THE DESIGN, SYNTHESIS, AND EVALUATION OF ZWITTERIONIC AND CATIONIC
LIPIDS FOR IN VIVO RNA DELIVERY AND NON-VIRAL

CRISPR/CAS GENE EDITING

APPROVED BY SUPERVISORY COMMITTEE

Daniel J. Siegwart, Ph.D.

Joseph M. Ready, Ph.D.

Jinming Gao, Ph.D.

Uttam K. Tambar Ph.D.



DEDICATION

To my family, and everyone who helped me get here.



ACKNOWLEDGEMENT

There are so many people to thank for their contributions to my development as a person
and a scientist during my Ph.D. studies at UT Southwestern. I genuinely believe that this is the
most important section of my dissertation, as without the contributions and support of so many
people, the realization of this personal and scientific achievement simply would not be possible.

I would like to thank my advisor Dr. Daniel Siegwart for your continuous scientific and
professional support and guidance, and most importantly patience with my scientific development
over these last five and a half years. It has truly been an honor to grow and develop together as
your first graduate student and to be able to contribute to building a research program from the
ground up. Thank you for giving me this opportunity.

I also want to thank all of the members of the Siegwart Lab, past and present, particularly
Drs. Yunfeng Yan, Kejin Zhou, Petra Kos and Hu Xiong who provided invaluable advice and
support as postdoctoral advisors. Thank you for letting me talk your ears off with many questions
over the years and for your continued willingness to help in many ways. I will cherish the
relationships that we have developed.

I would also like to thank all of the members of the UT Southwestern Chemistry
community (faculty, students, postdoctoral researchers, and administrators) with whom I have had
the pleasure of interacting over the course of my studies. Your willingness to share your time,
guidance, reagents, and equipment have been critically important and appreciated as we slowly
built our research program. In particular I would like to that my dissertation committee Drs. Joseph
Ready, Jinming Gao, and Uttam Tambar, as well as Dr. Mike White who provided important

guidance throughout my studies that aided my developed as a scientist. I am truly grateful. I also



want to thank my friends at UT Southwestern and in Dallas who helped to keep me sane throughout
the challenges of graduate school.

I would like to thank the many collaborators with whom I have had the pleasure of working
over the years. These relationships have helped to provide very important perspective and to shape
me as a scientist. In particular I want to thank Dr. Hao Zhu and his students Shuyuan Zhang and
Dr. Liem Nguyen who really helped to bring our biological studies to a much higher level, and to
quickly accelerate the translational potential of our delivery platforms. Many of our biological
studies would not have been possible without your contributions and I am grateful for having had
the opportunity to work with you in their development.

Finally, and most importantly, I want to thank my family for their continuous love, support,
and probably most trying for them, patience throughout this process. Obviously, none of this would
be possible without you guys and it means the world to share this accomplishment with you. This
has certainly been an eventful five and a half years but no matter what challenges we face, I am
glad that we have each other, no matter what. Mom and Dad thank you for all that you have done
and continue to do to support me throughout my life. Thank you for always being there whenever
I need anything. Your love and support are truly examples for which to strive and emulate as we
begin our own family. Kyle and Tyler, I admire all that you have achieved and your willingness to
chase your dreams inspires me every day to be better. Lauren, I love you so much and I am so
proud of everything that you have accomplished! I know that without your love and support I
would not have been able to complete this Ph.D. It took a bit longer than expected but finally that
time has arrived! Here’s to continuing our crazy life adventure together, but doing so in the same

city!



THE DESIGN, SYNTHESIS, AND EVALUATION OF ZWITTERIONIC AND CATIONIC
LIPIDS FOR IN VIVO RNA DELIVERY AND NON-VIRAL

CRISPR/CAS GENE EDITING

by

JASON BRIAN MILLER

DISSERTATION

Presented to the Faculty of the Graduate School of Biomedical Sciences
The University of Texas Southwestern Medical Center at Dallas
In Partial Fulfillment of the Requirements

For the Degree of

DOCTOR OF PHILOSOPHY
The University of Texas Southwestern Medical Center at Dallas

Dallas, Texas

May 2018



Copyright
by
Jason Brian Miller, 2018

All Rights Reserved



THE DESIGN, SYNTHESIS, AND EVALUATION OF ZWITTERIONIC AND CATIONIC
LIPIDS FOR IN VIVO RNA DELIVERY AND NON-VIRAL

CRISPR/CAS GENE EDITING

Publication No.

Jason Brian Miller

The University of Texas Southwestern Medical Center at Dallas, Graduation Year

Supervising Professor: Daniel John Siegwart, Ph.D.

Abstract: The delivery of nucleic acids is an emerging therapeutic modality in clinical
development for the treatment of many genetic diseases. The use of RNA interference (RNAI1) as
a therapeutic is an exciting and rapidly developing field that offers a promising alternative to small
molecule drugs for the treatment of dysregulatory diseases, including cancer. Small interfering
RNA (siRNA) can be designed against any mRNA target, and upon loading into the RNA-induced
silencing complex (RISC) can enable sequence-specific target recognition and

degradation. Meanwhile, messenger RNA is currently being utilized for protein replacement

vil



therapy and for the development of vaccines by expressing viral antigens on dendritic cells.
However, because RNA molecules are unable to passively diffuse across plasma membranes due
to a high molecular weight (~13 kDa for siRNA, >300 kDa for mRNA), hydrophilicity and strong
anionic charge, while also being unstable and highly immunogenic when injected systemically,
nucleic acid therapeutics require carriers for effective delivery. To date, many successful carriers
have been designed using amphiphilic lipid-like compounds containing amine-rich cores, but the
challenges of efficient endosomal release and delivery to organs outside of the liver remain major
hurdles in the field of RNA therapeutics.

This dissertation reports the design, synthesis and characterization of two new classes of
lipids with unique chemical structures and in vivo RNA delivery capabilities to the lung:
zwitterionic amino lipids (ZALs) and cationic sulfonamide amino lipids (CSALs). ZALs contain
an amine rich core, hydrophobic tails introduced via conjugate addition or epoxide opening, and a
zwitterionic sulfobetaine head group. ZALs were designed with a combination of cationic and
zwitterionic lipid properties, to help stabilize and effectively deliver long RNA molecules. A lead
compound, ZA3-Ep10, was effective for in vivo messenger RNA delivery and the first reported
demonstration of in vivo non-viral gene editing by delivering mRNA components encoding the
CRISPR/Cas gene editing platform. CSALs contain a unique chemical scaffold containing an
internal quaternary ammonium group and a sulfonamide linker. A rational investigation of
structure-activity relationships revealed that CSALs containing an acetate sidearm, a dimethyl
amino head group and higher hydrophobic content were effective in delivery siRNA to human
cancer cells in vitro. CSALs also demonstrated lung localization upon systemic delivery in vivo

while also demonstrating the ability to redirect liver targeting ionizable lipid nanoparticles to the
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lung. These new classes of materials demonstrate the importance of structural consideration in
material design for the development of nucleic acid therapeutics, while also providing structural

templates for developing carriers for effective delivery to tissues outside of the liver.
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CHAPTER ONE

INTRODUCTION

1.1 Therapeutic potential of nucleic acids

The therapeutic application of nucleic acids offers a promising alternative to traditional
small molecule drugs for a number of clinical indications, including genetic diseases and cancer.
These dysregulatory diseases can be classified as those in which a functional element in the cell is
upregulated (such as an oncogene), downregulated (such as the Let-7¢ or MiR-347 families of
regulatory microRNA (miRNAs) in lung and liver cancers), deleted (such as CFTR in cystic
fibrosis® or dystrophin in Duchenne Muscular Dystrophy®!') or mutated (such as CFTR or
KRASS?P in many pancreatic and colorectal cancers'?), resulting in a malignant phenotype.
Furthermore, many of these therapeutic targets have been classified as difficult to treat specifically
with small molecule drugs or ‘undruggable.” Nucleic acid therapeutics offers a potential approach
for the treatment of these diseases.

Proteins that are deleted or downregulated can be replaced using using viral or non-viral
gene therapy. Non-viral gene therapy can come in the form of plasmid DNA (pDNA) or messenger
RNA (mRNA), which utilizes the cellular transcriptional and translational machinery to express
an exogenous protein. Meanwhile, malignancies caused by overexpression or sequence mutation
of a particular gene offer a therapeutic opportunity to treat with either small or short-interfering
RNA (siRNA) to specifically downregulate the expression, or by using gene-editing approached
to delete the target. The exogenous nucleic acids must be delivered to the cell in order to reach
therapeutic potential. A number of approaches have been developed for clinical translation of this

technology including encoding the exogenous nucleic acid in a viral particle, or delivery using a
1
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non-viral carrier, of which the most potent in class utilizes cationic, ionizable lipid nanoparticles
to deliver nucleic acid payloads to hepatocytes in the liver.!313

Since the initial observation of RNA interference (RNA1) by Fire and Mello'® in c. elegans
in 1998, and subsequent observation in mammalian cells by Tuschl,'” there has been tremendous
investment by the academic, biotechnology, and pharmaceutical industry to harness the power of
this technology to treat human disease.'®! RNAI is a critical regulatory mechanism by which cells
can control the expression of particular proteins using a ribonucleoprotein complex known as the
RNA-induced silencing complex (RISC). The RISC complex is loaded with a short ssSRNA (~18-
27 nt) that is complementary to a target sequence in the transcriptome. When this complex
recognizes its complementary target, RISC will bind and degrade the messenger RNA, thus
preventing expression of the protein. While RNAi functions endogenously using miRNA,
exogenous siRNA can be can be carried out using exogenous small-interfering RNA (siRNA),
which can be designed to target genes in a highly sequence-specific manner. To date, much of the
therapeutic delivery of RNAi molecules has been achieved to the liver using lipid nanoparticles

Currently, the technologies of messenger RNA (mRNA) and genome engineering, which
includes zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENS),
and clustered-regularly interspaced palindromic repeat (CRISPR)-CRISPR associated protein
(Cas) have come to the forefront gene therapy and nucleic acid therapeutics.?® mRNA therapeutics
are currently being explored in the clinic for vaccines, immune-oncology, and for protein
replacement therapies.?! Meanwhile, genome engineering technologies are being used to develop
immune-oncology therapeutics, as well as specific targeting of genetic diseases.??> Unlike RNAi,

the protein machinery in gene editing technologies is exogenous and must be delivered, either as
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a protein or encoded in a pDNA or mRNA. The large size and structure of exogenous mRNA

likely requires a different set of carrier parameters in terms of chemical structure and formulation

composition, which is an active area of research across academia and industry.

1.2 Barriers to the delivery of nucleic acid therapeutics

Despite the great potential of nucleic acid therapeutics for treating a variety of diseases,
many barriers must be overcome for successful clinical implementation of these therapeutics.
Because nucleic acids have a high molecular weight (siRNA/miRNA ~ 13 kDa, mRNA > 330
kDa) are highly hydrophilic and anionic, they are unable to passively diffuse across the highly
anionic hydrophobic cell membranes. In order to stabilize and effectively deliver nucleic acid
therapeutics, several classes of nanocarriers have been developed including polymers,”?* cationic
lipids,**?5 and amphiphilic lipid-like compounds'-®13:26-28 containing nucleic acid-binding amine-
rich regions, and nanoparticle-stabilizing hydrophobic regions. Following systemic delivery,
nucleic acids must avoid degradation by abundant serum nucleases, while the carriers must evade
phagocytosis and renal clearance, extravasate across the vascular endothelial barrier, and traverse
the extracellular space to reach the target cell.!> Effective nanomaterials typically have a size
between 80-120 nm in diameter, and thus are large enough to avoid clearance by the renal system
(< 30 nm), but small enough to penetrate the endothelial pores in rapidly forming tumor blood
vessels using the enhanced permeation and retention (EPR) effect.!* Many challenges including
organ and cell-type specificity, efficient endosomal release, and non-liver targeting remain major

bottlenecks in the field of RNAi therapeutics.
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Figure 1.2.1. Intracellular barriers to the functional delivery of different nucleic acid payloads via nanoparticles.
Adapted in part from Yin et al.*

The most potent class of nanocarriers characterized to date are lipid nanoparticles (LNPs)
comprised of an ionizable cationic lipid-like species, cholesterol, a zwitterionic phospholipid and

PEG-lipid, the most effective of which are able to silence target genes in mouse hepatocytes in the
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liver with an EDs, < 0.01 mg/kg siRNA.2"-? Even some of the most efficacious in vivo carriers
explored to date (C12-200 and DLin-MC3-DMA), which have shown potent silencing of
endogenous target genes in the liver with RNAI, and also the effective delivery of mRNA, were
estimated to allow only 2-3% of siRNA to enter the cytoplasm in cells,**-? while as much as 70%
of the internalized siRNA is exocytosed.’! This suggesting a need to further develop new classes
of materials to gain an understanding of the underlying mechanisms of nanoparticle uptake and
release.

Depending on the type of cargo being delivered, there are different intracellular barriers to
functional delivery. Following uptake through a number of possible pathways including
endocytosis and micropinocytosis,* the nucleic acid cargo must first escape into the cytosol prior
to lysosome formation which would result in hydrolysis of the contents. The two prevailing
mechanisms by which nanomaterials can escape the intracellular vesicle are the proton sponge
effect resulting from the buffering capacity of the amine rich nanomaterials** or a mechanism of
lipid flipping by fusogenic properties during nonlamellar phase transitions resulting in the loss of
contents.** During endosomal maturation, as the pH in the vesicle decrease, this enables the
cationic lipid component of the nanocarrier to become protonated, and interact with the anionic
vesicular membrane causing instability. Hybrid mechanisms have also been proposed whereby
the amino groups in the LNP are protonated leading to simultaneous nanoparticle disassembly and
fusion and disruption of endosomal membrane leading to nucleic acid escape. Following escape
to the cytosol, the identity of the nucleic acid will dictate the barriers to functional delivery.
Plasmid DNA designed to encode a protein of interest must be translocated to the nucleus,

transcribed to mRNA, which then must be exported back to the cytosol and translated into protein.
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mRNA has a kinetic advantage over pDNA in that it bypasses the nucleus and can be loaded

directly into the ribosome for translation of the target protein. Meanwhile, a small RNA must be

loaded into RISC and then guide the complex to its target.

1.3 Lipid nanoparticles as delivery vehicles for nucleic acids

1.3.1 The formulation of lipid nanoparticles

Lipid nanoparticles utilized for siRNA delivery are typically composed of a cationic lipid,
which functions to bind the anionic phosphate backbone of the nucleic acid via electrostatic
interactions, and a number of helper lipids including cholesterol, a zwitterionic phospholipid, and
a poly(ethylene glycol) (PEG)-lipid. There are a number of approaches to the formulation of lipid
nanoparticles and liposomes. The most commonly used methods are the lipid thin-film rehydration
and extrusion method and the ethanol dilution method,*>*¢ while the most clinically translatable
approach to lipid nanoparticles for nucleic acid delivery is the utilization of the ethanol dilution
method using a microfluidic mixing platform.*>-37-° In the ethanol dilution method, the nucleic
acid is dissolved in acidic buffer below the pKa of the cationic lipid, while the lipid mixture is
dissolved in ethanol. These two solutions are rapidly mixed where the interaction between the
siRNA and cationic lipid is driven by electrostatic interactions, while subsequent raising of the pH
to physiological levels causes hydrophobic packing to become the dominant force. Cholesterol a
key component of plasma membranes, residing between lipid tails in bilayers, helps to stabilize
the hydrophobic interactions within the nanoparticle.** The zwitterionic phospholipid plays a
critical role of stabilizing the interface of the hydrophobic and hydrophilic domains inside the

nanoparticle, while the highly hydrophilic PEG chain of the PEG-lipid decorates the shell of the
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nanoparticle, and plays a critical role in preventing nanoparticle aggregation and conferring stealth

properties. This PEG coating results in reduced phagocytosis and activation of the immune system

and increased circulation time, enabling tissue accumulation by the EPR effect.
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Figure 1.3.1. Lipid nanoparticles are formulated by rapid mixing with the aid of a cationic lipid, a structural
zwitterionic lipid, a helper lipid, and a PEG-lipid.

Recent work by Leung, et al.*® coupled electron microscopy with computational modeling
to understand the key molecular interactions in nanoparticle formation. Using DLin-KC2-DMA
SNALPs containing cholesterol, DSPC, and PEG-DMG, they observed that the siRNA resided in

aqueous pockets which were bordered by the polar moieties of the phospholipid and the cationic
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lipid, highlighting the critical role that both the cationic and zwitterionic groups have in forming
stable nanoparticles. The PEG-lipid which forms a hydrophilic shell on the outside of the
nanoparticle reduces protein adsorption in vivo plays a critical role in stabilizing nanoparticles in

circulation.

1.3.2 Development of cationic ionizable lipids for in vivo delivery to the liver

Cationic ionizable lipids when formulated in nanoparticles represent the most efficacious
class of materials for small RNA delivery in vivo, particularly to the liver. Discovery of these
potent carriers has largely been aided by a library-based screening approach for favorable
properties aiding effective RNA delivery. However, the lead compounds in an in vitro screen are
often inefficacious in animal experiments, which is a major hurdle in the discovery of new
materials for therapeutic RNA delivery. Alabi, et al.*' developed a set of biophysical chemical
properties as a predictive measure for effective materials in vivo, as simply relying on in vitro
silencing efficacy does not fully encompass the barriers to delivery of an injected nanomedicine.
A typical chemical approach to building a library of cationic lipid-like materials to identify new
involves a large panel of amines with a specific subset of hydrophobic electrophiles, a variety of
using a library of amines coupled to hydrophobic lipid tails using robust combinatorial chemistry
approaches, followed by in vitro delivery screening, and in vivo hit validation.

Using a broad library, with well-defined, fine structural changes in the amine core and
hydrophobic tails can lead to elucidation and understanding of coupled structure-activity
relationships (SAR) for further carrier development. A non-exhaustive panel of some of the most
potent carriers discovered to date is shown in Figure 1.3.2. These cationic lipid-like species are

formulated with helper lipids cholesterol, DSPC, and PEG-lipid to help stabilize the nanoparticle



9
and enable potent delivery of siRNA to hepatocytes, which is the typical target for in vivo screening

of lead materials.!- % 13-27-42 Mechanistic studies of ionizable lipids revealed that apolipoprotein E
(ApoE)?:4 serves as an endogenous targeting ligand by binding the LNPs and transporting them
to the hepatocytes and internalizes using the low density lipoprotein (LDL) receptor. Interestingly,
this mechanism was not observed in the stronger cationic lipid-like compound 98N12 when

compared to the SNALP DLin-KC2-DMA #
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Figure 1.3.2. Cationic lipid-like materials for small RNA delivery identified through combinatorial chemistry
library screens.



10
1.3.3 The evolution of Stable Nucleic Acid Lipid Particles (SNALPs) for siRNA delivery

SNALPs have been the most effective clinically translated lipid nanoparticle system for
small RNA delivery to date. The clinical driver of this platform has been Alnylam’s development
of RNAI therapies in the liver, where SNALPs have shown potent target silencing in hepatocytes.
Patisiran (ALN-TTRO02), a Dlin-MC3-DMA SNALP delivering siRNA to the liver recently
successfully completed a Phase III clinical trial (APOLLO, NCT01960348)* in patients with a
rare hereditary disease, transthyretin (TTR)-mediated amyloidosis. Regulatory filings are
expected for Patisiran in 2018, aiming to become the first FDA-approved LNP-mediated RNAi
therapeutic.

