, we hypothesized that other polymeric namiofes should also stimulate PAF

related symptoms. As stated previously, the siNPs used in this work were composed of a unique,
phosphorylcholinebased corona surface with apékponsive, endosomolytic polymer core
(PMPGDB). We therefore investigated athative polymers containing either the same
endosomolytic core component with a 20 kDa poly(ethylene glycol) (PEG) corona component
(20k PEGDB), or polymers containing the same phosphochddmsed corona with a
hydrophobic, norendosomolytic core compent (PMPCBMA) (Figure 4.6a). We additionally
included in our assessment a commercial polymengvotransfection reagenin Vivo JetPEI
(IVJP), which contains poly(ethylene imine), though the actual structure is proprieiguye(

4.6a). PEI is conglered a gold standard siRNA transfection reagent and is capable of triggering
endosomolysis via the proteaponge effect with its cationic polymer components. Both 20k
PEGDB and PMPEBMA were synthesized by RAFT polymerization to contain 20 kDa
coronas ad core components of roughly-28 kDa. These results were confirmedByNMR,

and a table of polymer characteristics is provide8upplemental FigureC.S7a. The 20k PEG

DB polyplexes were formulated similarly to PMIB at the same siRNA dose. PMBBIA,

which had a hydrophobic core and no siRi@mplexing ability, was prepared in PBS and
matched to PMPHB formulations/dose based on polymer mass. 20k PEG DB and PMPC
BMA particles also matched PMPC DB based on particle size, with diameters of rougmynl10
(Supplemental FigureC.S7). 1VJP was injected at 2 mg/kg, deliberately above the

manufacturerods dose recommendations, due to
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associated with this IVJP do%e.
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Figure 4.6 PAFrelated effects are generalizable to other polyplex structures, particularly in
inflammatory breast tumor models) si-NPs from previous figures containing an
endosomolyticore and zwitterionic corona were compared to nanoparticles containing either
the same endosomolytic core and a PEGylated corona, or the same zwitterionic core and a
hydrophobieonly, norendosomolytic core. Commercial transfection reagemtvo-JetPElwas
also investigated due to the known toxicities of cationic siRNA carrie3) Banoparticles

were compared in both normal mice and 4T1 tubvearing mice. 4T1 tumdpearing mice had
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significantly elevated levels of white blood cells, particularly repitils. D-G) In normal mice,
alternative nanoparticles did not exhibit significant changes in hematocrit, hemoglobin, red
blood cell concentration, or duodenum hemoglobin concentration. H) In some normal Balb/C
mice, slight increases in blood PAF concatitm were detected relative to salineated mice.-|

K) In tumorbearing miceln Vivo-Jet PEI injection stimulated significant increases in
hematocrit, hemoglobin, and red blood cell concentration compared to-tsated mice,

effects which were abgated by preéreatment with ABT491. L) Mice treated witlhn Vivo-Jet

PEI had significantly elevated duodenum hemoglobin, but not thodesated with ABT491.
Individual mice in groups treated with 20k PEG DB and PMBNIA nanoparticles also

exhibited éevated duodenum hemoglobin and M) elevated PAF blood concentrations.

We investigated PAfrelated symptoms in both normal, strmor-bearing BALB/c mice
and in BALB/c mice bearing 4T1 mammary tumdrg(re 4.6b-c). Relative to normal mice,
4T1-tumor bering mice have significantly elevated white blood cell counts, particularly for
circulating neutrophils, leukocytes, monocytes, and eosinophils, all of which have PAF
receptors. We had previously observed enhanced toxicities frbifd sijection in 4T1 tmor-
bearing mice and therefore hypothesized that the abundance of inflammatory cells in tumor
bearing mice may prime them to increased Rélated toxicities.

In normal BALB/c mice, none of the alternative polymeric nanoparticles caused changes in
hematodt, hemoglobin, or red blood cell concentratidiigure 4.6d-f). Similarly, there were no
changes in duodenum hemoglobin concentratioorgan congestiofFigure 4.6g,

Supplemental FigureC.S8 and no statistically significant increases in blood F&\Mels

relative to salingreated miceKigure 4.6h). However, one mouse in the 20k PEG DB group and
three mice in the PMRBMA group did experience PAF levels aroun® hg/mL in the blood,

which matches levels observed in PMB8 (siNP)}treated mice. Thee data suggest that other
polyplexes may be capable of initiating PAF release into the blood, but not to the extent required
for significant blood concentration and shock. These data also suggest that the combination of a

phosphorylcholindbased corona @nan endosomolytic core may somehow increase-PAF
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mediated shock, since the endosomolytic core (20k PEG DB) and phosphorylcholine corona
(PMPGBMA) individually did not induce the same level of symptoms in mice as both elements
together.

In 4T1 tumorbearng mice, on the other hand, treatment with high doses of commercial
transfection reagent IVJP resulted in significant increases in blood hematocrit, hemoglobin, and
red blood cell concentratiofrigure 4.6i-k), indicating shock in these mice. Rreatmentwith
ABT-491 completely abrogated these blood changes in-tkéHeed mice, indicating
involvement of the PAFR in IVJRelated toxicity. We also noted similar behavioral changes in
the mice treated with IVJP compared to mice treated with PIAB{siNPs),including
lethargy, inactivity, and prostrated body positioning. Mice treated with IVJP also had
significantly increased duodenum hemoglobin concentration, which was prevented B40ABT
pretreatment Eigure 4.61). There were slightly increased signsbddod congestion in the livers
and kidneys of IVJRreated mice, but not tumorSypplemental FigureC.S9). Finally, for the
IVIP-treated mice, sufficient blood for PAF ELISAs was difficult to procure due to blood
concentration and was therefore only aseddor 2 mice. However, in one of the I\fRated
mice, blood PAF levels were increased up to 18 ng/mL, higher than any measured values for
PMPGDB (siNP)}treated miceKigure 4.6m). Notably, one tumebearing mouse in each of the
20k PEGDB and PMPEBMA groups experienced elevations in both duodenal hemoglobin and
PAF blood levels, suggesting that these mice may also have experienceddeisted
responses to nanopartidtaipffer cell interactions.