Heyes et al.*> demonstrated the importance of unsaturated bonds in the hydrophobic tails
of cationic lipids. Comparing an analogous set of two-tailed lipids linked via ether bond to an
ionizable N,N-dimethylamino glycerol head group, the role of the alkyl tail structure on LNP
uptake and delivery was evaluated in vitro. Stearyl tails with fully saturated alkyl tails showed
strong uptake, but no siRNA mediated gene silencing was observed. Meanwhile introduction of
one (DODMA) or two (DLinDMA) unsaturated bonds greatly improved silencing efficacy likely
owing to the ability of these tails to adapt the inverse hexagonal phase more readily. Building
from DLin-DMA, Semple et al.>® modified the spacing between the dimethylamine head group
and linolenyl tails, while introducing a ketal ring linker. Introduction of the ketal ring on DLin-
DMA showed ~2-fold increase in FVII silencing, while extension of the linker length in the head
group by a single methylene to form DLin-KC2-DMA (KC2) resulted in 10-fold improvement.

Interestingly, the silencing efficacy decreased upon further linker length extension, likely due to
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the pKa becoming slightly more basic. This silencing potency was also translated to non-human
primates.

Using KC2 as a template, further improvement of SNALP design was demonstrated by
Jayaraman, et al.?® where using two-tailed linolenyl lipids, a large panel of cationic head groups
was correlated between LNP pKa and in vivo silencing of FVII, and identified DLin-MC3-DMA
(MC3), which contains a single ester linkage between the head and tails, had a pKa of 6.44, and
silenced FVII with an EDs, of 0.03 mg/kg siRNA. This study demonstrated that the optimal pKa
of LNP for in vivo efficacy in hepatocytes should be between 6.2 and 6.5, while this is merely one
of several factors in designing potent nanocarriers.*! Maier et al.?® replaced one of the linolenic
olefins with a biodegradable ester linkage, resulting in the identification of L319 with an EDs, of
<0.01 mg/kg, and pKa of 6.38. Furthermore, pharmacokinetic studies demonstrated that L.319 is
rapidly cleared from tissue and excreted, a major consideration in RNAI therapeutics where the

transient nature of silencing requires repeat dosing for therapeutic benefit.
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1.3 .4 Utility of cationic lipids with permanent positive charges

Cationic lipids bearing a permanent positive charge have also been well-explored for
nucleic acid delivery as components of liposomes and lipoplexes. Silence Therapeutics has utilized
their Atu-PLEX platform, which contains a guanidine head group and two primary amine side
arms to effectively deliver siRNA to the vascular endothelium in the liver, heart, and lung.*
Interestingly, this liposomal formulation uses a diphytanoyl zwitterionic phospholipid in the
formulation. Marina Biotech has also reported a guanadinium-based amphoteric liposome*’ which
when formulated with cholesterylhemisuccinate (CHEMS), cholesterol and PEG-DMPE silencing
in the liver was observed with EDsy< 0.1 mg/kg for FVII. Marina has also attempted to advance
its Smarticles platform, which contains a cationic lipid DOTAP into the clinic with Mirna
Therapeutics for the delivery of a Mir34 mimic for advanced cancer.*8

Nitto Denko* has developed a vitamin-A coupled liposome with the cationic lipid DC-6-
14, which demonstrated effective treatment of cirrhosis in a rat model by targeting hepatic stellate
cells. Due to their ability to easily encapsulate nucleic acids, and well-characterized formation of
liposomal particles, cationic lipids containing permanent positive charge remain of interest in the

developing carriers for RNA delivery.



13

DOPE 0 0 SMARTICLES, Marina Biotech
LipoTrust, Nitto Denko

o] o
N)S/\H NH
— NH. NH <)
\/\/\/\/—M @3 @ Ié HZN/SNHZ

AtuFECTO1 CI© ¢

DPhPE*
Q Q H
W \ N N__O
0N N0 0T 0
/\O o@ . \[r \é/\ j;s
\/\MNV\AA[( Na
PEG-DSPE O

DACC**, ATU-Plex*, Silence Therapeutics

Figure 1.3.4. Cationic lipids with permanent positive charges have been used in liposomal formulations for in vivo
siRNA delivery.

1.3.5 Synthetic zwitterionic materials and their applications

Synthetic lipids can be generally divided into four classes: cationic, anionic, neutral, and

zwitterionic.’*>* Among carriers for nucleic acids, cationic lipids represent the most investigated
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class due to ability of cationic charges to electrostatically bind anionic nucleic acids. Yet,

zwitterionic lipids (such as phosphatidyl cholines) are found throughout nature and are key
components of cellular membranes, organelles, and are involved in cellular transport pathways.*:
4 Furthermore, phospholipids including DSPC and DOPE are critical components of many lipid
nanoparticle formulations. Despite these observations, synthetic zwitterionic lipids have not often
been reported, especially in the context of nucleic acid delivery.

Significant work has been done to demonstrate the non-fouling properties of zwitterionic
materials on surface coatings and in implants.>®> Kim et al.>® when studying the behavior of cationic,
anionic, zwitterionic, and neutral gold nanoparticles observed increased circulation times for
neutral and zwitterionic surfaces. Similar to nonionic non-fouling materials, such as PEG,
zwitterionic groups are highly hydrated, preventing nonspecific interactions.>> The Szoka group’”
% has presented several studies of fundamental zwitterion and lipid properties, but these systems

have not been fully evaluated in drug delivery applications.

1.3.7 In vivo RNA delivery beyond the liver: targeting the lung

Most lipid nanoparticles (LNPs) reported to date demonstrate efficacious in vivo delivery
in small and large animal models only in liver hepatocytes,*® while some materials have been seen
to be effective in other tissues. Designing materials with predictable accumulation and activity in
tissues other than the liver, particularly the lung is of great interest. Dahlman et al.%' reported 7C1,
a low-molecular weight linear PEI functionalized with a hydrophobic epoxide, that effectively
delivered siRNA to endothelial cells following I.V. administration and were effective in lowering
the tumor burden in a primary lewis lung carcinoma (LLC) model when targeting VEGFR-1 and

DII4. Additionally, Fehring et al.* using Silence Therapeutics DACC liposomal formulation
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containing Atu-FECT, cholesterol and PEG-lipid greatly improved survival in an LLC model. Due

to direct access to the lungs through the airway, this is the preferred route of administration for
lung targeted delivery, though the mucosal barrier provides a challenge. Choi et al.*> examined
the effects of nanoparticle charge and size on the ability to be retained in the lung tissue following
aerosol administration. This study showed that particles <34 nm and neutral in charge are rapidly

cleared to the lymph nodes.

1.4 Modified nucleic acids and conjugates

1.4.1 Chemical and structural modifications of RNAi molecules and ASOs

Systemic administration of unprotected RNA molecules results in rapid degradation by
serum nucleases and immune stimulation.®*%* To improve the therapeutic potential of naked
siRNA molecules, a common approach has been the chemical modification of ribose backbone to
impart chemical stability, nuclease resistance, and charge neutralizing properties on the nucleic
acid. These modifications are designed to increase nuclease resistance, reduce activation of the
innate immune system, and improve pharmacokinetics to make the nucleic acid more drug-like.®
Strategic implementation of these chemical modification has proved critical in advancing naked
RNAi molecules and antisense oligonucleotides (ASOs) to the clinic.

Common modifications of the nucleic acid backbone are shown in Figure 1.4.1.
Modifications of RNA at the 2’-hydroxyl position prevents hydrolysis and improves nuclease
resistance, while also improving binding affinity®® and sequence specificity to the target sequence.
Particularly the 2’-OMe and 2’-F modifications are most often utilized in RNAi as these

modifications are acceptable substrates for RISC, clinically translated nucleic acid therapeutics.
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Several other modifications have also been employed in ASOs, which do not require loading into
RISC to effectively change biology in the cell. In one example, conversion of the ribose backbone
to the arabinonucleic acid (ANA), Kalota, et al. demonstrated that by inversion of the 2’-position

has been shown to have increased cytosolic stability and silencing efficacy compared to

unmodified DNA ASQOs.%
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Figure 1.4.1 Some common nucleic acid modifications that protect RNAi and ASO molecules from nuclease
degradation and impart more drug-like properties on the molecules.

The phosphodiester backbone is often manipulated in RNAi and ASO molecules to
increase stability. Conversion of this moiety to a phosphorothioate (PS) is a common approach to
increase nuclease resistance, often at the 3’ and 5’ termini. These modifications are commonly
employed in ASOs and RNAi molecules, especially at the terminal nucleotide positions to prevent

exonuclease degradation. Braasch, et al.®® demonstrated that PO/PS heteroduplexes were more
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stable than PO/PO duplexes in the presence of 50% mouse serum in vitro without changing the
pharmacokinetic properties. Nusinersen (Spinraza, IONIS pharmaceuticals) is an FDA approved
single-stranded ASO that employs a combination of 2’-MOE and PS linkages for the treatment of
spinal muscular atrophy (SMA) via intrathecal injection.*® Another modification of the PO linkage
was reported by Meade, et al.”” where the PO linkages of 2’-OMe and 2’-F modified dsSRNAs were
converted to a charge-neutral phosphotriester bearing a thioester, termed short interfering
ribonucleic neutrals (siRNNs) with improved albumin binding, and in vivo hepatocellular silencing
of apolipoprotein B (ApoB) mRNA when appended with a liver targeting ligand. This technology
is being developed by Solstice Biologics for clinical translation.

Another strategy for RNA stabilization via chemical modification is transformation of the
ribose backbone. Peptide nucleic acids, in which the ribonucleic backbone is converted to a
dipeptide, which is achiral, chemically stable, able to function in antisense applications by steric
inhibitition of translation.”’’> In a locked nucleic acid (LNA), which increases the structural
rigidity the 2’- and 5°- and raises the binding affinity. LNA analogs of RNA are currently being
explored by Regulus Therapeutics, who are utilizing this technology to target miRNAs that are
upregulated in the kidney diseases Alport syndrome (miR-21) and autosomal dominant polycystic
kidney disease (miR-17).>> Conversion of the ribose backbone to a phosphorodiamidate
morpholino oligomer (PMO) which are not natural substrates for nucleases’® and has been
implemented in the clinic as eteplirsen (Sarepta Therapeutics) for the treatment of Duchenne
muscular dystrophy (DMD) using exon-skipping.””””? Lu-Nguyen et al.”” demonstrated that
systemic administration (10 mg/kg for 10 weeks) of a combination of PMOs conjugated to cell-

penetrating arginine-rich B peptide (BPMOs) that targeted both dystrophin for exon-skipping and
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myostatin pre-mRNA resulted in a rescue of dystrophin expression across all tissues and dramatic
therapeutic effects in an mdx mouse model.

Unlocked nucleic acids (UNAs), originally developed by Marina Biotech,* are formed
when the 2°-3” bond of the ribose backbone is cleaved resulting in an acyclic structure. These
nucleic acids exhibit both potent on-target silencing reduced off-target silencing. UNA substitution
was well-tolerated in the 3’-overhangs of both the passenger and guide strand of siRNA, while
UNA substitution at the 5’-terminus of the passenger strand promotes strand specific silencing.
UNAs are currently being clinically developed by Arcturus Therapeutics in a number of
partnerships in its lipid-enabled and UNA modified RNA (LUNAR) delivery platform for both
RNAi and messenger RNA delivery. The cationic lipid component of the LUNAR platform
comprises a two-tailed species linked to a dialkyl tertiary amine via an S-thiocarbamate bridge.?!
Yanagi et al.®? demonstrated reduced tumor size in a xenograft model of colorectal cancer
following systemic LUNAR delivery of PCTAIRE1 siRNA, while systemic administration of
miR-124 to a murine model of glioblastoma produced a pronounced survival benefit by stimulation

of antitumor immune response .3

1.4.2 RNA duplex conformations for RNAi therapeutics

In addition to chemical structure modifications that have been frequently explored, a
number of approaches for modification of the structure of the RNA duplex have been investigated.
These changes in combination with chemical modifications and protective formulations have
enabled a variety of small nucleic acid modalities to be translated to the clinic. Traditional
exogenous RNAi molecules, famously covered by the Tuschl I and Tuschl II patents'®-'° contain a

two-nucleotide 3° overhang on both the sense (passenger) and antisense (guide) strand. These
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overhangs are often converted to deoxyribothymidine (dT) to prevent exonuclease degradation,
while maintaining RISC loading and potent silencing. The vast majority of RNAi-related research
utilizes these structures, but a few other flavors of duplex structures have also been explored.
AtuRNAI, a technology implemented by Silence Therapeutics®*-%¢ in clinical translation uses blunt-
ended RNA to limit exonuclease degradation. The lead clinical candidate Atu027% was a
liposomal formulation using the AtuFectO1 cationic lipid, which with an AtuRNAI targeting kinase
N3, in the vascular endothelium, which was evaluated for advanced solid tumors. This platform
advanced to Phase I/II in Europe for pancreatic cancer, but no longer appears as part of Silence’s
research program. Dicerna has developed an asymmetric RNAi molecule termed Dicer substrate
RNA (DsiRNA),¥” which is has the advantage of preferentially loading the antisense RNA strand
to improve silencing outcomes. This technology was delivered by an undisclosed LNP by Dudek,
et al.¥” to silence of B-cateninin and reduced liver tumor burden in a mouse model. As outlined

above, ASOs and ssRNAs have already been clinically developed.
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Figure 1.4.2. RNAi molecules can adopt a variety of conformations. Traditional siRNAs or miRNAs

contain 2 nt 3’ overhangs following processing by Dicer, while blunt-end and asymmetric molecules
have also been explored.
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1.4.3 Conjugates for siRNA delivery

siRNA conjugates are another extensively explored method in clinical development of
nucleic acids.®® These conjugates can function by promoting target specific organ accumulation
or cell-type specific uptake, or endosomolytic siRNA release as in the case of the previously
discussed dynamic poly conjugate platform. The conjugated siRNA can employ RISC-acceptable
chemical modifications to maintain RNA integrity and silencing efficacy following systemic
administration. Folic acid interactions with the folic acid receptor®®-* and cRGD peptides which
bind avp3 integrin, a marker for angiogenesis,”> have been effectively exploited to target
nanomedicines and siRNA conjugates various cancers. Hydrophobic conjugates have also been
implemented to improve retention of siRNA in the brain.”*** Nikan et al.** reported increased
retention of docosahexaenoic acid (DHA) conjugates following intrastriatal injection and
increased silencing of Huntingtin mRNA compared to cholesterol conjugated analogs.

Meanwhile, the most widely utilized targeting ligand in nucleic acid delivery is the N-
acetylgalactosamine,” which targets the ASGPr receptor in hepatocytes. Alnylam® reported a
triantennary GalNAc ligand that greatly improved silencing efficacy in the liver (EDsp < 1 mg/kg).
This targeting ligand platform has been clinically developed by Alnylam for a variety of
indications in the liver including its since halted the development Revusiran for aTTR. Related
approaches to appending the GalNAc ligand to siRNA and nanoparticles continue to be
commercially developed by a number of other companies due to its potent liver-targeting

capabilities.
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Figure 1.4.3 siRNA conjugates that have shown utility in vivo

1.4 4. Polymeric materials and conjugates for siRNA in the clinic

Although lipid nanoparticles are generally regarded as more potent for siRNA delivery,
particularly to the liver, several polymeric systems for the delivery of therapeutic siRNA have been
translated to the clinic for a variety of indications. CALAA-01 (Calando Pharmaceuticals) consists
of a cationic cyclodextrin polymeric nanoparticle (~70 nm), which is stabilized by adamantly-PEG
and utilizes transferrin to target malignant cells as the transferrin receptor is upregulated in many

malignant cells.’>*” This is the first example of a polymeric system for RNAi administered to
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humans, which targeted silencing RRM2 in solid tumors, but the system did not clear Phase I

clinical trials following administration to 24 patients.

Arrowhead has been developing its Dynamic PolyConjugate (DPC) systems,”* which
consists of a co-polymer of butyl and amino vinyl ether (PBAVE) backbone conjugated to an
siRNA molecule through a cleavable disulfide linker, and a combination of PEG and galactose
derivatives throughout the polymer. The galactose is capable of targeting the asialoglycoprotein
receptor (ASGPr) in hepatocytes, and avoiding uptake by Kupffer cells, the macrophages that
reside in the liver.”® DPCs demonstrate good silencing of ApoB in mouse livers, albeit at 2.5 mg/kg
siRNA dose, orders of magnitude behind some of the most efficient LNP systems. The DPC
system is nevertheless appealing in its flexibility to append many different ligands to an
endosomolytic backbone. Arrowhead was advancing its ARC-520 DPC siRNA treatment
targeting HBV antigens in the liver, but a recent report by Woodell, et al.! described the
mechanisms by which HBV burden can remain high in patients and non-human primates treated
with nucleot(s)ide viral replication inhibitors (NUCs). Arrowhead has built an extensive research
program around its DPC platform and is continuing its clinical development. Merck has also
developed highly similar conjugate platform.!!

Another type of polymeric platform for siRNA delivery in cancer is the local drug eluter
(LODER), poly(lactic-co-glycolic)-acid siRNA depot being developed by Silenseed!> for the
selective silencing of mutant G12D KRAS, which is prevalent in pancreatic cancer. The LODER
capsule can be injected into an inoperable tumor, and degradation of the PLGA scaffold results in

the sustained release of therapeutic siRNA. This system led to prolonged survival in an aggressive
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orthotopic pancreatic tumor model. Silenseed is currently recruiting for a Phase 2 clinical trial

(NCTO01676259) in combination with chemotherapeutics in unresectable pancreatic cancer.
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Figure 1.4.4. Polymeric materials for siRNA delivery that have been translated to the clinic.

1.5 Therapeutic Delivery of Messenger RNA (mRNA)

1.5.1 Materials for messenger RNA delivery

Messenger RNA represents a major emerging therapeutic modality which is currently
being investigated in the clinic for a variety of indications including the development of vaccines
against infectious diseases, immuno-oncology by the expression of tumor antigens on dendritic

cells, and for protein replacement therapy in a variety of genetic diseases.!*-!® For functional
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mRNA delivery to produce a protein, the single-stranded mRNA requires protection to prevent

rapid degradation following systemic administration. mRNA has the distinct advantage over
plasmid DNA and viral vector delivery in that following endosomal escape, the mRNA does not
need to localize to the nucleus, thus rapidly producing protein upon endosomal escape. This
phenomenon was capitalized on by Zangi, et al.'® who injected human VEG-F mRNA with the
commercial transfection reagent RNAiMax intramyocardially to direct differentiation of heart
progenitor cells in a mouse model of myocardial infarction. This study demonstrated pulse-like
expression of the following chemically modified mRNA delivery, and reduced infarct size
compared to a pDNA encoding the same protein. Furthermore, there is no opportunity for mRNA
to integrate into the genome, which eliminates a safety concern for pPDNA and viral vectors for
protein replacement, and the protein expression is more short-lived, which is advantageous, such
as in the case of an exogenous nuclease (i.e. Cas9) to reduce potential off-target effects of gene-
editing.

A variety of synthetic materials have been investigated for the non-viral delivery of mRNA
in vivo (Figure 1.5.1). Due to the high cost of quality commercial mRNA (~$1500 per mg), large
library screening approaches, which is the typical approach to identify small-RNA delivery
vehicles, can be cost-prohibitive. Thus, two main strategies for identifying robust materials for
mRNA delivery have emerged: 1) the reformulation of potent cationic lipids to make the
nanoparticle more amenable to stabilizing the long sequence of mRNA, and 2) using existing

scaffolds as inspiration for SAR to make changes that facilitate delivery.
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1.5.2 Materials for mRNA delivery by reformulating potent small RNA carriers

Using a reformulation strategy, Kauffman, et. al'% optimized the lipid composition of C12-
200 LNPs, which are potent in delivering siRNA to hepatocytes in non-human primates,' for
mRNA delivery. The optimal formulation for siRNA was 5:1 weight ratio C12-200:siRNA,
50:38.5:10:1.5 molar ratio of the lipid mix containing C12-200: cholesterol: DSPC: PEG-lipid.
Following multiple rounds of fraction factorial design, the optimal formulation for in vivo mRNA
delivery for was identified as 10:1 wt ratio, 35:46.5:16:2.5 molar ratio C12-200: cholesterol:
DOPE: PEG-lipid emerged. The increased content of zwitterionic lipid suggests that this moiety
may be important for stabilizing the long mRNA sequences, which be discussed below. Further
development of C12-200 LNPs by Yin et al.!”” for the in vivo delivery of Cas9 mRNA, which is
considerably larger than erythropoietin (EPO) or luciferase, involved further increasing the weight
ratio and also the introduction of arachidonic acid as an excipient, although no further explanation
was provided. The formulation parameters developed by Kauffman were applied to cKK-E12 for
the co-delivery of Cas9 mRNA and modified sgRNA by Yin,!®® which resulted in potent in vivo
gene editing.

A number of publications have reported the use of the SNALP MC3 for the delivery of
mRNA for therapeutic purpose. Unlike other platforms, MC3 has been efficacious using an LNP
formulation that was optimized for siRNA, although specific details are limited. Thess et al.'®
reported successful administration of EPO mRNA in pigs and delivery with meaningful
physiological response of an increase in reticulocyte count to non-human primates. Ramaswamy
et al 3! reported the therapeutic delivery of human factor 9 mRNA (hFIX) to a mouse model of FIX

deficient hemophilia B using the Arcturus LUNAR platform with its ATX lipid in head-to-head
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comparison with DLin-MC3-DMA. The formulation conditions were 50:40:7:3 cationic lipid:

cholesterol: DSPC: PEG-DMG, which interestingly contains considerably lower zwitterionic lipid
content compared to those implemented in the optimization of the lipidoid formulations for mMRNA
delivery. In this assay, ATX outperformed MC3 two-fold in the delivery of FIX protein.
Interestingly, the structure of the ATX lipid is almost identical to the third generation SNALP
L319 (Figure 1.5.1), with the substitution of the ester group of L.319 with a carbamothioate group,

and shortening the spacer from three to two carbons.

1.5.3 Development of New Materials for mRNA delivery by structural modification of effective

materials for small RNA delivery

A number of compounds for mRNA delivery have been developed by using potent siRNA
carriers as chemical scaffolds for structure optimization. Fenton et al.''"® modified the cKK-E12
scaffold, which showed effective mRNA delivery, and highly potent siRNA delivery to the liver,
to introduce two unsaturated bonds in the lipid tails, similar to the evolution of SNALPs, which
led to the identification of OF-02. OF-02 LNPs showed a spherical multilamellar nanostrucuture,
and improved expression in the liver compared to cKK-E12. Further structural expansion resulted
in OF-Deg-Lin,!"" which introduced an ester bond which shifted the in vivo expression profile from
exclusively in the liver to the spleen, highlighting the drastic impact that structural modifications
on synthetic materials can have.

Li et al.''? reported a class of materials with a phenyl ring core, which is not prevalent in
the small RNA delivery among efficacious materials. The library explored the spacing between
the tertiary amino groups and the benzamide moieties, where TT3-LLN emerged as a lead

compound. Interestingly, when formulated with various phopsholipids for in vitro delivery, DOPE
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was the most phospholipid compared to DOPE and POPE. Meanwhile, TT3-LLN was effective

in protein replacement in FIX knockout mice and for non-viral gene editing in vivo.'"* Li et al.!'#
explored the effects of local spacing around a core trazinane trione (TNT) ring. TNT-a;, was
previously reported to effectively deliver siRNA and pDNA,!'> while swapping the positions of
the tertiary amine and secondary alcohol relative to the TNT ring to form TNT-by, resulted in

improved mRNA delivery, and efficient expression in the spleen in mice.
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Figure 1.5.1 Materials that have shown in vivo efficacy for messenger RNA delivery via improvement of the
formulation or the modification of the chemical structures.
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Jarzebinska et al.!'® reported a small library of polymers and lipids based on linear

oligoalkylamines which have been effective cores for small RNA delivery, including work done
in the our lab (5A2-SC8).* Modifying a poly(acrylic acid) backbone with a small library of
oligoalkylamines with discrete carbon spacing between amine groups resulted in the identification
of PAA8k-(2-3-2) which was significantly more effective that other structural analogues (2-2-2)
and (3-3-3) for mRNA delivery. This system was also utilized for mRNA delivery to porcine lungs
following aerosol delivery. Meanwhile, synthesis of a cationic lipid using this (2-3-2) amine as a
core to react with epoxydodencane resulted in an effective lipid-like material for in vivo delivery

to the liver.
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18 86.2 0.042 97.5 6.56 3.22 8.6 0.81 0.018
25 85.8 0.10 95.8 6.68 1.89 7.1 2.13 1.32
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Figure 1.5.2. Degradable synthetic lipids developed by Moderna show improved mRNA expression in vivo
in rodent models, compared to MC3 lipid, considered the best-in class, while much faster liver clearance.
Table 1.5.1 shows particle and expression data extracted from Bennenato et al. > Moderna Therapeutics

patent.
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Moderna Therapeutics® also recently released a systematic comprehensive study in a patent

which reported a large library structurally related lipids for mRNA delivery which are formulated
using a classic LNP formulation (50:38.5:10:1.5 ionizable lipid: cholesterol: DSPC or DOPE:
PEG-lipid molar ratio). The lead four compounds from that study are shown in Figure 1.5.2 and
expression data in a variety of animal models in comparison to MC3, the current clinical
benchmark, was also shown. The lead materials showed increased expression compared to MC3,
but of note, following 48h, Moderna reports an 87% retention of MC3 lipid in the liver. Meanwhile
these new compounds are rapidly degraded within hours. The lead compound from this study
compound 25, was utilized by An et al.!'” for the therapeutic delivery of hMUT mRNA to the liver

for the treatment of methylmalonic academia, and showed a pronounced survival benefit.

1.5 4 Chemical modifications on mRNA and their effects on expression and stability

The therapeutic delivery of mRNA requires the preparation of high quality material in a
controlled manner. Unlike small RNA, due to the large size of messenger RNA (> 1000 nt) these
molecules have been prepared enzymatically by in vitro transcription. Several design
considerations including chemical structure and sequence have been explored.

The 5’-cap 7-methylguanosine (m7G) cap, which incorporates a 5’-5’ triphosphate linkage
is a critical structural motif as this site is recognized to initiate translation, in addition to preventing
degradation by 5’-exonucleases.''® mRNA prepared by in vitro transcription is capped typically
with Cap O post transcriptionally or co-transcriptionally using anti-reverse cap analog (ARCA).
Subsequent methylation of Cap 0 to Cap 1 primers mRNA for translation following administration

to the cell. Novel cap analogs have been developed by BioNTech which have shown favorable in
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vitro functional properties. Notably, introduction of a phosphorothioate group at the f3
position increased affinity to the translation initiating protein eIF4E, showed resistance to
decapping enzyme Dcp2, doubled mRNA half-life in cells, and improved translational
efficiency five-fold following electroporation.!'12° Conversion of the f phosphate of a
traditional cap analog (m’GpppG) to a boranophosphate resulted in two-fold increase in

total protein expression of electroporated luciferase mRNA .14
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Figure 1.5.3. Cap analogs and nucleobase modifications that have shown improvements over wild-type mRNA
expression and immune stimulation.
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Similar to RNAi molecules, chemical modifications of nucleobases in mRNA are also

suitable and may confer decreased immunogenicity, improved stability, and translational
efficiency following delivery. The most common nucleobase modifications are replacement of
uridine with pseudouridine (¥)'?!"'?* and cytidine with 5-methyl cytidine, which has been claimed
to reduce innate immune response that is known to be activated by RNA molcules. Li, et al.'?®
using LF2000 transfection of mRNAs observed that W, 5-methoxyuridine (5-moU), and and N!-
methylpseudouridine (m1¥) demonstrated increased expression of eGFP and FLuc mRNA, but
the results were highly cell-type and sequence dependent. Additionally, 5-meC did not show
improved expression in this system, while 5-moU showed improved intracellular mRNA stability
as evaluated by RT-PCR compared to other modifications. Svitkin, et al.'?® also reported improved
translation of m1¥ modified mRNA in cell free in vitro translation assays by reducing the immune
stimulatory phosphorylation of elF2a which inhibits translation, and by increasing the ribosome
density on the transcript. Kauffman, et al.'>® used mRNA-optimized C12-200 LNPs for
hepatocellular of uridine and pseudouridine modified mRNAs to assess the effect of this
modification on pharmacokinetic properties and the immune response. This paper was an effort
to reconcile contradictory reports in the literature on the effect of pseudouridine modification.
While the nanoparticle properties were unaffected by this structural change, in vivo expression and
cytokine and chemokine activation profiles were similar for both mRNA species, suggesting that
this modification may not be necessary for clinical translation. However, fine differences in
underlying biology in terms of expression profiles indifferent cell and tissue types, in addition to

effects in the mRNA sequences will likely have a cooperative effect on mRNA expression.
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Another common strategy for improving the efficacy of exogenous mRNA is codon

optimization, in which has been widely used in the pharmaceutical industry in development of
mRNA therapeutics.'?-117-127-128 Thig strategy is based on the concept of reducing rare codons in
favor of common codons, as ribosomal translation of the message through these sites will be more
efficient, while codon substitution will have no effect on the translational outcome.'?” In a
collaboration between CureVac and Acuitas, Thess et al.!”” compared sequence optimization
versus chemical modification for the intraperitoneal delivery of erythropoietin (EPO) mRNA in
vivo using TransIT, a lipopolymeric commercial carrier from Mirus Bio. This study demonstrated
that sequence-engineered, unmodified EPO mRNA showed increase expression in mice compared
to W-modified analogs, and these codon-optimized sequences were successfully delivered to pig
and non-human primate models using SNALPs with strong sustained multi-day expression of EPO
detected in serum. Both chemically modified and codon optimized approaches are being explored

for clinical translation for the non-viral delivery of therapeutic messenger RNA.

1.6 CRISPR/Cas gene editing

1.6.1 A brief overview of CRISPR biology

CRISPR/Cas technology is an incredibly powerful gene-editing tool that can introduce
permanent changes to the genome and can be readily modified for any target in the genome,
provided there is a nearby 3-base sequence (NGG) known as a protospacer adjacent motif
(PAM).!%13 Cas9 is an RNA-guided nuclease that uses a 100 nt ssSRNA called a single-guide RNA
(sgRNA) to scan the genome in a sequence specific way and created a double strand break (DSB)

in the genomic DNA in the locus to which the 20-nt RNA sequence is complimentary to the
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genome. Following this occurrence, error-prone DSB-repair pathway non-homologous end-
joining (NHEJ)'** can insert or delete bases from the site of repair (indels), resulting a frameshift
of the target gene. With the addition of a DNA template that has homology to the genomic region
flanking the DSB site, homology-directed repair (HDR)'*> can occur to enable precision genome
editing. Unlike RNAIi, where the functional protein machinery is endogenous to the mammalian
cell, Cas9 is a bacterial protein, and must be introduced to the cell. Strategies for doing so
effectively include encoding Cas9 in a plasmid, in a viral particle, or the delivery of a
ribonucleoprotein complex directly.!

Another favorable approach of great interest is the delivery of the Cas9 protein encoded as
a messenger RNA, as this provides an improved safety profile compared to pDNA and viral
delivery, which can result in integration into the genome and sustained expression of a powerful
nuclease in the cell. Additionally, mRNA delivery may provide less of a challenge than RNP
delivery due to the large size of the Cas9 protein (~160 kDa). Compared to other approaches to
genome engineering, CRISPR/Cas has the distinct advantage of simplicity by being able to change
the target by simply changing the sgRNA sequence. In the advent of the era of mRNA medicines,
the non-viral delivery of CRISPR/Cas components offers an appealing target for the rapid
development of a variety of treatments and potentially cures for a diverse range of clinical
targets.’” Co-delivery of Cas9 mRNA and sgRNA via a nanoparticle faces similar extracellular
barriers compared to other nucleic acid carriers, but there are other inherent challenges to this
system. If the sgRNA and Cas9 mRNA are delivered in a single particle, both RNAs will escape
the endosome, while the sgRNA must remain stable in the cyotsol until the Cas9 has been

translated. Following loading of the sgRNA into the Cas9 to form the RNP, the complex must
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translocate to the nucleus to scan the genomic DNA. As a result, sequential delivery of Cas9

mRNA in advance of guide RNA has been investigated.!!?
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Figure 1.6.1. The intracellular challenges of non-viral gene-editing using co-delivery of mRNA and sgRNA.

1.6.2 Materials for non-viral gene-editing by mRNA delivery

Despite the challenges associated with co-delivery of Cas9 mRNA and sgRNA, a number
of approaches have been developed for the non-viral gene-editing using mRNA, in addition to

work that we have published, which was the first report of non-viral gene editing in vivo by co-
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delivery of Cas9 mRNA and sgRNA in a single nanoparticle.*® Yin et al.!'”” used a combination
of C12-200 LNPs to deliver Cas9 mRNA and AAV encoding sgRNA and an HDR repair template
to rescue the expression of fumarylacetoacetate hydrolase (Fah) in knockout (Fah”") in mice. A
6% correction was sufficient for a pronounced survival benefit in this model. Jiang et al.'!® utilized
the TT3-LLN system to deliver Cas9 mRNA and sgRNA against PCSK9 and HBC, two important
therapeutic liver targets. Editing was performed by sequential injection of LLNs encapsulating
Cas9 mRNA, following by LLNs encapsulating sgRNA 6h later at the peak of in vivo Cas9 protein

expression using this system, and was observed to be ~30% after 48h treatment.
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Figure 1.6.2. Intellia Therapeutics CCD lipids have shown utility for Cas9 mRNA and sgRNA co-delivery.

Recently, Yin et al.'”® reported the optimized chemical modification of sgRNAs for
improved activity in vitro and in vivo. Using in vitro experiments and guided by key interactions
within the Cas9/sgRNA crystal structure, the authors identified introduced sites for 2°-OMe, 2’-F

and PS linkage chemical modifications along the sgRNA sequence. The optimal scaffold, termed
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e-sgRNA, led to significant increases in editing efficiency both in vitro and in vivo. Using cKK-

E12 LNPs encapsulating e-sgRNA and Cas9 mRNA (though it is unclear if the RNAs are mixed
and formulated together, or if they are formulated separately and injected together), the authors
observed 50-60% indels in the liver when targeting PCSK9, Fah, or the ROSA26 locus, which was
much higher activity compared to unmodified sgRNA targeting the same sequence. This key
advance may play a major role in directing future approaches to non-viral gene editing with
CRISPR.

Intellia Therapeutics has also reported a new class of lipids termed CCD lipids'*® which are
effective at co-delivering Cas9 mRNA and sgRNA together. Of note, there are striking similarities
between the CCD lipids and the mRNA delivering materials described by Moderna®* for mRNA
delivery, regarding the asymmetry of three hydrophobic tails. The CCD lipids are reported to be
effective in editing genes in the liver up to 60% using certain formulations, while also rapidly

cleared.

1.7. Outlook

There is a need to develop new nanocarriers for the effective delivery of nucleic acids to
organs other than the liver. This survey of the literature has provided insight into the materials
designs currently in exploration for the delivery of small RNA, long RNA and gene-editing
components, while there is an obvious need in the field of nanomedicine to exhibit control over
organ localization. The design and synthesis of new materials with utility in nucleic acid delivery
one approach to address this concern, to allow researchers to harness the terrific powers of

controlling biology using nucleic acids.



CHAPTER TWO
ZWITTERIONIC AMINO LIPIDS, A NEW CLASS OF MATERIALS FOR
IN VIVO mRNA DELIVERY AND NON-VIRAL GENE EDITING

2.1 INTRODUCTION

The CRISPR/Cas (clustered regularly interspaced short palindromic repeat / CRISPR-
associated protein (Cas)) technology can edit the genome in a precise, sequence dependent manner,
resulting in a permanent change.'?% 133. 140-142 Because of the ability to target disease causing
mutations, it holds incredible promise for one-time cures of genetic diseases. To date, successful
editing has been mediated mainly by viral vectors, which require laborious customization for every
target and present challenges for clinical translation due to immunogenicity, generation of
antibodies that prevent repeat administration, and concerns about rare but dangerous integration
events. There remains a clear need to accomplish CRISPR/Cas editing via synthetic nanoparticles
(NPs) to expand the safe and effective applications of gene editing.

CRISPR/Cas enables sequence-specific DNA editing by the RNA-guided CRISPR-
associated protein 9 (Cas9) nuclease that forms double-strand breaks (DSBs) in genomic DNA.
Cas9 is guided by programmable RNA called single guide RNA (sgRNA).* The Cas9/sgRNA
complex recognizes the complementary genomic sequence with a 3’ protospacer adjacent motif
(PAM) sequence. Following DNA cleavage, DSB repair pathways enable directed mutagenesis,
or insertions / deletions (indels) that delete the targeted gene.'> '“-14 For therapeutic utility,
transient Cas9 expression is preferred to limit off-target genomic alteration. Because both Cas9
protein and sgRNAs must be present in the same cells, co-delivery of Cas9 mRNA and sequence

targeted sgRNA in one NP is an attractive method, particularly for in vivo use where tissue
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penetration and cellular uptake is more challenging. CRISPR/Cas editing using viruses,’ 2 144
membrane deformation,'” ribonucleoprotein complex delivery,®1° and hydrodynamic
injection'® are functional, but have limitations that could hinder in vivo therapeutic use in the
clinic, including persistent expression of Cas9 and off target editing.

Although great advances have been made in the delivery of short RNAs (siRNA, miRNA)
(~22 base pairs (bp) in length) by lipid nanoparticles (LNPs),'* the ideal chemical and formulation
composition is largely unknown for longer RNA cargo (mRNA, sgRNA). Highly effective LNPs
are composed of a cationic lipid, zwitterionic phospholipid, cholesterol, and lipid poly(ethylene
glycol) (PEG). Cationic lipids bind RNAs at low pH during mixing, and promote intracellular
release as the pH decreases during endosomal maturation.’’-*?> Computational modeling has shown
that phospholipids function by solubilizing small RNAs inside of aqueous pockets within multi-
component LNPs.3® High cationic lipid density may thus minimize phospholipid stabilizing
interactions with longer RNAs in LNPs. Cationic lipids also take up space within LNPs and could
minimize interactions with longer RNAs at pH 7.4. Recent reports on mRNA delivery using
alternative helper phospholipids (e.g. DOPE) further suggests that associated solubilizing forces
may improve NP construction.'!!-116.151-152 We therefore hypothesized combining the chemical and
structural roles of zwitterionic lipids>* 3 153 and cationic lipids'3- 2’28 1! into a single lipid
compound might improve delivery of longer RNAs by increasing molecular interactions within
the LNP.