Our data indicate that the role PAF plays in nanogarthediated toxicity is
generalizable to other types of polymeric nanoparticles, particularly in mice bearing

inflammatory tumors. Tumebearing mice that were injected intravenously with IVJP exhibited
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strong evidence of PAFelated shock symptoms, artese symptoms were completely
prevented by préreatment with ABFT491. Additional tumoibearing mice in the PMRB8MA
and 20k PEG DB groups exhibited symptoms of increased duodenal hemoglobin and had
elevated PAF blood levels. Although non tumor bearingerdid not significantly react to
nanoparticle treatments, there was some evidence of slight PAF blood concentration increases
for mice in the 20k PEG DB and PMFEMA group.

The reasons for the increased sensitivity of-twonor-bearing mice to PMPOB
patticles compared to PEGylated or rRendosomolytic counterparts are unclear. We have
previously shown that PMROB particles exhibit much higher tumor uptake compared to
PEGylated particles with equivalent pharmacokinefiadhen these same particles were loaded
with fluorescent DNA, the livers of mice receiving PMIBB exhibited significantly lgher
fluorescence than the livers of mice receiving 20k PEG 8ipplemental FigureC.S10. This
increased Kupffer celinediated uptake may be the cause of the increased&&tEd toxicities
observed after PMPOB siNP injection in this study. The incied uptake is thought to be a
result of differences in the physicochemical properties and molecular structures between PEG
and PMPC. While both are hydrophilic surface coronas, water tends to organize-likeage
structures around PEG, but maintains @snmal molecular organizaticaround PMPC#
Additionally, the presence of phosphorylcholine moieties in PMPC may increase interactions
with cell membranes, which contgamospholipids witlphosphocholinenoietiesthemselves and
the liver is known to activelgngage in choline recycling?

However, norendosomolytic PMP@BMA particles also did not activate PAElated
toxicities to the extent of PMROB particle despite the presence of the zwitterionic PMPC

corona. This could indicate that pidsponsive, endosorytic capabilities of nanoparticles can
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increase the Kupffer cell PAF response. Others have shown that the innate istimutatory

effects of adenovirus administration i n mice

ability to achieve endosomalepe 1% Endosomal or lysosomal rupture caused by nanoparticles
can result in mitochondrial disruption aadtivation of inflammatory pathways such as the
NLPR3 inflammasomé! **Any of these inflammatory effects may further provoke PAF

related cardiovascular changes in mice.

While no studies have yet connected nanoparticle toxicities to PAF, there have been
multiple reports of nanocarriers inducing toxiegithat may hint at PAF involvement. For
example, multiple studies have reported rapid fatalities within the first hour of injection of PEI
polyplexesalthoughthis lethality is often blamed on pulmonary clotting due to cationic polymer
componentst®® ’However, other irdepth studies dh vivo PEl-mediated toxicities have
shown evidence of liver necrosis, shock, and smaller aggregates of CD11b+ cells and platelets,
without major lung obstructio®®® Cationic additives like cetyl trimethyl anomium bromide
and soyaethyl morpholinium ethosulfate in nanoparticle systems have been shown to provoke
neutrophil inflammatory responsisvitro.1®3 Other types of nowationic nanocarriers have also
been shown to induce pootilynderstood cardiovascular changes in mice, including carbon
nanotubes, acrylic polymers, and mesoporous sii®o®°Our work suggests that the role of
PAF in the response to intravenous nanocarriers should be further exoloather types of
nanomaterials.

One mechanism of intravenous nanopartielated toxicity we have yet to discuss is
complement activatiorelated pseudoallergy(CARPA), which can induce cardiovascular
changes and leukopenia, particularly in pigs,oltiave large amounts of pulmonary

intravascular macrophages (PIM$) While we did not specifically explore CARPA for the si
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NPs in this study, we have previously shown that ciPs do not adsorb complement
proteins?® The siNPs in this study notably also did not cause changes in white blood cell counts
(Supplemental Figure 4.S6), indicating that PARelated toxicities may be independent of
CARPA phenomena. The role of complement in nanopamngdiated hypersensitivities has
recently been called into question, as-aaisorptive PEGylated polymers and lipogsnsan still
induce the release of inflammatory thromboxanes and leuokotrienes from PIMs iff pifsle
humans, like rodents, have Kupffer cells instead of PIMs, there have also been many similarities
between liposoméduced hypersensitivity reactions in both humans and pigs. Like the reactions
explored in our work, these hypersensitivity reactiogsr lsome resemblance to anaphylactic
shock, but with no prior exposure to injected agétt€ur results suggest thimvolvement of
PAF, the PAF receptor, and Kupffer macrophages should be investigated further in
hypersensitivity reactions to these nanomedicines.

The increased PAFelated sensitivity of tumelbearing mice to IVJP is likely a result of
the expansion d?PAFR-bearing cells in these mice. 4T1 tumors are particularly malignant and
can stimulate expansion of CD11b+ cell populatith3.hese tumors are also known to sensitize
mice to anaphylactoitype reactions in response to adenovirus treathiéis increased
sensitivity may also ¢ay over to human cancer patients. In human cancer patients, there are
often elevated platelet counts and an increased risk of clotting due to the secreticolottiog
factors by tumor macrophag&8.Unlike rodent platelets, human platelets do possess PAFR and
this hypercoagulative state in human cancer patients could therefore increase nanoparticle and
PAFmediated toxic décts. Indeed, adverse events reported in the Phase lafithldtial for
cancer patients receiving cyclodextbased siRNA carrier CALAA1 included

hypersensitivity and Gl effects such as ischemic colitis and diatffiéaere are additional
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reports of hypotensicrelated adverse effects in cancer patients injected with adenovirus
vectorst’® Additionally, the impact of PAF and vasodilatioglated nanocarrier toxicities on
cancercell intravasation/extravasation may be an important future topic of study, as the other
metalbased nanoparticles have already been shown to promote breast cancer niatastasis
by disrupting cadherin interactiof®. The inflammatory, vasoactive responses induced by PAF
could pose another means by which nanoparticles might promote cancer metastasis.

Our results suggest that inhibition of PAFR may help prevent intravenous nanomedicine
associated toxicities. Prophylactieatment protocols are already the norm in the clinical
translation of nanomedicireOnpattro, the only FDApproved siRNA nanomedicine, requires
pretreatment of patients with corticosteroids to dampen immune activVaitiile no PAFR
antagonists have yet been clinically approved in the U.S. rupatadine is a combination anti
histamine and PAFR inhibitor approved for use in other courtie€3Our results suggest that
PAFR inhibitors such as AB491 or rupatadine may find new clinical benefit in the field of

nanomedicine.

4.5 Conclusion
Overall, this work provides compelling evidence for the role of PAF in sSiRNA
nanopolyplexinduced toxicity. To our knowledge, PAF has never been connected to synthetic,
nortviral nanocarrier toxicities associated with intravenous injection. We have shatvhAF
release is dependent on nanocarrier interaction with Kupffer cells and that the presence of
malignant tumors can predispose mice to fAd¢diated toxicities. We have also shown that
PAF-related toxicities are generalizable to other types of polynmemocarriers, indicating that

this may be an unrealized or unetudied toxicity mechanism for other types of particles.
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Inhibition of PAFR prior to nangolyplex administration can completely prevent acute shock
associated toxicities in mice, suggegtapotential novel strategy for clinical management of

adverse events related to siRNA nanomedicines.
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CHAPTER V

Conclusion

5.1  Chapter Summariesand Impact

In the first aim of this dissertation (Chapter Il), we hypothesized that alternative
hydrophilic coronas to conventional 5 kDa PEG could significantly improve polyplex
pharmacokinetics, tumor uptake, and tumor bioactivity. Electrostaticatiyplexed polyrar-
siRNA complexes face general delivery challenges related to poor intravenous stability and
reduced tumor uptake. Polyplexes are frequently destabilized by serum proteins or by anionic
proteoglycansg® Circulation halflives of polyplexes are further shortened due to clezdy
the mononuclear phagocyte system (MPS), which can be assisted by general protein adsorption
or complement activatioff® Hydrophilic surface coatings like PEG can also decrease tumor
uptake due to reduced interactions with cell membr&hés.

In this chapter, we present néwuling, zwitterionic, phosphorylcholinbase coronas as
a viable alternative to PEGylation. This work is the first comprehensive benchmark of
zwitterated, PMP&ased polyplexes against PEGylated polyplexesfeivo pharmacokinetics
and tumor bioactivity. We demonstrated that both high moleawgaght PMPC and high
molecular weight PEG coronas could impart circulation-Inadfs five times as long as
conventional 5000 Da PEG coronas. In mice containing human triple negative breast tumors,
PMPG-corona polyplexes achieved greater than 75% luciéekasck down sustained for over a
week with only one intravenous injection. The PMP&3ed polyplexes oyterformed both high
and low molecular weight PEG polyplexes in terms of both tumor knockdown and tumor cell

uptake. Our data demonstrate that PMP®@meas can be used to both extend circulation half
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|l ives and overcome the APEG dilemmao of reduc

demonstrate the advantages of PMPC polyplex coronas over PEG polyplex coronas of equal

molecular weight. These pgilexes take advantage of the EPR effect in tumors for improved

tumor biodistribution, since they lack active targeting. While the EPR effect has been shown to

be heterogenous across cancer types, studies have demonstrated its existence #{Rtifitens.

heterogeneity of the EPR effect across pasiéaghlights the need for improved polyplex

circulation time and enhanced cell uptake properties, because polyplexes that circulate longer are

more likely to accumulate at the site of a tumor. Our work presents PMPC, a component of other

FDA-approved bioraterials, as a promising alternative to PEGylation for cancer nanomedicines.
The second central hypothesis of this work was that polyplex circulation and toxicity

could be optimally balanced by adjusting poly

of both siRNA and polymer components. Our work on the previous hypothesis yielded

polyplexes with undesirable toxicities which we associated with the high N:P ratios utilized

throughout. We hypothesized that the relatively high doses of polymer cagtaationic

components in SiRNA polyplex (8lP) formulations contributed significantly to their toxic

effects in mice and therefore sought to find less toxic formulation alternatives that preserved si

NP activity. Problems associated with toxicity andrpiecokinetics are not unique to our

polyplex systems. Cationic formulation components are known to cause membrane damage,

serum aggregation, and acute, inflammatoryivotoxicities** *2°Indeed, CALAAO1, one of

the few polymeric siRNA nanocarriers to undergo clinical testing, circulated intravenously for

less than 30 minutes and was terminated from clinical development due to significant toxicity

hurdles®” While most efforts to improve these aspects of polyplex performance have

traditionally relied on the testing of large alternative polymer libraries, we have focused on the

142



largeimpact of small changes to existing components of polyplex formulatiéhs.