In this chapter, we report the development of a new class of lipid-like materials termed
zwitterionic amino lipids (ZALs) that are uniquely suitable for delivery of long nucleic acids,

~4.500 nucleotide (nt) Cas9 mRNA and ~100 nt sgRNAs, including co-delivery from the same
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NP. ZAL nanoparticles (ZNPs) are able to effectively induce permanent DNA editing in cells. This

approach simplifies CRISPR/Cas engineering because different sgRNAs can be easily designed,
synthesized and packaged into these versatile synthetic carriers. Our publication on this topic was
the first example of a successful non-viral system for in vitro and in vivo co-delivery of Cas9

mRNA and sgRNA to enable gene-editing.!®

2.2 RESULTS AND DISCUSSION

2.2.1 Design and chemical synthesis of a library of Zwitterionic Amino lipids

Zwitterionic amino lipids (ZALs) were rationally synthesized to contain a zwitterionic
sulfobetaine head group, an amine rich linker region, and assorted hydrophobic tails (Scheme
2.2.1). A zwitterionic electrophilic precursor (SBAm) was prepared by the ring-opening reaction
of 2-(dimethylamino)ethyl acrylamide with 1,3-propanesultone, which was easily isolated by in
situ precipitation in acetone. Conjugate addition of six symmetrical polyamines to SBAm afforded
a series of zwitterionic amines with some structural diversity. The library design used key chemical
motifs that are prevalent in many effective materials for small RNA delivery, namely N-methyl
amines (ZA1, ZA4, ZAS) and piperazine rings (ZA6). Additionally, direct comparison of ZAl
and ZA2 allowed for evaluation of the steric bulk on the amine, while comparison of ZA4 and
ZAS allowed for evaluation of spacing of cationic charges in the zwitterionic materials. The
number of available reactive amine sites for hydrophobic tail addition ranged from two to five,
which enabled evaluation of the balance of hydrophobic and cationic content which is a critical
balance for effective delivery materials. The zwitterionic amines were reacted with hydrophobic

epoxides and acrylates to append 6 to 18 carbon alkyl tails and alcohol / ester groups to enhance
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ZAL-RNA interactions. ZAL structures were confirmed by MALDI-TOF ms and 'H NMR for

select species (See 2.3 Materials and methods).
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Scheme 2.2.1 ZALs were designed to increase molecular interactions with longer RNAs by combining the
chemical and structural roles of zwitterionic lipids and cationic lipids into a single lipid compound. High efficiency
reactions provided access to a library of unique charge unbalanced lipids. Reprinted with permission from
Reference 138. Copyright 2016 John Wiley and Sons.

2.2.2 Evaluation of the ZAL library for siRNA delivery

To verify that ZNPs could generally bind and deliver RNA, the 72-member library was
first screened for siRNA delivery to HeLa cells that stably expressed firefly luciferase (HeLa-Luc)
(Figure 2.2.1). ZALs were formulated with cholesterol as a helper lipid to deliver siRNA against
luciferase. This allowed structural identification of key amine cores, including ZA1, ZA3, and
ZA6, and demonstrated a hit rate (>50% luciferase silencing) of 18%.ZAS5 was also active, but
showed higher toxicity than other amine cores. Regardless of tail structure, two-tailed species

(ZA1 and ZA2) showed significantly lower delivery efficacy than amine cores with higher
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numbers of tails, highlighting the importance of hydrophobicity in stabilizing nanoparticle
interactions. Interestingly, epoxide-based ZALs (ZAx-Epn), were significantly more active than
acrylate-based ZALs (ZAx-Acn), which can be easily observed when plotting the activity as a heat
map (Figure 2.2.2). With lead compounds identified for siRNA delivery, focus was shifted to the

delivery of sgRNAs and mRNA with a goal of enabling non-viral gene editing.
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Figure 2.2.1. siRNA delivery to HeLa-Luc cells by the 72-member ZAL library. Cells were treated with 34 nM
siRNA for 24 h and cell viability (dots) and relative luciferase activity (bars) were determined by normalizing to
untreated cells.
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Figure 2.2.2. The heat map of siRNA delivery of the ZNPs to HeLa-Luc cells reveals structure-activity
relationships within the library. Epoxide derived ZALs were generally much more potent than acrylate derived
ZALs, while key core amines ZA3,ZAS5, and ZA6 showed potent delivery.

2.2.3 Generation of reagents and assays for the study of non-viral gene editing

ZALs were evaluated for their ability to deliver CRISPR/Cas9 components using a stable
cell line expressing both Cas9 and luciferase (HeLa-Luc-Cas9). With the assistance of Sofya
Perelman from the Neal Alto Lab at UTSW, a cell line stably expressing Cas9 was generated by
lentiviral transduction of HeLa-Luc cells, followed by single cell sorting to identify a clone with

both high Cas9 and luciferase expression (Figure 2.2.3). sgRNAs against luciferase were designed
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and generated according to previously reported methods targeting the first third of the gene (Table

2.4.1)"*" and evaluated by pDNA transfection using commerical reagents (Figure 2.2.4). The most

synthesized by in vitro transcription.
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Figure 2.2.3. Cas9 expression was validated in HeLa-Luc-Cas9 cells by western blot. (A) Blotting with a-FLAG
antibody in the pool of cells after Blasticidin S selection. (B) Luciferase expression of single cell clones as
evaluated by the One-Glo assay (5,000 cells, 48h growth). (C) Cas9 expression of single cell clone 2 of HeLa-
Luc-Cas9 blotted with a-Cas9.
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Figure 2.2.4. The evaluation of panel of single guide RNAs against luciferase using commercial reagent (LF3000)
transfection of plasmid DNA encoding sgRNA and Cas9 protein reveals sgl.uc5 as the most potent sgRNA
sequence for silencing luciferase in unsorted HeLa-Luc cells. Values are normalized to non-targeting sgRNA
control and plotted as mean +/- standard deviation (N = 4).

2.2.4 Evaluation of ZNPs for the in vitro gene editing by sgRNA delivery

Due to the zwitterionic moiety of the ZAL structure, we aimed to evaluate the ability of

ZALs to formulate and deliver longer RNA in the absence of zwitterionic phospholipids. ZNPs

formulated with cholesterol and PEG-lipid were loaded with sglLuc and evaluated for delivery to

HeLa-Luc-Cas9 cells. Luciferase and viability were measured after 48 hours (h) relative to

untreated cells. As anticipated from the chemical design combining cationic and zwitterionic

functionalities, ZNPs do not require inclusion of helper phospholipids for nanoparticle formulation

(Figure 2.2.10C). Among the lead ZALs, ZA3-Ep10 was found to be the most efficacious for

delivery of sgluc (Figure 2.2.5). Additionally, the ZNP-sgRNA formulations of ZA3-Epl10

maintained strong activity independent of weight ratio of ZAL:sgRNA and PEG-density (0-2%)

(Figure 2.2.6).
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Figure 2.2.5.Lead ZALs identified from the siRNA screen were evaluated for sgRNA delivery to HeLa-Luc-Cas9
cells. ZNPs were formulated at 50:38.5:1 (ZAL:cholesterol:PEG-lipid molar ratios) in the lipid mix and 20:1
ZAL:sgRNA weight ratio. sgRNA was administered at both 14.7 nM and 7.4 nM for 48 h. ZA3-Ep10 emerged as
the most highly potent (>95% luciferase silencing). Viability (dots) and relative luciferase activity (bars) were
determined relative to untreated cells (N = 4 +/- standard deviation).
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Figure 2.2.6. The optimization of ZA3-Ep10 ZNPs for sgRNA delivery was explored by tuning the PEG content
of the formulation (2%, 1%, and 0.5%) and the ZAL:sgRNA weight ratio (20:1, 10:1, 7.5:1 5:1). All formulations
were potent for sgluc delivery at 7.4 nM, 48 h incubation, while 7.5:1 weight ratio and 0.5% PEG showed the
best luciferase editing.

ZNP-mediated editing of luciferase DNA resulted in a dose-dependent, sequence-specific
decrease in luciferase expression (Figure 2.2.7B), and this dose-responsiveness was independent
of weight ratio in the formulation (Figure 2.2.8). Furthermore, ZNP gene-editing verified
CRISPR/Cas editing using the Surveyor nuclease assay,'’* which can detect the indels formed
during the double-strand break repair (Figure 2.2.7A).

Given that sgRNAs require loading into Cas9 nucleases in cells and trafficking to the
nucleus to perform sequence-guided editing, we wanted to understand the kinetics of this process,
particularly in comparison to RNAi-mediated gene silencing. siLuc-mediated mRNA degradation
is a fast process, where expression decreased by 40% within the first 4h, ~80% at 10h, and was
silenced by 92% by 20h, remaining low for about 3 days. Thereafter, the protein expression
steadily increased and reached baseline level 6 days after transfection (Figure 2.2.9). In contrast,

sglL.uc-mediated DNA editing was kinetically slower, possibly due to the requirements to load into
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Cas9 and survey the DNA for PAMs, and due to turnover of the existing luciferase mRNA

transcripts. It took 20h for luciferase expression to decrease by 40%, ultimately going down by
95% after 2 days, but as gene-editing is permanent, this loss of signal persisted indefinitely. The
low luciferase expression (5%) persisted throughout the duration of the assay (9 days) due the
permanent genomic change, even after multiple rounds of cellular division, suggesting that edited

cells grew at the same rate of non-edited cells (Figure 2.2.10).
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Figure 2.2.7 Sequence specific editing by ZNP delivery of sgRNA to HeLa-Luc-Cas9 cells comparing ZNPs
targeting luciferase against an off-target control sequence. A) The Surveyor assay confirmed sequence specific
editing as indicated by the red arrows. B) Luciferase-editing resulted in dose-responsive silencing in HeLa-Luc-
Cas9 cells (N = 4 +/- standard deviation). Reprinted with permission from Reference 138. Copyright 2016 John
Wiley and Sons.
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Figure 2.2.8. ZNPs enable permanent CRISPR/Cas-mediated DNA editing. (A) Sequence specific silencing
of luciferase by siRNA (9 nM) and editing by sgRNA (7 nM) in HeLa-Luc-Cas9 cells. N = 4 + stdev, **** p <
0.0001 (B) Kinetically, silencing with siRNA is transient while sgRNA delivery results in permanent loss of
luciferase signal after 2 days. Magnification of the early time points of the kinetic curve of luciferase silencing
comparing sgRNA versus siRNA by ZA3-Ep10 ZNPs shows that siRNA silencing is much faster than sgRNA
editing. Reprinted with permission from Reference 138. Copyright 2016 John Wiley and Sons.
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Figure 2.2.9. The relative viability of ZNP edited HeLa-Luc-Cas9 cells (sgluc) versus unedited cells (sgCtrl)

shows similar growth rates by the Cell-Titre Glo assay when normalized to untreated cells (N =5 +/- S.E.M.)

2.2.5 Evaluation of ZNPs for in vitro and in vivo mRNA delivery

Having demonstrated that ZA3-Ep10 ZNPs could effectively deliver sgRNAs (~100 nt),

we next examined their ability to deliver even longer mRNA (1,000 to 4,500 nt). We delivered

mRNA encoding mCherry mRNA (~1,000 nt) or luciferase mRNA (~2,000 nt) to IGROV1 human

ovarian cancer cells (Figure 2.2.10). Bright mCherry expression was visible, and luciferase

expression was observed to be dose-dependent. Notably, high expression required low mRNA

doses (<600 pM). In contrast to sgRNA, which did not show a dependence on PEG lipid mole ratio

in the formulation (Figure 2.2.6), delivery efficacy of mRNA decreased with higher PEG lipid

ratios (Figure 2.2.11), while there was only a modest change in ZNP size (Figure 2.2.11).

Optimization of PEGylation, particularly in view of in vitro to in vivo translation, is an ongoing

challenge to be explored for each target disease, organ, and cell type.'>
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Fig. 2.2.10 ZNPs enable in vitro delivery mRNAs in vitro. ZA3-Ep10 ZNPs can deliver (A) mCherry mRNA
(18h) and (B) luciferase mRNA (24h) to IGROV1 cells in a dose responsive manner. C) The size of the RNA
cargo does not effect ZNP size as measured by DLS. Reprinted with permission from Reference 138. Copyright
2016 John Wiley and Sons.
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Figure 2.2.11. The optimization of the ZA3-Ep10 ZNPs for mRNA delivery was performed in IGROV1 cells. The
weight ratio of the ZAL:mRNA was set at 20:1, 10:1, 7.5:1 and 5:1. The lipid mix was prepared with a relative
molar ratio of 50:38.5:n, ZAL:cholesterol: PEG-lipid, where n = 5, 2, 1 or 0.5. Cells were treated in 96-well plates
with 100 ng mRNA and incubated for the indicted time (18 h light gray, 26 h gray, 45 h dark gray) prior to
evaluation of cell viability (dots) and luciferase expression (bars) using the One-Glo + Tox assay. Cell viability
was determined compared to untreated cells and luminescence was normalized to viability to determine relative
luminescence. Values are plotted as a mean +/- standard deviation, N = 4.
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Figure 2.2.12. The effect of PEG lipid composition of ZA3-Ep10 Luc mRNA NPs formulated for in vivo assays.
The ZAL:cholesterol ratio was fixed at 50:38.5 molar ratio while PEG-lipid was included at the indicated
percentage. As expected increased PEG leads to smaller particle size, but poorer expression of mRNA.

Our report attempts to address some of those concerns by examining different formulations
in multiple cell types and mouse strains. In order to validate the hypothesis of the critical role of
the zwitterionic group in stabilizing long RNAs for effective delivery, formulations of a cationic
5-tailed analogue of ZA3-Ep10, A3-C14 (C14-110 in the literature),! which has previously been
reported as effective for in vivo siRNA deliver to hepatocytes using cholesterol, DSPC, and PEG-
lipid was titrated with various zwitterionic phospholipids DSPC, DOPE, and DOPC (Figure
2.2.13). Increasing molar proportions of DOPE in the formulations showed an improvement in
binding, particle size, and function delivery of sgRNA and mRNA, while siRNA did not require
additional zwitterionic content (Figure 2.2.14). The introduction of DSPC did not improve mRNA
delivery, while supplementing with DOPC improved delivery greatly. Meanwhile, efficacy of
ZA3-Epl0 ZNPs was consistent across all RNA cargos, and outperformed the cationic analogue

supplemented with phospholipid.
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Figure 2.2.13. Comparing the effect of zwitterionic phospholipid identity and concentration on mRNA
delivery of A3-Epl4, a cationic structural analogue of ZA3-Ep10, which is known to effectively deliver
siRNA. LNPs were formulated at 50:38.5:0.5:n cationic lipid: cholesterol: PEG-lipid: phospholipid, and n
was tuned from 5 to 50. Luciferase expression was evaluated 24h after administration to IGROV1 cells.
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Figure 2.2.14. Comparing the RNA encapsulation, nanoparticle size and delivery efficacy of ZA3-Ep10 and a
cationic structural analogue (A3-Epl4, also referred to as C14-110 in the literature), which is known to deliver
small RNA. The ZNP or LNP formulation was fixed at 7.5:1 weight ratio ZAL or Cationic analogue to RNA.
The lipid mixture for the NPs was 50:38.5:0.5 ZAL or cationic analogue: cholesterol: PEG-lipid, while for the A3-
Epl14 NPs the zwitterionic phospholipid was titrated from O to 50% in the lipid mix. The nanoparticles were
formulated by manual mixing using the in vitro formulation protocol. RNA binding was determined by the
Ribogreen assay (N = 3 +/- standard deviation), while nanoparticle size was determined by dynamic light scattering
(N =3 +/- standard deviation). Luciferase silencing or editing of siLuc and sgl.uc NPs was assayed in HeLa-Luc-
Cas9 cells (7.35 nM sgRNA, 17.9 nM siRNA), while luciferase expression by Luc mRNA NPs was evaluated in
IGROV1 cells (0.77 nM mRNA). Cells were assays after 40 h incubation time by the One-Glo + Tox assay and
plotted with viability (dots) and luciferase expression (bars) as mean +/- standard deviation (N = 4).
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The optimal formulation was next evaluated in vivo through intravenous (I.V.)
administration of ZA3-Ep10 mRNA ZNPs to multiple strains of mice. Bioluminescence imaging
following Luc mRNA delivery in athymic nude mice (Figure 2.2.15, 1 mg/kg), C57BL/6 mice
(2.2.15, 4 mg/kg), and NOD scid gamma (NSG) mice (Figure 2.2.16, 1 mg/kg) resulted in
expression of luciferase in liver, lung, and spleen tissue 24h after injection which was quantified
by ROI analysis (Figure 2.2.17). Based on the high lung signal, we were motivated to explore co-

delivery (one pot) CRISPR/Cas editing in lung cells.

Dorsal Ventral

Luminescence Luminescence

Radiance Radiance
(p/sec/cm?/sr) (p/sec/cm?/sr)
1.0
.8
.6
x 108
.4
.2
Nude athymic mice, 1 mg/kg C57BL/6 mice, 4 mg/kg

Figure 2.2.15 In vivo luciferase expression was achieved by systemic I.V. administration of ZA3-Ep10 Luc mRNA
ZNPs (24h). Bioluminescence imaging both in vivo (Left, athymic nude mice, 1 mg/kg) and ex vivo (Right,
C57BL/6 mice, 4 mg/kg) revealed expression of luciferase in liver, lung and spleen tissue. Reprinted with
permission from Reference 138. Copyright 2016 John Wiley and Sons.
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Figure 2.2.16. Bioluminescence imaging shows that in vivo expression of luciferase after Luc-mRNA
administration by 1.V. injection correlates with in vitro activity. Mice were injected with 1 mg/kg Luc mRNA and
imaged 24 h after treatment. An untreated mouse was used as a negative control. The top right panel shows the ex
vivo expression of the animal shown in Figure 3E.
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Figure 2.2.17. Quantitation of the ex vivo images by ROI analysis. (A) Quantitation of the athymic nude mice
images shown in Figure 2.2.16 (top) and (B) quantitation images of the images in Figure 2.2.16 (bottom, NSG)
and Figure 2.2.15 (C57BL/6). A minimum of 5 ROIs per organ was measured and plotted as mean +/- S.E.M.
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2.2.6 Evaluation of ZNPs for delivery of Cas9 as mRNA, and non-viral gene editing

Due the very long length of Cas9 mRNA (~4,500 nt), delivery using synthetic carriers is
particularly challenging. Remarkably, we found the level of Cas9 mRNA in A549 lung cancer
cells was very high after only 4h incubation with ZA3-Ep10 Cas9 mRNA ZNPs (Figure 2.2.18A).
Synthetically introduced mRNA decreased from > 4 fold actin to 0.7 fold actin over the next 45h.
Because translation of mRNA takes time, protein expression was low at 4h, increased considerably
by 12h, and was the highest by 36h (Figure 2.2.18A/B) and was also dose dependent (Figure
2.2.18C and Figure 2.2.19). For ultimate in vivo utility, the use of synthetic NP carriers alleviates
concerns of viral delivery. Moreover, delivery of Cas9 mRNA allows for transient expression of
Cas9, minimizing persistence that can lead to off-target genomic alteration. This can reduce the

significant therapeutic danger of incorporating an exogenous nuclease into the genome.
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Figure 2.2.18. ZNPs enable co-delivery of Cas9 mRNA and sgRNA for CRISPR/Cas editing. (A) The kinetics
of mRNA and protein expression after ZNP delivery of Cas9 mRNA (0.48 ng/mL mRNA) to A549-Luc cells. Cas9
mRNA levels (A red curve) and protein expression (A black curve, B) were measured over time. (C) ZNPs enable
dose responsive expression of Cas9, detectable as low as 0.05 pg/mL delivered mRNA. (D) Surveyor confirmed
editing of the luciferase target at mRNA:sgRNA ratios of 3:1 or higher (wt). Co-delivery of Cas9 mRNA and
sgCtrl showed no editing (Figure 2.2.22). Reprinted with permission from Reference 138. Copyright 2016 John
Wiley and Sons.
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Figure 2.2.19. ZA3-EP10 Cas9 mRNA ZNPs enable dose responsive expression of Cas9 in both A549-Luc cells
and HeLa-Luc cells with detectable Cas9 protein at 0.05 pg/mL mRNA concentration. Stable HeLa-Luc-Cas9
cells were used as a positive control while untreated cells did not show any bands.