This work built on a foundation of previous work demonstrating that conjugation of
hydrophobic palmitic acid moieties to sSiRNA and inclusion of hydrophobized siRNAs in already
hydrophobic polyplex cores (dual hydrophobization) coiddificantly improve the circulation
time and tumor gene knockdown of polyplex systéh@ur work, however, is the first to study
t he i mpact of #fdu thétoxibity af siRNA haodedrriera in theoconbext of n
varied N:P ratios. We demonstrated that for electrostatically and hydrophobically complexed si
NPs, increasing N:P ratio from 10 to 20 significantly increasédstirculation haHife, despite
these formulations having equivalent size, charge, and encapsulation efficiencies. We have also
demonstrated that addit i groachasignifiantlyiethharcésthey dr o p h
pharmacokinetic area under the curve (AUC), particularly for polyplexes at lower N:P ratios of
10 or 15. These data indicat-&lsatNPabithfidu al hyd
palmitic acidsiRNAsto achieve the sae AUCs as sNPs at N:P 20, while reducing the total
amount of polymer in the formulation. This polymer reduction also manifested as a reduction in
hepatic toxicities. This work is also the first to demonstrate-teng toxicity impacts of
repeated admistration of zwitterionic, phosphorylcholine coreoantaining siNPs. Dual
hydrophobized sNPs at an N:P of 15 were w#tllerated over the course of six intravenous
administrations in one month. These optimized formulations haddiddigher tumor ufake
in MDA-MB-231 xenografts thaim Vivo-JetPEI® carriers, a commercially available polymeric
siRNA delivery system. This chapter was a thorough analysis of the impact of formulation
parameters on nanocarrier pharmacokinetics and toxicity and furthelopest dual
hydrophobization as a strategy for future polyplex systems to limit toxic polymer side effects.

The third major part of this work (Chapter 1V) further investigated the mechanisms of
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toxicity caused by sNPs at high N:P ratios. While the wddatured in Chapter Il highlighted
methods for overcoming-8P toxicity based on dual hydrophobization, the luciferase gene
knockdown achieved in this work was much lower than that of the more toxic formulations
utilized in Chapter Il. Therefore, in th®pes of further improving the overall therapeutic
window of siNPs, we sought to further understand the mechanismN? sinduced toxicities.
Based on observed symptomatic similarities between mice treated with high-tibe and

mice treated with hig dose adenoviruses, we hypothesized that platelet activating factor (PAF)
plays a mechanistic role in-KiP toxicity. PAF has been shown to be released by Kupffer
macrophages in response to systemic adenovirus vector injection and is a potent lipidrroediat
vasodilation and shock response in both rodents and mice.

The work described in Chapter 1V is the first to connect PAF to the toxicity mechanisms
of nonviral nanomedicines of any kind. We have extensively characterized the rapid, acute
toxicitiespresent upon higdose siNP injection, including vasodilation, hemoconcentration,
edema, and organ congestion. We have shown that inhibition of the PAF receptor (PAFR) with
ABT-491 completely prevented nanocarassociated toxicities. We have additidyal
demonstrated that PAF is secreted into systemic circulation by Kupffer macrophages upon
stimulation by siNPs, and that the-8iPs do not activate PAFR directly. We have shown that
this phenomenon is generalizable in inflammatory tubearing mice to tlher nanocarrier
materials, such as commercially availaiple/ivo-JetPEI.

This work has broad implications for the field of nanomedicine. We have highlighted and
characterized a novel mechanism elN§ toxicity, providing a foundation for future nanoger
designs to reduce this toxicity. We have also demonstrated that prophylactic treatment with a

PAFR inhibitor can prevent-NP -associated toxicities. As prophylactic steroid treatments are
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already in use for clinicalhapproved siRNA nanomedicinegjravork outlines a potential

clinical strategy for increasing the therapeutic window of siRNA nanocatffers.

5.2  Shortcomings

Overall, this work has developed a novel polyplex surface corona and a more stable and
safe formulation of this polyplex, while also characterizing the mechanisms of peigpleced
toxicities. While it is a significant addition to the field of polyplexsed drug delivery, the work
also contains several shortcomings that merit discussion.

First, the polymers themselves utilized in this study possess a number of characteristics
that would impede their clinical translation. Although RAFT polymerizatidngkly regarded
as a controlled polymerization technique that yields monodisperse polymer populations, we and
others have experienced significant batztbatch variability among polymer preparaticfs 22
Industrial production opolymers would have to significantly control for this variability to obtain
reproducible polyplex nanocarriers. To overcome this challenge, we have extensively and
carefully characterized our polymer preparationdHNMR and gel permeation
chromatograpip (GPC). However, for the polymers containing PMPC blocks, we were unable to
characterize corona molecular weight with our GPC system due to insolubility of these polymers
in the dimethyl formamide (DMF) mobile phase. Thus, for more thorough moleculantweig
characterization of PMRContaining polymers, we would have to use a system containing an
even more hydrophilic mobile phase and adequate, controlled standards.

Additionally, all the polymers used in these studies are not biodegradable. THerang
effects of accumulation of nemodegradable polymers in cells and tissues is poorly

understood?® Future work could also incorporate biodegradable moieties in the polymer
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backbone to improve their tolerability and letegm safety in living organisms. Future studies
could incorporate fluorescent rhodamine acrylate monomers to further understand {tezrfong
fate of polymers in the body. Another significant limitation a$ tivork that would benefit from
fluorescent polymer labeling, is that all biodistribution studies were completed usiniglégyed
DNAs. Thus, all biodistribution and tumor uptake studies have tracked nucleic acid cargo, but
not polymer carrier. Future wshould also track polymer components. Additionally, because
Cy5 is a relatively bulky, hydrophobic fluorophore, it may significantly alter polyplex stability
and uptake, particulariy vitro. Future studies should identify fluorophore alternativesahat

less likely to exert hydrophobic forces on the polyplex preparations.

The polyplex formulations used in this study also have batdiatch variability and can
range in average size, varying by as much a$(@Dnm between batches. We have overcome
this problem by thoroughly characterizing each polyplex batch using dynamic light scattering
prior to use. However, this may be prevented in the future by use of microfluidic mixing
systems, such as the NanoAssemblr, to ensure more uniformity of mixirgsebly of
polyplex component&* Additionally, thepolyplexes used in these studies must be made fresh
for each experiment and are not yet conducive to-teng storage. This shortcoming may be
overcome in the future by extensive lyophilization studies to identify appropriate excipients that
will preservepolyplex size, charge, and encapsulation efficiency upontiemy storage and +e
constitution in diluent®

While the overall average size of the polyplex formulations used in these studies was
consistently around 100 nm, ideal tumor accumulation and uptake BEyPReffect may require
development of slightly smaller formulations closer to the78m rangé® Smaller polyplex

formulations are more amenable to extravasation in the leaky tumor endothelium, while particles
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greater than ~40 nm are too large to be filtered through the kidneys. This shortcoming may also
be solved by future usage of a microfluilanoAssemblr system, which has been shown to
improving packaging of siRNA in particles and may also reduce overall particl&%ize.

A final notable shortcoming with this work is associated with the conjugation of palmitic
acid to siRNA. While we have demonstrated that hydrophobized siRNAs significahtipan
polyplex formulations, the preparation of these SiRNAs comes at a high expense with significant
loss of sSiRNA in the purification steps. Because efficient conjugation requires high molar
amounts of palmitic aciNHS, there remains significant weaded palmitic acid left in the
crude reaction mixture. This palmitic acid can be effectively removed through multiple rounds of
filtration and column purification, but each purification step results in a significant loss of the
final product, giving total ields of around 50%. Future work must optimize the purification
steps to reduce the high cost of production of palmitic-ai&NA conjugates. This may be

achievable through the use of modified bases in custom oligonucleotide synthesis reactions.

5.3  Future Work and Potential Applications

Future work associated with the research described in this work will further optimize si
NPs for intravenous tumor delivery through a variety of strategies, includingrsslinking
(covalent or hydrophobic), alternative zwitterionic corona chemistries, strategies for Kupffer cell
avoidance, and albumibinding coronas. Additional work mamprove the EPR effect through
the use of focused ultrasound on the tumor microvasculature. Further work is needed to
understand the impact of PAFR inhibition on gene knockdown efficacyN®sj with potential
for significantly increasing the maximumi¢oated intravenous dose. Finally, future studies will

apply stNPs forin vivoknockdown of Rictor in mouse models of Triple Negative Breast
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Cancer, with the goal of better understanding the therapeutic potential of selective mTORC2
silencing.

Becauseur polyplex drug delivery systems are formed by-nowalent, electrostatic
and hydrophobic complexing between polymer and siRNA, they remain on the lower end of the
spectrum for nanoparticle circulation tinf@$While we were able to extendNP haltlives to
25-30 minutes, many common micellar systems or solid nanoparticle systems circulate with half
lives on the order of hours or days. One potential solution to this problem that is the subject of
ongoing workis to develop crosknking strategies in the polyplex core that will provide greater
circulation stability. A range of options exist toward this strategy including theesmonsive
poly (N-isopropylacrylamide) [pNIPAAmM], cyclodextdbased guesghost chenistry, and the use
of reducible crosslinking by addition of pyridyl disulfide monomers to the polyplex?€7€.
An additional strategy that we have explored as part of ongoing work is tloé auskeird, 100%
hydrophobic polymer block such as poly(propylene sulfide) to further increase the core stability
through stronger hydrophobic interactions. The use of these strategies may also improve the
silencing efficiency of polyplexes and thereblpel for a reduction in the amount of cationic
monomer needed for gene knockdown. The reduction in the cationic components would also
potentially further improve polyplex toxicity. The pyridyl disulfide strategy was recently
incorporated in polymersome sgsts with similar polymer components to those of tHeRs
used for this study, resulting in nanocarriers that could be repeatedly delivered with minimal
toxicity.210

A second strategy for further optimization ofN#Ps may be to incorporate alternative
types of zwitterionic surface chemistidesamely sulfobetaines and carboxybetaines.

Sulfobetaines pose chahges related to their limited solubility in solvents other than water.
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Sulfobetaines have been incorporated as steric shielding for solid silica nanopatrticles, as well as
in DMAEMA -based polyplexe&!: 212Carboxybetaines have found wider applicationsé t

realm of nucleic acid delivery: 213 214These polyneric materials could be investigated as
alternative coronas for reduced activation of Fr@Rted toxicity mechanisms. While we have
hypothesized in this work that the PA€leasing effects are associated with increased Kupffer

cell uptake of PMP&oronapolyplexes, alternative zwitterionic coronas may have lower

affinities to Kupffer cells and therefore be less inflammatory.