As illustrated above, optimal delivery of mRNA and sgRNA is kinetically different.
Indeed, we found that staged delivery in separate ZNPs was an effective treatment method. ZNP
delivery of mRNA for 24h, to enable Cas9 protein expression, followed by sgRNA delivery in
separate ZNPs enabled efficacious in vitro editing in both HeLa-Luc and A549-Luc cells (Figures
2.2.20, 2.2.21). However, when considering in vivo utility, Cas9 mRNA and sgRNA must be
present in the same cell. We therefore reasoned that co-delivery of mRNA and sgRNA from a
single NP would provide a greater editing efficiency since this method would guarantee delivery
to the same individual cells. We explored a variety of conditions and found that effective editing
of the target gene by ZNPs encapsulating both Cas9 mRNA and sgRNA required a ratio of
mRNA:sgRNA greater than or equal to 3:1 (wt) as confirmed by the Surveyor assay (Figure

2.2.18D), while control ZNPs did not show any editing (Figure 2.2.21). Interestingly, the
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encapsulation efficiency of sgRNA and Cas9 mRNA in ZNPs increased with a decreased sgRNA:

mRNA weight ratio, suggesting that the smaller RNA is easier to encapsulate efficiently, despite

similar particle properties (Figure 2.2.22).
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Figure 2.2.20. Co-delivery of Cas9 mRNA and sgluc leads to editing in staged delivery at 2 ug per well Cas9
mRNA and 1 pg sgluc in a 6-well plate in both A549-Luc and HeLa-Luc. Meanwhile, unguided Cas9, Cas9-
sgCtrl, or sgluc alone do not show edited bands. The expected genomic DNA amplicon was 510 bp while the
expected cut bands indicating editing are 233 bp and 277 bp (red arrows).
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Figure 2.2.21. Control ZNPs (Cas9+sgCtrl, unguided Cas9, sgl.uc only and sgCtrl only) did not show editing of
luciferase target in A549-Luc cells. Staged co-delivery shows editing with sgluc under similar conditons with
2:1 Cas9 mRNA:sgLuc wr.
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1.0+
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Figure 2.2.22. The encapsulation of Cas9 mRNA and sgRNA in co-delivery ZNPs. ZAL: total RNA was fixed
at 7.5:1, with a lipid mixture of 50:38.5:0.5 ZA3-Ep10: cholesterol: PEG-lipid. Data are plotted as mean +/-
standard deviation (N = 4).

To examine co-delivery in vivo, we utilized genetically engineered mice containing a
homozygous Rosa26 promoter Lox-Stop-Lox tdTomato (tdTO) cassette present in all cells.’ Co-
delivery of Cas9-mRNA and sgRNA against LoxP!*¢ enabled deletion of the Stop cassette and
induction of tdTO expression (Figure 2.2.23A, Table 2.4.1). The positive control for this model
was a liver-specific Cre-recombinase AAV, which showed strong tdTO expression in liver tissue
and slide sections (Figure 2.2.24). This is a challenging model for a synthetic carrier due to the
need for two cuts on the same allele to be made for the tdTO to be expressed. Furthermore, the
PAM sequences within the LoxP sites of the LSL cassette are NAG, which is a weaker PAM
compared to the typical NGG sequence. However, this approach allowed for a single sgRNA
sequence to be co-delivered with Cas9 mRNA, albeit at the expense of activity. ZNPs

encapsulating Cas9 mRNA and sgloxp at a 4:1 mRNA:sgRNA (Figure 2.2.25) weight ratio were
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administered intravenously at a 5 mg/kg RNA dose. One week after administration, fluorescence
signal from tdTO was detected in the liver and kidneys upon whole organ ex vivo imaging. (Figure
2.2.23B). Detailed examination of sectioned organs using confocal fluorescence microscopy
showed tdTO-positive cells in liver, lung, and kidney tissues (Figure 2.2.23C). Importantly tdTO
positive cells were not observed when animals were treated with sgCtrl ZNPs (Figure 2.2.26) and
no significant change in body weight of treated animals was observed (Figure 2.2.27). To quantify
editing, primary hepatocytes were isolated from perfused livers and tdTO cells were counted by
flow cytometry, which showed 1-3% editing (Figure 2.2.28). To further confirm editing, tissue
harvested ~2 months after ZNP LoxP treatment showed strong fluorescent signal in the liver and
kidney (Figure 2.2.29). This proof-of-principle data indicates that intravenous co-delivery of Cas9

mRNA and targeted sgRNA from a single ZNP can enable CRISPR/Cas editing in vivo.
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Figure 2.2.23 ZNPs enabled non-viral CRISPR/Cas editing in vivo. (A) Schematic representation shows that
co-delivery of Cas9 mRNA and sgLoxP deletes the stop cassette and activates downstream tdTomato protein. (B)
After administration of ZNPs encapsulating Cas9 mRNA:sgRNA (4:1, wt) at 5 mg/kg total RNA, tdTomato
fluorescence was detected in the liver and kidney upon whole organ ex vivo imaging. (C) Confocal fluorescence
microscopy of tissue sections showed tdTomato positive cells in liver, lung, and kidneys. Scale bars = 50 mm).
Reprinted with permission from Reference 138. Copyright 2016 John Wiley and Sons.
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Figure 2.2.24. The Cre recombinase AAV positive control demonstrates expression of tdTomato in liver ex vivo
at the whole organ level and in cells from tissue sections.
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Figure 2.2.25. Particle properties of in vivo administered ZNPs encapsulating Cas9 mRNA and sgRNA. For size
and zeta potential measurements, N = 5 for RNA encapsulation N = 4. Data are plotted as mean +/- standard
deviation.
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Figure 2.2.26. Delivery of ZNPs encapsulating Cas9 and sgCtrl does not show tdTomato positive cells in
sectioned tissue slides.
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Figure 2.2.27. Measurement of animal body weight after systemic administration of ZNPs encapsulating Cas9
mRNA and sgRNA at 5 mg/kg total RNA dose. Each curve represents a single animal.
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Figure 2.2.28. Quantification of tdTomato positive hepatocytes in animals treated with ZNPs as determined by
flow cytometry of isolated primary hepatocytes. The left panel shows representative plots of samples from an
untreated LSL-tdTO mouse and a ZNP-Cas9 mRNA-sgl.oxP treated mouse. Mouse 1 and mouse 2 were treated
at 2 mg/kg total RNA 2 times on consecutive days, while mouse 3 received a single dose at 5 mg/kg total RNA
and all animals were harvested ~ 1 week after ZNP administration. Each sample was run four times and values are
plotted as mean +/- standard deviation.
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Figure 2.2.29. A ZNP treated tomato mouse shows significant fluorescent signal in the liver and kidneys ~2
months after editing by ZNPs encapsulating Cas9 mRNA and sgLoxP (5 mg/kg).

Fluorescence
Radiance
(p/sec/cmz/sr)

x 108

2.2.7 Chemical modifications of ZA3-Ep10 to establish SAR

Having identified a lead ZAL that was able to demonstrate effective delivery of mRNA
and non-viral gene-editing in vivo, our aim was to better understand the relative roles of each motif
played in effective mRNA delivery. Opportunities for modifications on the ZA3-Ep10 scaffold
include modification of the secondary alcohol handles, changing the linker region connecting the
sulfobetaine head group to the acrylamide in the zwitterionic acrylamide, and changing the identity
of the zwitterion itself. Additionally, the introduction of degradable bonds into the ZA3-Ep10
scaffold would greatly improve the translatable potential of these materials, due to the high
likelihood of repeat dosing in mRNA therapeutics. Active work is underway in exploring these
structural changes, but preliminary studies have been performed with a subset of materials by
modification of the secondary alcohol moieties, introduction of degradable bonds in the tails, and

the introduction of unsaturated bonds into the tails, which may increased fusogenicity.
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The secondary alcohols were readily esterified by reaction in simple anhydrides acetic
anhydride and pivalic anhydride (Scheme 2.2.2). NMR and mass spectrometry analysis of ZA3-
Ep10-OAc indicated that the degree of acetylation was between 80 and 100% (N = 4 or 5).
Previous work in the Siegwart lab using a class of cationic lipids termed CSALs (See Chapter 3),
showed that modification of a secondary alcohol with an acetate or pivalate modification improved
siRNA delivery in vitro."”” The effects of these modifications on ZNP activity is of great interest,
as potential hydrogen bonding interactions may be critical in stabilizing ZAL-RNA interactions.
As acrylate derived ZALs were not effective in delivery, it was hypothesized that the secondary
alcohol moiety may allow key interactions for effective delivery of mRNA. Masking this group

with an ester allowed us to probe for those potential roles.
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Scheme 2.2.2. The synthesis of ZA3-Ep10-OR by esterification of the secondary alcohols.

Degradable bonds were introduced into the ZA3-Ep10 scaffold by utilizing a hydrophobic
glycidic ester (GEn) as the tail. Reaction with the zwitterionic amines (i.e. ZA3) results in the
formation of an a-hydroxy ester, thus maintaining the presence and relative spacing of the
secondary alcohol moieties around the amine core, while introducing a degradable ester bond in

each tail. The synthesis of glycidic esters was optimally performed using sodium hypochlorite in
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the presence of an ammonium salt phase-transfer catalyst Table 2.2.1.!5% Subsequent reaction of
Z.A3 with the glycidic ester hydrophobes resulted in the synthesis of ZA3-GES, ZA3-GE12 and

ZA3-GEOle.

Table 2.2.1 Optimization of conditions for hydrophobic glycidic ester synthesis.

[0}
R
o°
H\

R = alkyl, oleyl, etc.

10-15% NaOCl aq. soln. Q R
—— > -
Aliquat 336 (o] (9)
toluene

Entry R Time Temp Solvent Oxidant Additive Result
1 Octyl 05h RT MeOH H,0, (3.5 equiv) NaOH (0.6 equiv) hydrolysis
2 Dodecyl 4d reflux DCM m-CPBA (1.5 equiv) - 20% conversion (NMR)
0°Cto .
3 Dodecyl 55h RT MeOH H,0, (3.5 equiv) - S.M. only (TLC)
3% Dodecyl o/n RT MeOH H,0, (3.5 equiv) NaOH (0.1 equiv) Hydrolysis
4 Dodecyl 5d reflux DCM m-CPBA (3 equiv) Na,CO; (1.2 equiv) S.M. only (TLC)
5 Dodecyl 2h 60 °C AcOH H,0, (? equiv) NaOH (? Equiv) Trace (NMR)
6 Dodecyl 3d RT MeOH H,0, (6 equiv) NaHCO; (sat. aq.) S.M. only (NMR)
7 Dodecyl 24h 60°C McOH NaOCl (bleach, 1.2 Aliquat 336 (0.3 equiv) Product observed (TLC)
equiv) hydrolysis on workup
. . 39% conversion NMR),
8 Dodecyl 1h 400C - NaOCl (bl.c‘kh’ 12 Al#‘ﬁtCSG (é)'t ?quw) 6.3% yield (pure), 9.7% yield
equiv) aHCO; (Sat. aq., (90% purity, 10% S.M.)
NaOCl (bleach, 1.2 Aliquat 336 (0.3 equiv) .
o R
9 Dodecyl 1h 40 0C equiv) NaHCO (2 equiv) 31.5% conversion (NMR)
NaOCl (bleach, 2.4 Aliquat 336 (0.3 equiv) .
. 0 R % o .
10 Dodecyl 1h 40 °C equiv) NaHCOs (4 equiv) 60% conversion (NMR)
NaOCl (10-15% soln, Aliquat 336 (0.3 equiv) .
0O -
11 Dodecyl 1h 40 °C 2.3 equiv) NaHCO; (4 equiv) 75% conversion (NMR)
NaOCl1 (10-15% soln, . R > 95% conversion,
12 Dodecyl 25h RT toluene 2.3 equiv) Aliquat 336 (0.3 equiv) 69% Yield
13 Oleyl 25h RT toluene NaOCl (10’15% soln, Aliquat 336 (0.3 equiv) =95% C(mvers%on (NMR),
2.3 equiv) 56% Yield
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Scheme 2.2.3 Synthesis of hydrophobic glycidic ester functionalized ZALs.

ZA3 was also reacted with oleyl acrylate to form ZA3-AcOle to determine if the
introduction of an unsaturated bond in the lipid tails would improve delivery, while also enabling

favorable degradation properties.
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Scheme 2.2.4 Synthesis of ZA3-AcOle.

2.2.8 Characterization of mRNA and sgRNA delivery of structurally modified ZALs

Newly synthesized ZALs ZA3-Ep10-OAc, ZA3-GE8, ZA3-GE12, and ZA3-AcOle were

formulated with sgluc and Luc mRNA to determine the effects on delivery efficacy.
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Figure 2.2.31 In vitro delivery of newly designed ZALs to determine SAR. Nanoparticles were formulated
by manual mixing at 50:38.5:0.5 ZAL: cholesterol: PEG-lipid at N:P 8.16:1. Particles were characterized for
size (A) RNA encapsulation (B) and in vitro delivery of sgRNA to HeLa-Luc-Cas9 cells (C) or Luc mRNA
to IGROVI cells (D). Data are plotted as a mean +/- standard deviation (B N =3, A,C,.DN =4).

ZA3-Epl0 was used as a benchmark positive control. Formulations were characterized for
nanoparticle size by DLS, RNA binding, and delivery efficacy at two doses. For sgRNA, all

species showed reasonable particle size (100-300 nm) while binding was moderate. Meanwhile
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for mRNA, ZA3-Ep10-OAc and ZA3-GE12 showed a larger particle size as measured by dynamic

light scattering (DLS). ZA3-Epl10-OAc and ZA3-GES8 showed good luciferase silencing when
delivering sgluc to HeLa-Luc-Cas9 cells, while the acetate functionalized ZAL produced strong
luciferase signal upon mRNA delivery. Interestingly, ZA3-Ep10-OAc was also considerably less
toxic when compared to the parental ZAL.

Having identified ZA3-Ep10-OAc as a potent mRNA delivery carrier with low toxicity, in
vivo evaluation was performed in parallel to ZA3-Ep10. Systemic I.V. administration of ZA3-
Ep10-OAc ZNPs resulted in exclusive luciferase expression in the spleen, while ZA3-Epl0 as
expected showed strongest signal in the lung, while also demonstrating some liver and spleen
signal. Interestingly intramuscular injection (I.M.) of ZNPs at 0.5 mg/kg mRNA resulted in strong

local expression of both carriers. ZA3-Ep10 delivering mCherry was used as a negative control.

A ZA3-Ep10-OAc ZA3-Ep10 B ZA3-Ep10-OAc ZA3-Ep10
FLuc FLuc mCherry FLuc FLuc mCherry

Luminescence
20

Radiance
(plsecfcm?fsr)

L.V. injection, 1 mg/kg mRNA, 4h I.M. injection, 0.5 mg/kg mRNA, 4h

Figure 2.2.32 In vivo evaluation of ZA3-Ep10-OAc ZNPs for in vivo mRNA deliver by A) I.V. injection 1 mg/kg and
B) .M. injection at 0.5 mg/kg. IVIS imaging was performed at 4 h post injections.
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The kinetics of expression following intramuscular delivery was studied (Figure 2.2.33)
and showed that after a single dose at 0.5 mg/kg, the luciferase expression from ZA3-Ep10 peaked
around 4 hours, and was largely gone by 24h. For ZA3-Ep10-OAc, significantly higher signal was
observed, with a maximum between 8 and 16h, while the signal significantly lower by 24h. In

both cases, luciferase expression was detectable at 3 d post injection.
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Figure 2.2.33. The kinetics of luciferase expression following I.M. injection of ZA3-Ep10 or ZA3-Ep10-OAc
ZNPs (0.5 mg/kg mRNA).
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2.2.9 Utility of ZNPs for mRNA delivery to iPSCs and correction of dystrophin using exon

skipping CRISPR/Cas

In collaboration with the Yi-Li Min of the Eric Olson lab, ZNPs have been evaluated in
pilot studies for the delivery of mRNA using ZNPs to induced pluripotent stem cells (iPSCs) and
cardiomyocytes derived from iPSCs. The experiments in this section were designed by me and
Yi-Li while the biological assays and corresponding figures were prepared by Yi-Li. These studies
confirmed that ZA3-Ep10-C2Me was considerably less toxic than ZA3-Ep10, while both were
effective in delivering mCherry mRNA to iPSCs. (Data not shown). The Olson lab is interested
in using gene editing to develop a cure for Duchenne Muscular Dystrophy (DMD), a devastating
disease affecting. Using a dual AAV system encoding Cas9 and guide RNAs, Long et al.!!
demonstrated rescue of dystrophin protein in skeletal muscle and rescue of forelimb grip strength.
Co-delivery of sgRNA and Cas9 mRNA is a viable alternative to AAV treatment for this treatment.
Administration of ZA3-Ep10 and ZA3-Ep10-OAc CRISPR ZNPs was evaluated for the rescue of
dystrophin. Editing in patient-derived iPSCs bearing a deletion of exon 44 in dystrophin (A44)
was confirmed by ZA3-Ep10 (Figure 2.2.34 left) while ZA3-Ep10 also produced strong dystrophin
expression by western blot (Figure 2.2.34 right). Administration of these ZNPs to A44 dystrophin
knockout mice via .M. injection (3 x 0.5 mg/kg total RNA) resulted in minor rescue of dystrophin
expression using ZA3-Ep10 ZNPs but not ZA3-Ep10-OAc (Figure 2.2.35). This may indicate that
ZA3-Epl10-OAc requires formulation optimization to be suitable for Cas9 mRNA delivery, but the

therapeutic potential of this approach is currently under investigation.
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Figure 2.2.35 Editing of dystrophin in A44 dystrophin knockout iPSCs is confirmed by the T7E1 assay, while the
rescue of dystrophin protein (right) is observed by ZA3-Ep10 ZNPs by western blot. Minor dystrophin rescue is also

observed using ZA3-OAc-C2Me. Nanoparticles were prepared by Jason Miller, biological assays were performed by
Yi-Li Min.

A44

Untreated ZA3-Ep10-OAc: G4 ZA3-Ep10: G4

Dystrophin/DAPI

Figure 2.2.36 The rescue of dystrophin expression in knockout mice by non-viral gene-editing using ZNPs. ZNPs
were administered at 0.5 mg/kg on 3 consecutive days and tissue was harvested one week after treatment. The animal

model was created by, and biological experiments were processed by Yi-Li Min from the Olson lab. Dystrophin is
stained red, DAPI is stained blue.
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2.3 CONCLUSION

Zwitterionic amino lipids are a novel class of lipid materials that are effective for the in
vivo delivery of messenger RNA and for gene editing using CRISPR/Cas nanoparticles in vitro
and in vivo. This study was the first report of non-viral delivery system for in vitro and in vivo co-
delivery of Cas9 mRNA and targeted sgRNA. Given that multiple long RNAs can be packaged
together, it is likely that ZNPs will be able to deliver DNA repair templates to mediate HDR gene
correction, which will be the focus of future studies. Additionally, future work will focus on the
further therapeutic development of ZNPs for the treatment of DMD, while the clinical utility will
be expanded using chemistry approaches to install pharmacodyamically favorable features. The
use of scalable and translatable technologies, such as ZNPs, will provide powerful tools for in vivo

gene editing to understand biology, create animal models, and treat diseases.
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24 MATERIALS and METHODS

2.4.1 Materials

a) Chemicals and reagents for synthesis. All chemicals were purchased from Sigma-Aldrich unless
otherwise indicated. 1,2-epoxydecane was purchased from TCI America. 1,2-epoxyoctadecane
was purchased from Alfa Aesar. Hydrophobic acrylates octyl acrylate (Ac8), decyl acrylate
(Acl0), tetradecyl acrylate (Ac14), and hexadecyl acrylate (Ac16) were synthesized as described
below. Organic solvents were purchased from Fisher Scientific and purified with a solvent
purification system (Innovative Technology). Lipid PEG2000 was chemically synthesized, as
previously described.® CDCl;, methanol-d4, and DMSO-d6 were purchased from Cambridge
Isotope Laboratories.

b) Nucleic acids and other reagents for biological assays. All siRNAs were purchased from
Sigma-Aldrich. DNA oligonucleotides were purchased from Integrated DNA Technologies.
Luciferase, mCherry, and Cas9 messenger RNA (mRNA) were purchased from Tri-Link
Biotechnologies. Lipofectamine 3000 and OptiMEM were purchased from Invitrogen. Single
guide RNA was prepared by in vitro transcription (IVT) using the MEGAshortscript T7
transcription kit (Life Technologies) followed by purification using the MEGAclear Transcription
Clean-Up Kit (Life Technologies) according to the manufacturer’s protocols. The Ribogreen
reagent was purchased from Life Technologies. ONE-Glo + Tox and Cell Titer Glow were
purchased from Promega. RIPA buffer and TRIzol reagent were purchased from Thermo

Scientific. QuickExtract DNA Extraction Solution was purchased from Epicentre. Real-time qPCR
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was performed using iTaq Universal SYBR Green 2X Supermix (Bio-Rad). All antibodies were

purchased from Cell Signaling.

c¢) Cell culture. Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Hyclone
containing high glucose, L-glutamine, and without pyruvate or phenol red. RPMI-1640 was
purchased from Sigma Aldrich. Dulbecco’s modified phosphate buffered saline (PBS), Trypsin-
EDTA (0.25%) and fetal bovine serum (FBS) were purchased from Sigma-Aldrich. HeLa-Luc and
AS549-Luc cells were cultured in DMEM supplemented with 5% FBS.IGROV1 cells were cultured
in RPMI-1640 supplemented with 5% FBS.

d) Animal studies. All experiments were approved by the Institutional Animal Care & Use
Committee (IACUC) of The University of Texas Southwestern Medical Center and were
consistent with local, state and federal regulations as applicable. C57BL/6 and athymic nude
Foxnlnu mice were purchased from Envigo. NOD scid gamma (NSG) mice were purchased from
the UT Southwestern animal breeding core. Rosa-CAG-LSL-tdTomato mice were purchased from

The Jackson Laboratory (Stock number: 007909).