Another strategy for reducing polyplex association with Kupffer cells is to incorporate a
Adondt eat meo s i lyghasabkeen provento redsce hagdcytosiseih i ¢
nanomateriald!®>?¥invivob CD4 7 fs el f 0tlypedusdd clehmancsdf gni f i can
nanoparticles and improved both their circulation-tiaéfs and delivery to tumore® These
Afsel fo peptides bind phagocytes and inhibit
Chapter IV, incorporation of CD47 or other phagocyteswucing agents may significantly
reduce siNP-associated toxicities and increase the amount of fB{gp that can be safely
injected. Incorporation of other types of peptides to the polyplex corona, such as albumin
binding peptides, may also significantly enhance the circulatiodifeatif polyplexes.

Another strategy we have begun to explore fgoriowving polyplex tumor uptake is the
use of focused ultrasound to enhance vascular leakiness. Focused ultrasound (FUS) has already
been used to improve drug delivery across the blood brain b&frigowever, the use of FUS
for solid tumors outside of the brain remains ursteidied. Given the heterogeneity of the EPR
effect, clinically translatable strateg to improve nanomedicine accumulation at the site of a
tumor are needed.

The work on toxicity mechanisms outlined in Chapter IV also suggests that an important
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subject for future work is the impact of PAFR inhibition oiN§l efficacy. In other wordsloes
use of ABTF491 as a prophylactic treatment foi\dP toxicity impact the sNP silencing
efficiency in tumors? Additional studies could explore whetheity@@ment with ABT491
allows for significant increases in thedP dose of administrationighificantly increasing the
si-NP dose could enhance tumor gene silencing beyond currently achievable levels.

The development of safe, efficacioud\d?s is a work in progress. However, this work
has demonstrated t hat usaegies atdoer N:@ tadosorprey dr op ho
treatment of mice with a PAFR inhibitor could significantly improv&lBi tolerability.

Additionally, it is worth noting that SNPs containing 20 kDa PEG coronas did not significantly
cause release of PAF and still acieid significantly improved tumor uptake and gene
knockdown compared to 5 kDa PEG coronas. Thus, the use of 20 kDadPEdming

polyplexes as a less toxic alternative to PM&@ona polyplexes is worth further exploration.

The development of improvedRNA nanocarriers is critical for interrogation of the
therapeutic impact of inhibiting specific molecular targets. One such target, as mentioned in
Chapter I, is Rictor, a subunit of mMTORC 2. While small molecule inhibitors of mMTORC1
(rapalogs), and mTORIKZ2 (dual kinase inhibitors), currently exist, there are no small molecule
inhibitors specific for mMTORC2. Thus, the impact of specific mMTORC?2 inhibition in TNBC is
unknown. Dual inhibition of mMTORC1/2 has shown more clinical promise than mTORCL1
singular nhibition, which failed to improve clinical outcomes over chemotherapy &léne.
MTORCL1 inhibition is also associated with relief of feedback inhibition on Akt and development
of resistance. However, mTORC1/2 dual inhibition has been shown to leave iesisignt,
cancer stem cellke population, primarily da to mTORC1 inhibitior?*® Our previous work has

shown that selective inhibition of Rictor in combination with lapatinib treatment, significantly
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slowed the growth of HERaAmplified breast cancers. We have also demonstrated preliminary
data that selective Rictor inhibition eftévely reduced tumor growth in at least one model of
triple negative breast cancer (TNBORur optimizedsi-NP delivery technology will be uniquely
capable of the first investigations of the therapeutic impact of individual mTORC2 silencing

across multiple subypes of TNBC.

5.4  Conclusion

In 2019, just 21 years since the discovery of RNA interference andealdgrears since
the publication of the full sequence of the human genome, we now live in a truly remarkable age
of Agenomic medicine. 0 Gene therapy holds gre
rare disorders to fuedevelogrgrd dof RMADased therapeuticshHasar g e t
seen a rocky road from idea to reality, but our understanding of the delivery challenges and
toxicity mechanisms is constantly advancing and improving.

The work described in this dissertation has focused on strategies to improve the
circulation, tumor gene knockdown, and tolerability of sSiRNA nanocarriers. We have
demonstrated the benefits of zwitterionic polyplex coronas for achieving greater efficadigin
tumors compared to PEGylated counterparts. However, we have also extensively characterized
the toxicity of these advanced nanomaterials.
charge ratio optimization as strategies to significantly imptbeestability and safety of
polymeric nanocarriers while preserving their efficacy. We have also characterized a novel PAF
related mechanism of nanopartitlased toxicity previously only known to occur in response to
adenoviral vectors. Each componenthi$ work enhances our understanding of how to increase

the gap between minimum efficacious dose and maximum tolerated dose of SiRNA nanocarriers.
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Maximizing the therapeutic window of sSiRNA nanocarriers will enhance our ability to
interrogate novel genettargets across many disease states and will pave the way for a

revolution in versatile, molecularyargeted RNAI therapeutics.
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APPENDIX A

SUPPLEMENTARY MATERIAL FOR CHAPTER Il
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(CDCI3), PMPC and POEGMA peaks (labeled) were integrated relative to known DMAEMA

and BMA lengths (from DB ECT NMR). DMAEMA:BMA ratios of ~50:50 were confirmed
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_ 20kPMPC - 20k

Supplemental Figure A.SI TEM images of polyplex suspensioaisN":P 20, 0.5 mg/mL

polymer, counterstained with 3 % uranyl acetate. All scale bars represent 200 nm. TEM confirms
DLS data that particle sizes are in 1080nm rangeNote that dried particles atgpically

smaller in appearance on TEM than hydrated particles measured by DLS.
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Supplemental Figure A.$ Alternative polyplex coronas (N 20) improve stability in FBS
compared tdraditional 5k PEG coronas. (A) Over 100 minutes, polyplexes remain stable in 10%
serum. In 30% serum (B), polyplexes are partially destabilized over longer time periods, with no
significant differences between PMPC, POEGMA, and 20k PEG coronas.
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Supplemental Figure A.% Hemolysis panel of polymer libraat lower concentration of
polymer. Polyplexes were formulated atiN ratios of 20:1. Polyplexes at 5 pg/mL polymer
showed similar hemolytic properties to 40 ug/mL samples. Results represent average of n=3
experiments.
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Supplemental Figure A.S Cell viability in MDA-MB-231s 48 burs post polyplex
introduction All polyplexes maintained greater than 75% cell viability. Polyplexes were
delivered with 100 nM scrambled siRNA at:N 20.
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Supplemental Figure A.® Raw ITC panelPanels display raw thermodynamic ITC data, with

pcal/sec on the y axis and time on the x axis. Each peak represents heat change associated with a
10 pL injection of 15 mg/mL BSA (exothermic is negative).
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Cationic 10k 20k 10k 20k
Control FBS only 5kPEG 20kPEG PMPC PMPC POEGMA POEGMA

Supplemental Figure A.9.0 Gel retention assay of FBiScubated polyplexe®olyplexes
(100nM siRNA, N:P 20) were incubated with 5% FBS and run oragarose gel, which was
then stained for protein using SYPRO Ruby. The cationic control exhibits intense protein
staining within the loading well, while the appearance of binding to all other polyplexes was
negligible and appeared similar to the FBS oniytoal.
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Supplemental Figure A.91 Tissue biodistribution of Cy¥SIRNA 20 min posinjection.Data
represent average of n=5 animals. Polyplexes were administered at a dose of 1 mg/kg SiRNA,
N*:P 20.
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Supplemental Figure A.9.2 Body weight measurements of tumor bearing niiteughout 10
day study period show that there were no significant differences in body weight between mice
receiving differenpolyplex treatments.
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Supplemental Figure A.9.3 Biodistribution of PEGylated vs zwitterated polyplexes at 24 hours
in tumorbearing mice (NP 20). At 24 hours, although 20k PMPC DB and 20k PEG DB
average fluogscence values in tumors were both higher than 5k PEG DB, there was no
significant difference between the high molecular weight coronas.
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Supplemental Figure A.94 Percent of cells taking up polyplexasvitro over time. 20k PMPC
polyplexes penetrated nearly 100% of cellsitro after only 4 hours, significantly more than 5k
PEG or 20k PEG polyplexes.
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APPENDIX B

SUPPLEMENTARY MATERIAL FOR CHAPTER Il

Supplementary Tablel Sequences of Relevant Oligonucleotides

Oligonucleotide

Sequence (5’ to 3')

Fluor- Sense

dGdTdCdAdGdAdAdAdTdAdGdAdAd

Fluor- Sense Amine

Fluor- Antisense

dTdCdTdAdTdTdTdCdTdGdAdC

Scrambled- Sense

rCrGrurUrArArUrCrGrCrGrurArUrArA

Scrambled- Sense Amine

Scrambled- Antisense rArUrArCrererGrurArUmurAmuUrArC
rGrerGrArUmUrAmArcmGmAmc
Luciferase- Sense rCrArArurUrGrCrArCruUrGrArUrArAru

Luciferase- Sense Amine

Luciferase- Antisense

*Key: [Fluor]= [A488], [A546], or [Cy5]; d= DNA base; r= RNA base; m=
backbone 2’0-methyl modification; [SAmMMCGE]= 5’ amino modifier
“All oligonucleotides were sourced from Integrated DNA Technologies
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Supplemental Figure B.4 PMPCDB CharacterizatioffA) GPC of the monodisperse core DB
ECT polymer block in DNF. (B) *H-NMR spectra of PMPMDB polymers in MeOD. Each
identified peak of interest corresponds to 2uidless otherwise noted. PMPC peaks were
guantified by comparison to known quantities of DMAEMA and BMA in the core polymer block
(integrate peak b a@t2.66 and set at the number of repeating units of DMAEMA multiplied by 2
[152 in example shown]; integral of peakdid.R4) and g(§3.76) each indicate the number of
repeating units of the MPC monomer times two [~138 in example shown]. The number of
repeaing units of DMAEMA and BMA were determined Bii-NMR as indicated in previously
published work).
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Supplemental Figure B.2 Additionalin vitro characterization(A) P(MPGbl-DMAEMA -co-

BMA) polymers were freef endotoxin contamination. (B) At 48 hours afteiN$? introduction

and 24 hours after-8iP removal, cell viability was recovered at all doses except 300 nM, where
N:P raticdependent toxicity persisted. (C) AkNIPs exhibited significantly increasedll

uptake compared to equivalent doses of lipofectamine 2000 (n=3, p<0.01).
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Supplemental Figure B.S Incubation of NPs in 40 U/mL heparin or 50 wt% bovine serum
albumin (BSA) for 10 mirdid not significantly shift NP hydrodynamic size. NPs formulated at
10 (A), 15 (B), 20 (C), 10 PA (D), 15 PA (E), or 20 PA (F) retained size distribution in the
presence of heparin or alboumin challenge.
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Supplemental Figure B.2 Additional NP pharmacokinetic and biodistribution analy&g.
Extended nonlinear regression curves for each &Bulation. (B) Logphase pharmacokinetic
curves are linear, demonstrating single phase decay kinetics. (C)Total radiant efficiency values
for each organ from mice injected with each siNP formulation reveals significantly lower kidney
accumulation for 2BA and 15PA siNPs compared to siNPs at 20 (n=5, p<0.05).
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Supplemental Figure B.S Repeat NP treatments did not cause variation in body wéghly
weights of mice injected with (A) 3 doses of 1 mg/kg NP dweeek or (B) 6 doses of 1 mg/kg