2.4.2 Instrumentation

a) Nuclear magnetic resonance (NMR) spectroscopy.'H and >C NMR were performed on a Varian
400 MHz spectrometer or a Varian 500 MHz spectrometer.

b) Mass spectroscopy (MS). MS was performed on a Voyager DE-Pro MALDI-TOF. LCMS was
performed on an Agilent LCMS system equipped with UV-vis and evaporative light scattering

detectors (ELSD).
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c¢) Flash chromatography. Flash chromatography was performed on a Teledyne Isco CombiFlash
Rf- 200i chromatography system equipped with UV-vis and evaporative light scattering detectors
(ELSD).

d) Nanoparticle size and zeta potential analysis. Particle sizes and zeta potentials were measured
by Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano ZS (He-Ne laser, A = 632
nm).

e) Nanoparticle formulation for in vivo studies. Zwitterionic amino lipid (ZAL) nanoparticles
(ZNPs) for in vivo studies were prepared using a two-channel microfluidic mixer with herringbone
rapid mixing features (Precision Nanosystems NanoAssemblr). Ethanol solutions of lipid mixes
(ZALs, cholesterol, and PEG-lipid) were rapidly combined with acidic aqueous solutions of
nucleic acid at an aqueous: EtOH volumetric ratio of 3:1 and a flow rate of 12 mL/minute.

f) Real-time gPCR. RT qPCR was run on a Bio-Rad C1000 Touch Thermal Cycler (CFX384 Real-
time System). Each reaction was made with iTaq Universal SYBR Green 2X Supermix (Bio-Rad).
g) Confocal laser scanning microscopy. Tissue sections were imaged using confocal laser scanning
microscopy with a Zeiss LSM-700 and images were processed using ImageJ (NIH).

h) Flow cytometry. Flow cytometry was performed with BD FACSAria Fusion machine (BD

Biosciences).

2.4.3 Chemical synthesis

2.4.3.1 Synthesis of 3-((2-acrylamidoethyl)dimethylammonio)propane-1-sulfonate (SBAm): A
flame-dried 500 mL round-bottom flask equipped with a stir bar, and an addition funnel under a

nitrogen atmosphere was charged with N,N-dimethyl ethenediamine (20 g, 226.9 mmol) and
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triethylamine (1 equiv, 227 mmol, 31.6 mL) in 250 mL dry THF, and cooled to 0 °C. Acryloyl

chloride (0.9 equiv, 204.2 mmol, 16.6 mL) was dissolved separately in 50 mL dry THF and added
dropwise via an addition funnel to the stirring amine solution. The reaction was allowed to warm
to room temperature overnight which resulted in a yellow solution with white precipitate. The
precipitate was filtered off and the filtrate was concentrated in vacuo. The crude product was
purified by a silica gel column (20% MeOH in DCM). The product was dried with anhydrous
sodium sulfate and concentrated under reduced pressure to yield the dimethylamino acrylamide
intermediate as an orange liquid (9.36 g, 32.2% yield for step 1).

In a 250 mL round-bottom flask equipped with a stir bar, the dimethylamino acrylamide
intermediate (9.36 g, 65.8 mmol) was dissolved in 100 mL acetone. In one portion, 1,3-
propanesultone (1.1 equiv, 72.4 mmol, 8.85 g) was added. A rubber stopper with a needle vent
was installed and the reaction mixture was heated to 50 °C overnight, yielding the formation of an
off white solid precipitate. The precipitate was collected by vacuum filtration, washed with copious
amounts of acetone, and dried under vacuum overnight yielding the SBAm product as a light
yellow solid (14.77 g, 84.9% yield for step 2). Mass calculated m/z 264.11, observed M+ (LCMS
direct injection) m/z 265.1. "H NMR (400 MHz, D,O) 6 6.33 - 6.17 (m, 2H), 5.80 (dd,J = 8.8,2.7
Hz, 1H),3.77 (t,J = 6.8 Hz,2H), 3.52 (dd,J = 12.0, 5.5 Hz,4H), 3.17 (s, 6H), 2.97 (t,J = 7.2 Hz,

2H), 2.30 —2.17 (m, 2H).

)

| Q | 0 \ / -
Cl + H N/\/N\ NEt; THF N/\/N\ N/\/N\/\/SOS
| 2 0°CtoRT || H Acetone | H
overnight 50 °C

overnight
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2.4.3.2 General synthesis of propanesulfonate amide-bearing zwitterionic amines (ZAx). In a 20
mL vial equipped with a stir bar, 3-((2-acrylamidoethyl)dimethylammonio)propane-1-sulfonate
(SBAm, 1.5 g, 5.67 mmol, 1 equiv) was dissolved in 5.67 mL deionized water to a concentration
of 1M. The corresponding amine (28.35 mmol, 5 equiv) was added via pipette in one portion, the
vial covered and stirred at room temperature overnight. After overnight reaction, the amino SBAm
reaction mixture was transferred to several 50 mL polypropylene conical tubes was precipitated in
>10 volumes acetone to remove the residual amine starting material, collected by centrifugation
(4000 x g, 10 minutes). The supernatant was decanted, the pellet washed with acetone, and dried
under vacuum to yield the amino SBAms, which were used without further purification.

ZA1: Light yellow sticky solid (2.40 g, 93.6% yield). Mass calculated m/z 452.31, observed M+!
(LCMS direct injection) m/z 453.3.'"H NMR (400 MHz, D,0) & 3.65 (t,J = 6.8 Hz,2H), 3.48 (ddd,
J=13.7,95,5.7Hz,4H), 3.14 (s,6H),2.95 (t,] =7.2 Hz, 2H), 2.68 (s, 2H), 2.65 — 2.54 (m, 14H),
2.54-248 (m,2H),2.29 (d,J =1.0 Hz,9H),2.22 — 2.16 (m, 4H).

Z.A2: Reaction done on a 0.776 g SBAm scale. Viscous yellow oil (0.36 g, 24.8% yield). Mass
calculated m/z 536.41, observed M*!' (LCMS direct injection) m/z 537.4. '"H NMR (500 MHz,
Deuterium Oxide) 6 3.50 (t,J =7.0 Hz, 2H), 3.33 (ddd, J =220, 11.2, 5.7 Hz, 4H), 2.98 (s, 6H),
2.83 -2.62 (m,4H),2.57 (dt,J =21.3,7.3 Hz,4H),2.44 (p,J =7.1 Hz, 6H),2.30 — 2.23 (m, 1H),
2.11 -2.01 (m, 2H), 0.92 - 0.86 (m, 9H), 0.84 (d,J = 6.5 Hz, 4H).

Z.A3: Brown sticky solid (2.61 g, quantitative yield). Mass calculated m/z 410.58, observed M+!
(LCMS direct injection) m/z 411.3. "H NMR (500 MHz, D,0O) 6 3.62 (t,J = 6.7 Hz, 2H), 3.50 —
340 (m,4H),3.11 (d,J =14 Hz,6H),292 (td,J =72, 1.3 Hz, 2H), 2.82 — 2.68 (m, 5H), 2.66 —

249 (m, 8H),241 (ddd,J =8.2,59, 1.3 Hz, 2H), 2.23 — 2.14 (m, 2H).
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ZA4: Light yellow sticky solid (2.01 g, 92.9% yield) Mass calculated m/z 381.24, observed M+!

(LCMS direct injection) m/z 382.2. '"H NMR (400 MHz, D,0) & 3.66 (t,J = 6.8 Hz,2H), 3.49 (ddd,
J=13.7,8.7,58 Hz,4H), 3.14 (s, 6H), 2.96 (t,J = 7.2 Hz, 2H), 2.86 — 2.64 (m, 6H), 2.57 — 2.40
(m, 5H), 2.28 — 2.14 (m, 6H).

ZAS: Sticky yellow solid (2.32 g, 84.1% yield). Mass calculated m/z 409.27, observed M*! (LCMS
direct injection) m/z 410.2. '"H NMR (400 MHz, D,O) 6 3.52 (t, J = 6.8 Hz, 3H), 3.35 (ddd, J =
13.8,9.0,5.6 Hz, 5H), 3.00 (s, 7H), 2.82 (t,J =7.2 Hz,3H),2.65 (t,J =7.1 Hz,3H), 249 (q,J =
64,55Hz,1H),2.39 (t,J =74 Hz,2H),2.26 (dq,J =154,54,3.7Hz, 7H),2.14 - 1.99 (m, 7TH),
1.55 - 141 (m, 4H).

Z.A6: Sticky yellow solid (2.71 g, quantitative yield). Mass calculated m/z 464.31, observed M*!
(LCMS direct injection) m/z 465.3. "H NMR (500 MHz, D,0O) 6 3.64 (t,J = 6.9 Hz, 2H), 3.52 —
342 (m,4H),3.12 (s, 7H),2.94 (t,J =7.2 Hz, 3H), 2.82 - 2.68 (m, 5SH), 2.53 (t, ] = 7.4 Hz, 2H),
245 -2.30 (m, 7H),2.26 — 2.15 (m, 4H), 1.64 (tdd, J = 15.5, 12.1, 7.6 Hz, 4H).

2.4.3.3 Hydrophobic acrylate (Acn) synthesis. Hydrophobic acrylates were synthesized by the
reaction of hydrophobic primary alcohols with acryloyl chloride at large scale. In a dry 250-mL
round bottom flask under argon, the appropriate hydrophobic alcohol (10 or 15 g, 1 equiv) and
triethylamine (1 equiv) were dissolved in 85 mL dry tetrahydrofuran and cooled to O °C on ice.
Acryloyl chloride (0.9 equiv) was dissolved separately in 15 mL dry THF and added dropwise to
the solution of alcohol and triethylamine, resulting in the formation of a white precipitate. The
reaction was stirred and allowed to warm to room temperature. The precipitate was removed by
fitration, the solvent removed under reduced pressure and the desired acrylate pruified on a column

of silica gel with 5-10% ethyl acetate in hexanes to yield the products as pale yellow oils.
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n=6,8, 12, 14 overnight
Ac8: 10 g alcohol scale, pale yellow oil, 9.75 g, 76.6% yield.
"H NMR (400 MHz, CDCl;) 6 6.37 (d,J =17.3 Hz, 1H), 6.10 (dd,J = 17.3, 104 Hz, 1H), 5.79 (d,
J=105Hz, 1H),4.13 (t,J =7.0 Hz, 2H), 1.65 (q,J = 6.9 Hz, 2H), 1.42 - 1.16 (m, 10H), 0.86 (t,
J=6.7Hz,3H).
Ac10: 10 g alcohol scale, pale yellow oil, 10.98 g,90.9% yield.
"H NMR (400 MHz, CDCl;) 6 6.38 (d,J =17.3 Hz, 1H),6.10 (dd,J=17.3, 104 Hz, 1H), 5.79 (d,
J=105Hz, 1H), 4.13 (t,J = 6.8 Hz, 2H), 1.66 (q,J = 7.0 Hz, 2H), 1.41 — 1.18 (m, 14H), 0.86 (t,
J=6.6 Hz, 3H).
Acl4: 15 g alcohol scale, pale yellow oil, 15.28 g,90.5% yield.
"H NMR (400 MHz, CDCl;) 6 6.37 (dd, J = 17.3, 1.5 Hz, 1H), 6.09 (dd, J = 17.3, 104 Hz, 1H),
577(dd,J=104,15Hz, 1H),4.12 (t,] =6.8 Hz,2H), 1.69 — 1.59 (m, 2H), 1.39 - 1.15 (m, 21H),
0.85(d,J=7.1 Hz, 3H).
Acl6: 15 g alcohol scale, pale yellow oil, 11.27 g, 68.3% yield.
'"H NMR (400 MHz, CDCl;) 6 6.39 (dd,J =174, 1.5 Hz, 1H), 6.11 (dd,J = 17.3, 104 Hz, 1H),
5.80 (dd,J =104,1.5 Hz, 1H), 4.14 (t,J = 6.7 Hz, 2H), 1.72 — 1.61 (m, 2H), 1.25 (s, 26H), 0.87
(t,J=6.8 Hz, 3H).
2.4.3.4 Synthesis of Amino SBAm epoxide and acrylate libraries of zwitterionic amino lipids
(ZALs): A zwitterionic amino lipid (ZAL) library of all previously described amino SBAms was

prepared by introduction of hydrophobic tails through reaction with 1,2-epoxy alkanes and
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hydrophobic acrylates. The epoxides (1,2-epoxyoctane, 1,2-epoxydecane, 1,2-epoxydodecane,
1,2-epoxytetradecane, 1,2-epoxyhexadecane, and 1,2-epoxyoctadecane) were purchased
commercially and encoded to include the total number of carbon atoms in the molecule (Epn, 8-
18). The hydrophobic acrylates were either purchased commercially (Ac12, Ac18) or synthesized
by the reaction of the appropriate primary alcohol with acryloyl chloride (Ac8, Ac10, Ac14, Ac16),
and encoded to include the number of carbon atoms in the hydrophobic tail, but not including the
acrylate moiety (Acn, 8-18). To prepare the library, in a 4 mL vial equipped with a stir bar, the
zwitterionic amines (0.1 mmol or 0.05 mmol) were weighed out by balance, and dissolved to a
concentration of 1 M in iPrOH for epoxide ZALs or in DMSO for acrylate ZALs. The appropriate
hydrophobic electrophile was added with N equivalents, where N is the number of amine reactive
sites that would yield complete conversion of primary and secondary amines to tertiary amines.
The vials were sealed and the reactions stirred for several days at 75 °C for epoxides and 80 °C for
acrylates. After reaction, the reactions were precipitated in acetone to yield the zwitterionic
aminolipids. The crude products were used to screen the library for siRNA delivery efficacy
without further purification.

2.4.3.5 Alternative Synthesis of amino SBAm ZA3: A 20 mL vial equipped with a stir bar was
charged with 3-((2-acrylamidoethyl)dimethylammonio)propane-1-sulfonate (SBAm, 0.8111 g,
3.068 mmol) and dissolved in 3 mL DMSO. Via syringe, tris(2-aminoethyl) amine (5 equiv, 15.32
mmol, 2.24 g) was added yielding a cloudy yellow/brown suspension. The reaction mixture was
sealed and stirred at 80 °C overnight, yielding an orange cloudy suspension. The reaction mixture
was further diluted in DMSO, transferred to several 50 mL conical tubes and precipitated in 10

volumes ethyl acetate. The precipitate collected by centrifugation (4,000 x g, 10 minutes), and the
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supernatant decanted to yield a sticky yellow/brown. The product was re-precipitated in
DMSO/EtOAc several times to remove any residual tris(2-aminoethyl) amine, and finally
dissolved in MeOH transferred to round-bottom flask and concentrated under reduced pressure.
The product was dried overnight under vacuum to remove residual solvent, re-dissolved in
methanol and precipitated in ethyl acetate, and dried under vacuum to yield 110SBAm as an
orange/brown oil (1.4058 g, >100% but "H NMR shows residual DMSO) and used in subsequent

reactions without further purification.

H,N
H2N IN/\/NHZ
o I DMSO
\ so. N >-NHz oo, 24n H
N/\/+\/\/ 3 + - >
| H HN
H
SBAm NH N . .
2 \H( \/\N/\/\SOS
5 /\
ZA3

2.4.3.6 Synthesis of ZA3-Ep10: A 20 mL vial equipped with a stir bar was charged with 110SBAm
(300 mg, 0.7307 mmol) and iPrOH (730 pL, IM SBAm) and stirred briefly at RT to yield a
yellow/brown suspension. 1,2-epoxydecane (4.384 mmol, 685 mg, 6 equiv) was added, the vial
was sealed and stirred overnight at 75 °C for approximately 24h resulting in a clear yellow/brown
solution. The iPrOH was removed under reduced pressure to yield a yellow/brown oil. The crude
product was dissolved in minimal 5% MeOH in DCM and purification was carried out on a silica
gel column (24g) using the Combiflash system (Teledyne Isco). The product was eluted and
fractionated with a solvent gradient of 5% MeOH in DCM to 20% MeOH, 2% saturated
ammonium hydroxide in DCM and the product elution tracked by ELSD. The product containing

fractions were concentrated under reduced pressure, and dried under vacuum overnight to yield
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the product as a sticky yellow solid (192.5 mg, 22.1% yield). Mass calculated m/z 1191.0246,

observed M*! (LCMS direct injection) m/z 1192.8. '"H NMR (400 MHz, CDCl;) 6 8.72 (d,J =5.8
Hz, 1H), 4.56 — 392 (m, 2H), 3.76 — 3.54 (m, 12H), 3.20 (d, J = 3.3 Hz, 6H), 2.88 (dq, J = 36 8,
13.1 Hz, 10H), 2.69 — 2.60 (m, 4H), 2.54 (d,J = 14.2 Hz, 3H), 2.49 — 2.30 (m, 9H), 2.22 (dd, J =

11.0,5.5 Hz, 2H), 1.44 - 1.23 (m, 66H), 0.87 (t,J = 6.7 Hz, 15H).
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2.44 Nucleic Acid Sequences

Small interfering RNAs (siRNAs)
dT are DNA bases. All others are RNA bases. siRNAs were chemically synthesized as
oligonucleotides and annealed into dSRNA by Sigma Aldrich.
siLuc (siRNA against Luciferase).
sense: 5’-GAUUAUGUCCGGUUAUGUAIdT][dT]-3’
antisense: 5’-UACAUAACCGGACAUAAUCI[AT][dT]-3’
siCtrl (non-targeting siRNA)
sense: 5’-GCGCGAUAGCGCGAAUAUAIAT][dT]-3’

antisense: 5’- UAUAUUCGCGCUAUCGCGC[dT][dT]-3’
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Single guide RNAs (sgRNAs). Guide RNAs were designed using the CRISPR.mit.edu platform

and cloned into pSpCas9(BB)-2A-GFP (PX458) as previously reported.!'!

Table 2.4.1. sgRNA sequences

Guide name | Target Guide sequence (5’ to 3’) PAM | Strand
sglucl Luciferase CTTCGAAATGTCCGTTCGGT TGG | Positive
sgl.uc2 Luciferase CCCGGCGCCATTCTATCCGC TGG | Positive
sgluc3 Luciferase TCCAGCGGATAGAATGGCGC CGG | Negative
sgluc4 Luciferase GGATTCTAAAACGGATTACC AGG | Positive
sgl.uc5 Luciferase ATAAATAACGCGCCCAACAC CGG | Negative
sgLoxP LoxP CGTATAGCATACATTATACG AAG | Negative
sgCtrl Mouse F7 GCTTCGATAATATCCGCTAC TGG | Positive

Table 2.4.2. Bbsl sgRNA cloning oligos

Probe Sequence (5’ to 3°)*

sglucl_Top CACCGCTTCGAAATGTCCGTTCGGT
sglucl_Bottom AAACACCGAACGGACATTTCGAAGC
sgluc2_Top CACCGCCCGGCGCCATTCTATCCGC
sgluc2_Bottom AAACGCGGATAGAATGGCGCCGGGC
sgluc3_Top CACCGTCCAGCGGATAGAATGGCGC
sglLuc3_Bottom AAACGCGCCATTCTATCCGCTGGAC
sgluc4_Top CACCGGGATTCTAAAACGGATTACC
sgluc4_Bottom AAACGGTAATCCGTTTTAGAATCCC
sgluc5_Top CACCGATAAATAACGCGCCCAACAC
sgluc5_Bottom AAACGTGTTGGGCGCGTTATTTATC
sgLoxP_Top CACCGCGTATAGCATACATTATACG
sglLoxP_Bottom AAACCGTATAATGTATGCTATACGC
sgCtrl_Top CACCGGCTTCGATAATATCCGCTAC
sgCtrl_Bottom AAACGTAGCGGATATTATCGAAGCC

*Guide sequence shown in bold.

Table 2.4.3 T7 template PCR primers
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Primer

Sequence (5’ to 3°)

IVT sgluc-fwd

TAATACGACTCACTATAGGGATAAATAACGCGCCCAACAC

IVT sgloxP-fwd

TAATACGACTCACTATAGGGCGTATAGCATACATTATACG

IVT sgCtrl-fwd

TAATACGACTCACTATAGGGGCTTCGATAATATCCGCTAC

IVT-rev (common) | AAAAGCACCGACTCGGTGCC

Table 2.4.4. Surveyor assay PCR primers

Luc 2_Reverse

CATCGACTGAAATCCCTGGTAATC

Primer Sequence (5’ to 3°) Amplicon | Expected cut bands
Luc 1_Forward | ggaaccgctggagagcaact 510 bp 233 bp, 277 bp

Luc 1_Reverse | gtccctatcgaaggactctggea

Luc 2_Forward | GCTGGAGAGCAACTGCATAA 429 bp 202 bp, 227 bp

Table 2.4.5. Real time qPCR primers

Primer

Sequence (5’ to 3°)

Cas9 forward

ggaaccgctggagagcaact

Cas9 reverse

gtcectatcgaaggactetggea

hActinB forward

AGAAGGATTCCTATGTGGGCG

hActinB reverse

CATGTCGTCCCAGTTGGTGAC

2.4.5 Biological assays

2.4.5.1 sgRNA preparation. Single guide RNAs were designed using the CRISPR.mit.edu platform

and cloned into PX458 plasmid with standard Bbsl cloning. T7 transcription templates were

amplified by PCR and gel purified. sgRNAs were synthesized by in vitro transcription using the

MEGAshortscript T7 transcription kit (Life Technologies) followed by purification using the

MEGAclear Transcription Clean-Up Kit (Life Technologies) according to the manufacturer’s

protocols.
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2.4.5.1 Screening of sgRNA using pDNA. sgRNA-cloned PX458 plasmids were used to evaluated

efficacy of the sgRNAs against luciferase by transfection of the plasmid encoding both sgRNA
and Cas9. Lipofectamine 3000 (LF3000, Invitrogen) was used to transfect the sgRNA-Cas9
plasmids according to manufacturer’s protocols. HeLa-Luc cells were seed in a 96-well white-
opaque tissue culture plate at a density of 10,000 cells per well. LF3000 pDNA particles were
added to the cells at a dose of 100 ng pDNA per well. After 6 hours, the medium was removed and
exchanged for 200 uL fresh growth medium. After 24, 48 and 72h, the relative expression of
luciferase was determined using the One-Glo + Tox assay (Promega) and normalized to control.
Non-targeting sgRNA (sgScr) and unguided Cas9 plasmids were used as a control. (N = 4 +/-
standard deviation).

2.4.5.3 HeLa-Luc-Cas9 cell line preparation. HeLa-Luc-Cas9 stable cells were prepared by
lentiviral transduction. Parental HeLa-Luc cells® '>° were seeded at a density of 70,000 cells per
well in a 24-well plate in complete growth medium and allowed to attach in the incubator
overnight. The medium was replaced with 1 mL pre-warmed pseudoparticle medium (DMEM, 3%
FBS, 20 mM HEPES, 4 ug/mL polybrene). Cas9-Blast lentivirus supernatant was thawed on ice
and 50-100 pL. was added to the desired well. The cells were spinoculated at room temperature for
1 hour at 1,000 x g, and returned to the incubator overnight, after which the pseudoparticle medium
was exchanged for complete growth medium. After 48h total time post spinoculation, selective
pressure was applied (5 and 10 pg/mL Blasticidin S) and cells were maintained and expanded.
Single cell clones were isolated by single cell sorting by flow cytometry. Cas9 protein expression
was confirmed by western blot compared to parental HeLLa-Luc cells by blotting for FLAG tag

before single cell sorting and for Cas9 after single cell sorting.



92
2.4.54 Invitro ZAL nanoparticle (ZNP) formulations. ZNPs were prepared by the ethanol dilution

method. The RNA (whether an siRNA, sgRNA, or mRNA) was diluted in acidic aqueous buffer
(unless otherwise indicated, 10 mM citric acid/sodium citrate buffer pH 3). The lipid mix was
prepared in ethanol, with the appropriate molar ratios of ZAL, cholesterol and PEG-lipid from
ethanol stock solutions of each component. Via pipette, the lipid dilution was added to the RNA
dilution at a final volumetric ratio of 1:3, rapidly mixed by pipette, and incubated for 15-20
minutes. After this incubation period, the particles were either diluted 3-fold in, or dialyzed against
1X Dulbecco’s Modified PBS without calcium and magnesium (Sigma-Aldrich). Dialyses were
performed in Pur-A-Lyzer Midi dialysis chambers (Sigma-Aldrich) for 1 hour per 200 puL sample
per chamber.

2.4.5.6 ZAL siRNA delivery library screen. The library of ZALs functionalized with epoxide and
acrylate hydrophobic tails was screened for siRNA delivery efficacy in HeLa-Luc cells. In a white
opaque 96-well plate tissue culture plate, HeLa cells were seeded at a density of 10 x 10° cells per
well in 100 uL. growth medium (DMEM without phenol red, 5% FBS), and allowed to attach
overnight. The medium was exchanged for 200 uL fresh growth medium the day of the assay.
Crude ZALs products were prepared using a formulation lipid mixture of 50:38.5 (ZAL:
cholesterol), and a ZAL:siRNA ratio such that the number of hydrophobic tails in the ZAL times
the ZAL:siRNA mole ratio in the formulation was ~1000, which resulted in a weight ratio range
across the library of 16:1 to 45:1 ZAL:siRNA, with an average of 29.5 +/- 6.3 weight ratio across
the library. ZAL NP formulations were performed in a 96-well plate by rapid mixing of ZAL lipid
mix (20 pL) and siLuc dilution (60 pL, 13.33 ng/uL in 10 mM citric acid-sodium citrate buffer,

pH 5) at 3:1 aqueous:EtOH v:v ratio with a multichannel pipette. After a 15-20 minute incubation
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period, the formulations were diluted in 12 volumes (240 uL) PBS. The nanoparticles (40 uL)
were added to the HeLa-Luc cells at a dose of 100 ng siRNA per well. The nanoparticles were
incubated with the cells for 24 h after which time the cell viability and luciferase expression were
evaluated with the ONE-Glo + Tox Assay cell viability and luciferase assay (Promega).

2.4.5.7 sgRNA delivery to HeLa-Luc-Cas9 cells. Select ZALs were evaluated in the delivery of
single guide RNA (sgRNA) to HeLa-Luc-Cas9 cells. In a white opaque 96-well plate tissue culture
plate, HeLLa-Luc-Cas9 cells were seeded at a density of 5 x 103 cells per well in 100 pL. growth
medium (DMEM without phenol red, 5% FBS), and allowed to attach overnight and then
supplemented with an additional 100 p. DMEM. ZNPs encapsulating sgRNA were formulated
using the in vitro nanoparticle formulation protocol at the indicated lipid composition and weight
ratio (maintaining 50:38.5 (ZAL:cholesterol mole ratio), tuning PEG-lipid additive from 5% to
0.5%, and tuning weight ratio from 20:1 ZAL:sgRNA to 5:1 ZAL:sgRNA). Non-targeting control
sgRNA (sgCtrl) was used as a negative control. The nanoparticles were added to the cells at the
appropriate dose of sgRNA and incubated with the cells for 48 h. The cell viability and luciferase
expression were evaluated with the ONE-Glo + Tox Assay (Promega), normalized to untreated
cells (N = 4 +/- standard deviation).

2.4.5.8 Kinetic assay of sgRNA and siRNA delivery. The kinetics of luciferase expression after
silencing/editing by siRNA and sgRNA were determined in HeLa-Luc-Cas9 cells. For time points
< 48h, ZNPs encapsulating sgRNA or siRNA were delivered to HeLLa-Luc-Cas9 cells in 96-well
plates at a density of 5K cells per well. After 0.5, 1, 2, 4, 11, 20, 30 and 44 h time point, the cell
viability and luciferase expression were determined by the One-Glow + Tox assay. For longer time

points, cells were treated in 6-well plates. Beginning at the 2 day time point, cells were aspirated,
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washed with 1X PBS, trypsinized in 200 pL trypsin and re-suspended in 1800 pLL medium. 1 mL
of each cell suspension was added to a fresh 6-well plate containing 1 mL DMEM (2 mL total)
and returned to the incubator. Of the remaining cell suspension, 50 pLL was transferred to a 96-well
white-opaque plate (10 wells per sample). Cell viability was determined using the Cell-Titer Glo
assay normalized to untreated cells, while relative luciferase expression was determined using the
One-Glo assay and normalized against control (siCtrl or sgCtrl). Data was plotted as an average of
5 measurements +/- standard deviation.

2.4.5.9 Luciferase mRNA delivery in vitro assay. ZNPs with mRNA (Tri-Link Biotechnologies)
were prepared using the in vitro nanoparticle formulation method outlined above. IGROV1 cells
were seeded in white opaque 96-well tissue culture plates at a seeding density of 5 x 10° cells per
well in 100 uLL RPMI 1640 medium supplemented with 5% FBS, and allowed to attach overnight.
After overnight incubation, an additional 100 pL. medium was added to the wells. The ZAL:mRNA
nanoparticles were prepared at ZAL:mRNA weight ratios of 20:1, 10:1, 7.5:1 and 5:1, and lipid
mixture molar compositions of 50:38.5:n ZAL:cholesterol:PEG-lipid, where n = 5, 2, 1, and 0.5
at each weight ratio. The ZAL-mRNA nanoparticles were added to the cells at the appropriate
mRNA dose and incubated for the indicated time (ranging from 6 h to 48 h), after which time cell
viability and luciferase expression were evaluated with the ONE-Glo + Tox Assay (Promega) and
normalized to untreated cells (N = 4 +/- standard deviation).

2.4.5.10 In vitro co-delivery of Cas9 mRNA and sgRNA. ZNPs were evaluated in the co-delivery
of Cas9 mRNA (Tri-Link biotechnologies) and single guide RNA (sgRNA) to luciferase
expressing cancer cells. Cells were seeded at a density of 250,000 per well in 6-well plates and 2-

mL DMEM. ZNPs were formulated using the in vitro formulation protocol. For co-delivery in a
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single particle, Cas9 mRNA and sgRNA were combined in acidic buffer together at pH 3 prior to
the addition of ZAL lipid mix at the appropriate ZAL:total RNA weight ratio. Cells were incubated
with ZNPs for 72 h prior to evaluation of editing by the surveyor assay. As a negative control,
ZNPs with Cas9 only (unguided Cas9), sgl.uc only, and Cas9 plus sgCtrl were added. sgRNA dose
was fixed at 0.5 pg per well, while Cas9 mRNA dose was tuned from 0.5 pg (1:1) to 3 pg (6:1)
per well. ZAL:total RNA ratio was fixed at 7.5:1. Staged co-delivery was carried out by the
addition of Cas9 mRNA ZNPs followed by the addition of sgRNA ZNPs 24h later at a total ratio
of 2:1 Cas9 mRNA to sgRNA. Following an additional 48h incubation time, cells were evaluated
by gene editing by the surveyor assay.

24.5.11 Nucleic acid binding experiments. Nucleic acid binding was evaluated using the
Ribogreen assay (Molecular Probes). In short, nanoparticles were prepared using the in vitro or in
vivo formulation protocols. The nanoparticle formulations (5 pL) were added to a black 96-well
opaque microplate (Corning). A standard curve of the appropriate nucleic acid was prepared in the
same medium as the nanoparticles. Ribogreen reagent was diluted 1:1000 in 1 X PBS and 50 uL
was added to each well via multichannel pipette. The mixture was stirred on an orbital mixer for
5 minutes, and the fluorescence of each well was read using a plate reader (Ag, 485 nm, Ag, 535
nm). The amount of free nucleic acid was determined by fitting the signal from each nanoparticle
sample to the nucleic acid standard curve, and the fraction bound determined by the following
formula: Fraction nucleic acid bound = (total nucleic acid input-free nucleic acid)/ total nucleic
acid input) (N = 3 or 4 +/- standard deviation).

2.4.5.12 In vivo nanoparticle formulations: In vivo nanoparticle formulations were performed

using the NanoAssemblr microfluidic mixing system (Precision Nanosystems). Lipids were
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dissolved in ethanol and nucleic acids were diluted in 10 mM citric acid-sodium citrate buffer pH
3. The lipid mixture and nucleic acid dilution were combined at a volumetric ratio of 3:1 nucleic
acid:lipid mix at a total flow rate of 12 mL per minute, and a waste collection of 0.1 mL at the start
and end of each formulation. The nanoparticles were dialyzed against 1 X PBS in Pur-A-Lyzer
midi dialysis chambers (Sigma-Aldrich) for 1 hour per 200 puLL volume in each chamber, and
diluted in 1 X PBS to the appropriate nucleic acid concentration.

2.4.5.13 In vivo luciferase mRNA delivery: All experiments were approved by the Institutional
Animal Care & Use Committee (IACUC) of The University of Texas Southwestern Medical
Center and were consistent with local, state and federal regulations as applicable. ZA3-Ep10 was
formulated with in vivo formulation at 50 ZAL:38.5 cholesterol: 0.5, 1, or 2 PEG-lipid mole ratio
in the lipid mix, and 7.5:1 ZAL:mRNA weight ratio. Mice were injected with ZAL-mRNA NPs at
a dose of 1 mg/kg via tail vein injection or intraperitoneal injection. After 24 h and 48 h the
luciferase expression was evaluated by live animal bioluminescence imaging Animals were
anesthetized under isofluorane, and D-luciferin monosodium hydrate (GoldBio) substrate was
injected subcutaneously in the neck scruff. After 10-12 minute incubation under anesthesia, the
luciferase activity was imaged on an IVIS Lumina system (Perkin Elmer), and the images
processed using Living Image analysis software (Perkin Elmer). Ex vivo imaging was performed
on systemic organs after resection, and the tissue frozen on dry ice for ex vivo luciferase expression
analysis.

2.4.5.14 Nanoparticle property characterization: Physical properties were measured using a
Zetasizer Nano ZS (Malvern) with an He-Ne laser (A = 632 nm). Particle sizes were measured by

dynamic light scattering (DLS) (5 measurements, 3 runs x 10 seconds, automatic attenuator
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setting) by 173° back scattering. Zeta potential was measured in a folded capillary cell (Malvern)
with samples diluted in PBS for ZAL NPs or citrate phosphate buffer pH 7.4 for CSAL NPs.
2.4.5.15 Surveyor Assay: (Procedure performed by Shuyuan Zhang, Hao Zhu Lab) Genomic DNA
from transfected cells was isolated using QuickExtract DNA Extraction Solution (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Then the target region was amplified by PCR,
and the PCR products were gel purified on an agarose gel (QIAquick Gel Extraction Kit, QIAgen).
Surveyor assay was performed using Surveyor Mutation Detection Kit (IDT): the PCR products
were first hybridized, then half of the products were cut with Nuclease S; both the uncut and cut
DNA were then run on the 4-20% polyacrylamide gel (Biorad). The gels were stained with SYBR
Gold Nucleic Acid Gel Stain buffer (diluted 1:10000 in TBE buffer, Thermo Fisher Scientific) and
imaged by UV light.

2.4.5.16 Western blot: (Procedure performed by Shuyuan Zhang, Hao Zhu Lab) The cells were
lysed in cold RIPA buffer (Thermo Scientific), the lysate cleared by centrifugation and total protein
in the supernatant quantified by the BCA assay (Pierce). 50 ug total protein was loaded on 4-20%
precast polyacrylamide gel and transferred to a nitrocellulose membrane (BioRad). The membrane
was blocked in 5% nonfat milk for 1 hour at RT, and then incubated with primary antibody at 4°C
overnight (Cas9 antibody, 1:1000, Cell Signaling, 14697S; beta-actin antibody, 1:2000, Cell
Signaling, 4970). Secondary antibodies were applied at RT for 1 hour (anti-rabbit IgG, HRP-linked
antibody, Cell Signaling, 7074, anti-mouse IgG, HRP-linked antibody, Cell Signaling, 7076), and
then the membrane was developed and detected on X-ray film.

2.4.5.17 Real-time RT-gPCR. (Procedure performed by Shuyuan Zhang, Hao Zhu Lab) Cells were

transfected with Cas9 mRNA for the indicated time point in a 6-well plate and 0.5 pg/mL mRNA
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for the indicated time point. Total RNA was extracted using the TRIzol reagent according to the
manufacturer’s protocol. The RNA was reverse transcribed using the iScript Reverse Transcription
kit (BioRad) and the real-time qPCR was run on a Bio-Rad C1000 Touch Thermal Cycler
(CFX384 Real-time System). Each reaction was made with iTaq Universal SYBR Green 2X
Supermix (Bio-Rad). The qPCR program is as follows:

1) 95 °C for 3min

2) 95 °C 10s and 55 °C 30s for 40 cycles

3) 95°C 10s

4) 65°C5s

5) 95°C5s
Human -actin was used as a control and mRNA levels were normalized to fold actin and plotted
as an average of two independent experiments.
2.4.5.18 In vivo delivery of Cas9 mRNA and sgLoxP.ZA3-Ep10 ZNPs encapsulating Cas9 mRNA
and sgloxp were prepared according to the in vivo nanoparticle formulation protocol using the
Nanoassemblr microfluidic mixing device. The lipid mix contained 50 ZA3-Epl0: 38.5
cholesterol: 0.5 PEG-lipid molar ratios, and the particles were formulated at a 7.5:1 ZAL:total
RNA weight ratio. The Cas9 mRNA: sgl.oxP weight ratio was maintained at 4:1. Rosa 26-LSL-
tdTomato mice were injected at 5 mg/kg total RNA (4 mg/kg mRNA, 1 mg/kg sgRNA) via tail
vein injection and monitored for 1 week. After which they were sacrificed and the major organs
imaged using the IVIS Lumina system for fluorescence expression (dsRed filter set) compared to
an uninjected Rosa 26-LSL-tdTomato mouse. A liver specific Cre recombinase adeno-associated

virus (Cre-AAVS) injected intravenously via tail vein injection (4 days) was used as a positive

control.
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2.4.5.19 Tissue sectioning. (Procedure performed by Shuyuan Zhang, Hao Zhu Lab) Tissue were

fixed in 4% paraformaldehyde (PFA) at RT for 2 hours, then changed in 30% sucrose (in PBS) at
4 °C overnight. Then the tissues were embedded in Cryo-gel (Leica Biosystems), and frozen in
dry ice. The blocks were sectioned using Cryostat machine (Leica Biosystems) at 8 wm thickness.
The sections were air-dried and incubated in 0.25% Triton X-100 (Biorad) 5% FBS in PBS for 1h
at RT. Then the slides were mounted with DAPI (Vector Laboratories) and covered.