NPs over 1 month. No significant changes in body weight were detected for mice treated with
any of the formulations.
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Supplemental Figure B.$ No CBC differences were detected for any NPs tested in the
repeated treatment protocdqA-F) Complete blood count for mice subjected tmjgction

dosing course.(&) Additional complete blood count valuesciuding (G, J) eosinophils (EO),
basophils (BA), reticulocytes (RETIC); (H,K) mean corpuscular volume (MCV), mean platelet
volume (MPV), and red cell standard deviation (RSD); (I,L) and hematocrit (HCT), platelet
distribution width (PDW), red cell distrittion width (RDW), and plateletcrit (PCT) for a 3
injection course (8) and a 6injection course (lL).
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Supplemental Figure B.S Histopathology of mice from the-time treatment cours@ll scale

bars represent 1Gm. (A) Kidneys from mice treated with all formulations of NPs were rated as
normal. (B) Lung and spleens also showed no changes from-s&lated mice. Here only the
saline and 20 PAtreated mouse organs are shown. (C) @fi€e treated with 15 PA

formulations, only a single instance of focal necrosis was observed. In thet28aP&d group,
areas of focal necrosis were larger and present in 2/5 mice.
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SiNP Focal Single Cell | Single Cell
Group: Necrosis | Necrosis (3- | Necrosis (1-
6 foci) 2 foci)
PES 0 0 0
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ccCl,

Supplemental Figure B.S Liver histology grading after-éijection course(A) Slides were
graded by a blinded veterinary pathologist for focal necroses or-sialjleecroses. (B) Livers
from mice treated with C&lvere used as a piase control and displayed a high level of

necrosis.
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Supplemental Figure B.Q T Cells and B Cell§A) T cell and (B) B cell percentages in the
livers of mice treated with 6 injections of each siNP formaftathdicate no significant change in

the percentages of infiltrating adaptive immune cells.
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Supplemental Figure B.9.0 Representative flow cytometry plots for gating and measurement of
liver lymphocytes.Cells were pregated on live, single lymphocytes. (A) Myeloid dendritic cells
were gated as CD11b+ CD11c+. Nmyeloid dendritic cells GtmDCs) were CD1HCD11c+.

(B) Macrophages and neutrophils were-geged from CD11b+ CD11c. Macrophages were

then gated for F4/80+ Ly6& while neutrophils were Ly6G+. (C) T cells and B cells were gated
as CD5+ B220and CD5 B220+ , respectively. Cell populations were quantifisghercent of

live, single immune cells
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Supplemental Figure B.2.1 Immunogenicity of PMP&ased NP formulation§erum samples
from mice treated with longirculating 15 PA and 20 PA siRKNP particles show no evidence of
antibody production against phosphocholine (n=3, p<0.01)
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APPENDIX C

SUPPLEMENTARY MATERIAL FOR CHAPTER | V

poly(DMAEMA- o
co-BMA), T=0 T
0.0800 c| |d d 3 b
a b | o _ Q—f_
| ” Wl
JC d
| -N {
® 5 4 3 [ppm]
poly(DMAEMA-
co-BMA), T=24 ' . N
02814 ~_.§ S—IDMAEMA}—{I!M%UII
0 ef| || h

6 5 4 3 [ppm]

Supplemental Figure C.2 H-NMR of synthesis of poly(DMAEMAco-BMA). Monomer
conversion was calculated based on the disappearance of monomer peaks, as shown ((0.9899
0.2614)/0.9899). CDG#bolvent.
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Supplemental Figure C.2 *H-NMR demonstrating synthesis of poly(BMAYlonomer
conversion was calculated based on the disappearance of monomer peaks, as shawn. CDCI
solvent.
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Supplemental Figure C.8 H-NMR characterizations for each RAFT polyngitized in this
work. TopPMPGDB, solvent MeOD. Middle pane2Ok PEG DB, solvent CDglBottom
panet PMPGBMA, solvent MeOD.
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Supplemental Figure C.8 PMPCGDB polymers were free of endotoxin contaminatias
determined by the chromogenic LAL test (GenScript).

Myeloperoxidase
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Supplemental Figure C.$ Mice treated with sNPs exhibited no signs of increased plasma
histamne (A) or nitric oxide (B). Myeloperoxidase activity was slightly increased (indicated by
reduction in TNB substrate) compared to satieated mice. (C)
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Supplemental Figure C.% Additional complete blood count information forNP-treated and
ABT-491-prettreated miceincluding total white blood cells (Apeutrophils (B), lymphocytes
(C), monocytes (D), and platelets (E).

180



Polymer % Monomer Total Mn
DMAEMA:BEMA DP (g/mol)
in si-NP Core
PMPC-DB 50:50 MPC:70 42961
D:78
B:78
PMPC-BEMA 0:100 MPC: 70 35149
D:0
B:100
20k PEG DB 50:50 D:80 43592
B:80
B
>1°71— pMPc DB
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Supplemental Figure C.S SiNP Characterization Dat®) Table of polymer characteristics,
including Mn and degree of polymerization (DP)) .S curves of each-hP formulation
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Supplemental Figure C.8 Additional H&Es for BALB/c mice treated with eachSP
formulation.Scale bars= 100 um
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Supplemental Figure C.9 Additional H&Es for BALB/c mice bearing 4T1 tumors and treated
with each siNP formulation.Scale bars= 100 um
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