2.4.5.20 Primary hepatocytes isolation. (Procedure performed by Shuyuan Zhang, Hao Zhu Lab)
Primary hepatocytes were isolated by two-step collagenase perfusion. Liver perfusion medium
(Thermo Fisher Scientific, 17701038), liver digest medium (Thermo Fisher Scientific, 17703034)
and Hepatocytes wash medium (Thermo Fisher Scientific, 17704024) were used.

2.4.5.21 Flow Cytometry. (Procedure performed by Shuyuan Zhang, Hao Zhu Lab) For detection
of Tomato positive populations, primary hepatocytes (2x106/mL) were isolated and stained with
DAPI (Roche, 2ug/mL) for dead cell exclusion. Cells were analyzed with BD FACSAria Fusion
machine (BD Biosciences). Tomato positive cells were counted in DAPI negative (live cell)
populations.

2.4.5.22 Statistical analysis. Statistical analysis was performed using a Student’s t-test in

GraphPad Prism.



CHAPTER THREE
CATIONIC SULFONAMIDE AMINOLIPIDS FOR NUCLEIC ACID

DELIVERY

3.1 INTRODUCTION

The therapeutic application of RNA interference (RNAi) offers a promising alternative to
small molecule drugs for the treatment of diseases of dysregulation, including cancer.'*'>-10 Small
interfering RNAs (siRNA) can be designed against any mRNA target, and enable the sequence-
specific recognition and degradation of the target oncogene upon loading into the RNA-induced
silencing complex (RISC). Because siRNAs have a relatively high molecular weight (~13 kDa)
and are highly hydrophilic and anionic, they are unable to passively diffuse across cell membranes
and into cells."”” To date, many successful carriers have been designed using amphiphilic lipid-like
compounds containing amine-rich cores, but challenges including efficient endosomal release and
non-liver targeting remain major bottlenecks in the field of RNAi therapeutics. Even the best
carriers are estimated to allow only 2-3% of siRNA to enter the cytoplasm,**-3? and most lipid
nanoparticles (LNPs) reported to date are efficacious only in liver hepatocytes,® suggesting a need
to further develop new classes of lipids with endosomolytic properties and with capability of
targeting tissues outside of the liver to further understand structure-function relationships.

Synthetic lipids can be generally divided into four classes: cationic, anionic, neutral, and
zwitterionic.’*>* Among carriers for nucleic acids, cationic lipids represent the most investigated

class due to ability of cationic charges to electrostatically bind anionic nucleic acids. We recently

100
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reported a novel class of synthetic lipids, zwitterionic amino lipids (ZALs), which were efficacious
for in vivo mRNA delivery and CRISPR/Cas gene editing via co-delivery of Cas9 mRNA and
sgRNA.!3 Our work demonstrated that zwitterionic phospholipids enhance RNA loading into
LNPs. Given the biological importance of natural zwitterionic lipids and the utility of cationic
lipids, we aimed to expand the chemistry of this novel scaffold by chemically synthesizing lipids
that possess a unique permanent cationic charge coupled to sulfonamide-based head groups in a
modular approach. We envisioned that expanding the synthetic scope of lipid chemistry would
elucidate new chemical and biological properties that could be harnessed with utility in nucleic
acid delivery.

In this chapter, the chemical development and biological evaluation of Cationic
Sulfonamide Amino lipids (CSALs) is shown. CSALSs are a novel class of modular synthetic lipids
that have chemical and structural properties which make them promising candidates for RNAi-
based anticancer therapies. Sulfonamide functionalities, though prevalent in many pharmaceutical
drugs,'s-16* are underexplored functional groups in carriers for nucleic acid delivery. pH-
Responsive aryl sulfonamide polymers and lipid analogues have been utilized to promote tumor-
specific cellular uptake of nanoparticles for plasmid DNA and siRNA delivery, further suggesting
potential utility in drug carriers.'**'% Due to a positively charged quaternary ammonium, CSALSs
are excellent candidates for enhanced siRNA binding and endosomal membrane interaction and
disruption upon cellular uptake to enable siRNA release.

The CSAL scaffold elicits key structural features found in lipids, lipidoids, which are
cationic ionizable amino-lipids such as C12-200, 98N12 and cKK-E12 (Figure 1.3.2), and

polymers with demonstrated potent siRNA delivery efficacy.!: 6 13.27-28.42.159.167-168  CSALs were
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chemically synthesized from commercially available reagents via zwitterionic aminolipid
intermediates bearing a sulfobetaine head group, amine-rich cores, and branching secondary
alcohols. The lipid side chain functionality was introduced by reaction at the alcohol positions,
while sulfonamidation to append the tertiary amine head group was achieved by S-N coupling
through a sulfonyl chloride intermediate. A systematic, modular design enabled the evaluation of
the relative contributions of structural modifications on the biophysical properties of CSAL
nanoparticles in terms of size, surface charge, siRNA encapsulation, and in vitro siRNA delivery
efficacy to human cancer cells. Further in vivo evaluation of lead compounds showed that A3-
OAc-C2Me LNPs could deliver siRNA to mouse lungs, and both subcutaneous and orthotopic
lung xenograft tumors. Furthermore, CSALSs also showed utility as excipients in LNPs composed
of liver targeting materials (C12-200), which resulted in altered liver-lung biodistribution
following systemic administration. CSALs represent a unique structural bridge between
zwitterionic'*® and cationic designs." ¢ 13- 2?7 These results demonstrate the importance of the

functional lipid in LNPs and provide further design guidelines for nucleic acid carriers.

3.2 RESULTS AND DISCUSSION

3.2.1 Chemical design of CSALs for charge manipulation

To expand the variety of synthetic nucleic acid delivery materials, we developed a chemical
route to manipulate the charges within lipids. CSALSs possess a unique structure, consisting of an
internal quaternary ammonium and tertiary amine head group connected via a sulfonamide linker.
Each domain of the lipid (hydrophobic alkyl tail, linker amine, head group amine, and functional

side chain) is amenable to chemical and structural modification, enabling systematic exploration



103
of the relative contributions of different structural elements. We envisioned that retention of the
quaternary ammonium would enhance siRNA encapsulation and membrane disruption potential
to enable endosomal escape. Meanwhile, the modular synthetic approach enabled systematic
changes to the linker amine region (red), the head group amine (blue) and a lipid tail side chain
(green) to explore their role in affecting biophysical properties and delivery efficacy (Figure
3.2.1). Steric interactions around the quaternary amine, the number of lipid tails, and lipid side
chain functionality were evaluated. The initial design featured tertiary amine building blocks and

hydrophobic alkyl chains implicated in previously successful designs.!-!3-14.28.167-169
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Figure 3.2.1. Cationic sulfonamide amino lipids (CSALs) were designed as a new class of lipids with defined
chemical groups and physical properties to enable siRNA delivery. The modular synthetic design of CSALSs enabled
the establishment of structure-activity relationships by modification of the linker amine (red), lipid tail side chain
(green) and the tertiary amine head group (blue).’ Reprinted with permission from Reference 5. Copyright 2018
American Chemical Society.

With an aim to establish synthetic conditions for CSALs and understand the effects of head
group spacing and lipid side chain modification, CSALs with the Al linker amine and dimethyl

amino head groups were initially evaluated. These CSALs have structural similarity to potent
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LNPs used in clinical trials and in many efficacious lipidoid, dendrimer, and polymer designs.!:¢:
9, 13-14,23,26-28, 42,159,167 Their potency is likely due to the importance of apparent pKa in LNPs for
endosomal release.?® Particularly, the combination of the two-tailed lipid bearing a dimethylamino

head group has featured prominently in other potent lipids for siRNA delivery .2¢-28-159
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Scheme 3.2.1. CSALs based on N,N-dimethyl-1,3-propanediamine (Al) were synthesized from a common
zwitterionic precursor, bearing acetate, pivalate, or chloride side chains and C2, C3, or C4 dimethylamino head
groups. Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.

Al-based CSALs were synthesized using a modular design using readily available starting

materials and robust reactions. The A1-OH lipidoid precursor was formed by reaction of N,N-

dimethyl-1,3-propanediamine (A1) with 1,2-epoxytetradecane (Scheme 3.4.1) via epoxide
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opening, which yielded a structure bearing two lipid tails and the secondary alcohol handles primed
for further functionalization. Subsequently, the key quaternary ammonium was introduced via a
sultone opening reaction with 1,3-propanesultone with the dimethyl amino head group to form the
common zwitterionic precursor A1-OH-PS (Scheme 3.2.1, 3.4.2). This key intermediate was
readily isolated from unreacted starting material by in situ precipitation upon sulfobetaine
zwitterion formation, a strategy which has proven successful in our previous syntheses of charge-
unbalanced lipids."*® Additionally the sulfobetaine moiety has been thoroughly explored as a key
component of non-fouling zwitterionic materials,>> '° so we hypothesized that integration of this
motif into the CSAL backbone would confer biocompatible properties to CSAL nanoparticles.

Divergent synthesis from this zwitterionic precursor enabled rapid exploration of structural
space to assess the relative contributions of the lipid tail side chain and head group spacing. Partial
acetylation of polyethylenimine carriers has been shown to improve gene delivery efficacy,'”!-172
so we hypothesized that the acetyl group may confer some important weak hydrogen-bonding
interactions to stabilize siRNA, but enable release from endosomal compartments. Pivalate lipid
side chains were evaluated for the potential steric effects around the acyl group, which may affect
the stabilizing interactions. Chloride was evaluated as a compact electron withdrawing group,
which would disrupt any stabilizing hydrogen bonding interactions in the acyl sidearms. The
carbon linker length in the N,N-dialkyl diamines (C2, C3, C4) was also investigated, as a single
methylene change in linker length has been shown to have drastic effects on delivery efficacy.?®
The secondary alcohol moieties of A1-OH-PS were esterified by reaction with acetic anhydride
(Scheme 3.4.3) or pivalic anhydride (Scheme 3.44) to form A1-OAc-PS and A1-OPiv-PS

respectively. The sulfonamide bond and tertiary amine head group were introduced via conversion
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of the sulfonate to a sulfonyl chloride by heating in thionyl chloride following subsequent
sulfonamidation with N,N-dimethyldiamine head group amines C2Me, C3Me, and C4Me (Scheme
3.2.1) to form CSALs A1-OAc-CnMe (Scheme 3.4.5) and A1-OPiv-CnMe (Scheme 3.4.6).
Synthesis of the chloride lipid side chain was achieved by reaction with thionyl chloride in a single
reaction during sulfonyl chloride formation, followed by similar sulfonamidation to yield A1-Cl-
CnMe (Scheme 3.4.7). CSAL structures were confirmed by 'H NMR and MALDI-TOF mass
spectrometry (Appendix B). With CSALs A1-OAc-CnMe, A1-OPiv-CnMe, and A1-CI-CnMe in
hand, these compounds were evaluated for the ability to form nanoparticles capable of
encapsulating and delivering siRNA to cancer cells in vitro.

3.2.2 Formulation CSAL and correlation of NP properties to chemical structure

Efficacious lipids for siRNA delivery are typically formulated by rapid mixing of multiple
components into LNPs. To date, formulation of LNPs composed of a cationic or ionizable lipid,
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and lipid poly(ethylene glycol)
(PEG)!-13-28 have provided an effective method to eliminate aggregation and enhance stability at
physiological conditions. Such LNPs have been utilized in human clinical trials to deliver
siRNAs.17

We prepared formulated LNPs of CSALSs, cholesterol, DSPC, and lipid PEG2000 at a ratio
of 50/38.5/10/1.5 (mol/mol) and a N:P ratio of 12.5, 25, and 50 to 1 using the ethanol dilution

method. In brief, siRNA diluted in citrate buffer pH 3 was rapidly mixed with lipids
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Figure 3.2.2. Biophysical characterization of an Al-based series of CSAL LNPs. (A) All LNPs possessed structurally
independent size of ~100 nm. (B) siRNA encapsulation studies of CSAL LNPs showed sidearm and head group
independence. (C) At lower N:P siRNA encapsulation is dependent on head group structure for A1-OAc-CnMe LNPs
(D) CSAL head group structure and N:P ratio affects particle surface charge. Data plotted as mean +/- standard
deviation; A: n =5, B-D: n = 3. Reprinted with permission from Reference 5. Copyright 2018 American Chemical
Society.

in ethanol at 3:1 aqueous: acidic volumetric ratio, followed by dilution in PBS. Formulated CSAL
LNPs had uniform, structurally independent size (Figure 3.2.2A) and high siRNA encapsulation

(Figure 3.2.2B) at N:P 25:1. LNP diameter was neither affected by the carbon linker nor the



108
sidearm functionality. Interestingly, when N:P ratio of A1-OAc-CnMe was titered from high to
low to assess the roles of head group spacing on siRNA encapsulation, all CSALs showed strong
binding (>80%) above N:P 6:1, while increased alkyl length correlated with decreased binding at
lower CSAL:siRNA ratios. Additionally, the surface charge of the A1-OAc-CnMe LNPs was net
positive and dependent on head group linker length and N:P ratio, with C4Me head group showing

lower zeta potential (Figure 3.2.3).
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Figure 3.2.3. The effect of pH on the nanoparticle properties of A1-OAc-CnMe CSAL LNPs. A) The effect
of mixing pH on zeta potential shows a decrease in surface charge from pH 3 to pH 5, while the positive
charge is maintained at physiological pH. CSAL LNP particle properties evaluated from pH 3 to pH 7.4 (B-
D). B) siRNA encapsulation is largely pH independent. Particle size (C) and PDI (D) increase at higher pH
in a structurally dependent manner, where C2Me shows the best stability. Data plotted as mean +/- standard
deviation, N = 5.
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The effects of pH on CSAL LNPs were also studied to determine the effects of the
permanent positive charge from the quaternary ammonium. Higher surface charge at pH 3 suggests
changes in protonation states of surface CSALs. (Figure 3.2.3A) Interestingly, siRNA
encapsulation in A1-OAc-CnMe CSALs was not significantly affected by formulation pH (Figure
3.23B), likely due to the permanently positively charged ammonium. In contrast to CSALs,
traditional ionizable lipids require a low pH of mixing (below the pKa of the cationic lipid) to
allow high siRNA loading via electrostatic interactions with negative siRNA molecules.!: 132628
CSAL nanoparticle size increases at higher pH, suggesting that the ionizable amine groups in
CSALs also play a role in effectively compacting siRNA into LNPs (Figure 3.2.3C). Having
established the optimal LNP formulations for uniform particle size, charge, and siRNA
encapsulation to CSAL LNPs were next evaluated for the ability to deliver siRNA in vitro.

3.2.3 Evaluation of Al-based CSALs for in vitro delivery efficacy

Al-based CSAL LNPs with favorable nanoparticle properties for in vitro delivery were
evaluated for delivery of siRNA against a luciferase reporter in HeLa-Luc cells (Figure 3.2.3).
Luciferase activity and cytotoxicity were measured after 24 hours relative to untreated cells.
Evaluation of the structural effects of lipid side chains and head group spacing (Figure 3.2.3A)
revealed significantly more potent activity of acetate and pivalate lipid side chains as compared to
chloride. Furthermore, lengthening of the carbon linker in the head group amine correlated with a
significant decrease in delivery efficacy from C2 to C3 to C4, likely due the differences in pKa at
the head group amine. In general, a higher N:P ratio improved delivery (Figure 3.2.3B) suggesting

that CSAL is playing a key role in enabling endosomal release and delivery efficacy. This implies
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the importance of hydrogen bonding within LNPs.*® Changing the zwitterionic helper
phospholipid from DSPC to DOPE, which introduces an unsaturated bond into the lipid tail to
improve fluidity of the hydrophobic domains of the LNP, and a strategy that has been utilized to
improve delivery of previous formulations, did not significantly affect CSAL LNP siRNA delivery
to HeLa cells (Figure 3.2.5). Further characterization of CSAL LNP uptake using fluorescently
labeled Cy5.5-labeled siRNA correlated with functional delivery efficacy (Figure 3.2.6) and
showed that A1-OAc-C2Me and A1-OPiv-C2Me had drastically higher uptake as compared to
A1-CI-C2Me. Taken together, in vitro results indicated that the C2Me head group and acetate lipid

side chain were the most favorable structural elements for CSAL siRNA delivery.
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Figure 3.2.4. LNPs formulated with the A1-CSAL library (50:38.5:10:1.5) were screened for siRNA delivery to
HeLa-Luc cells. (A) The effect of head group amine and lipid side chain at N:P ratio of 50:1. (B) The effect of N:P
on A1-OAc CSALs 50:1,25:1, and 12.5:1. Nanoparticle treatment was performed at 34 nM siRNA for 24 hours. The
negative control was free siRNA (no lipids) and the positive control was the lipidoid C12-113 LNPs.!> Data were
normalized to untreated cells, with viability shown as dots and relative luciferase activity shown as bars. n = 3 +/-
standard deviation. Statistical analyses were performed with a two-tailed Student’s t-test (n.s. P > 0.05; *P < 0.05;
**P < 0.01). Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.
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Figure 3.2.5. Delivery of CSAL LNPs to HeLa-Luc comparing DSPC and DOPE as a phospholipid showed
comparable delivery efficacy with acetate CSALs and pivaloate CSALSs, while chloride CSALs showed improved
efficacy with DOPE. siRNA was administered at 34 nM and incubated for 24h. C12-113 was the positive control,
while free siRNA was the negative control. Cell viability and relative luciferase activity were normalized to
untreated cells and plotted +/- standard deviation (N = 3).
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Figure 3.2.6. Cellular uptake of LNPs of Al-based CSALs with C2Me head group reflects delivery efficacy and is
affected by the lipid side chain structure. Ester analogues OAc and OPiv show significantly higher uptake than
chloride. LNPs were formulated at N:P 25:1 and administered at 34 nM siRNA. Cells were imaged 24h post
transfection. The negative control was free siRNA. Cell nuclei were counterstained with DAPI. Scale bar = 40 um.
Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.
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3.2 4 Identification of improved carriers through rational structure optimization

Combined biophysical and structure-activity analysis of the Al series of CSAL LNPs
indicated that the acetate lipid side chain and two-carbon linker were favorable for siRNA
encapsulation and delivery. To further explore SAR, we synthesized a second set of CSALSs to
study the steric effects of the amino core and head group with a fixed acetate lipid side chain.
Acetate A2- and A3-based CSALs and Al with a diethylamine head group were chemically
synthesized (Figure 3.2.7, Scheme 3.4.8) from their lipidoid precursors using the same synthetic
sequence from Scheme 3.2.1. Additionally, the acetate lipid side chains of A1-OAc-C2Me were
converted to the hydroxyl groups of A1-OH-C2Me by reaction with potassium carbonate (Scheme
3.4.9) to further explore the role of hydrogen bonding in CSAL LNP delivery.

LNPs were prepared using second generation CSALSs to determine the steric effects of the
linker and head group amines on nanoparticle properties and delivery efficacy. Increasing the steric
bulk from dimethyl to diethyl on the quaternary ammonium (A2-OAc-C2Me) did not affect
particle size while increasing the number of hydrophobic tails (A3-OAc-C2Me) resulted in a slight
increase in size (Figure 3.2.8A). Meanwhile, changing the substitution of the head group amine
(Figure 3.2.8B) or the lipid side chain to hydroxyl (Figure 3.2.8C) did not affect LNP size.
Compared to Al, siRNA binding was decreased by conversion of the linker amine to A2 or A3,
while conversion of the head group substitution to diethyl (A1-OAc-C2/3Et) resulted in a slight
decrease in siRNA binding. Furthermore, conversion of the acetate lipid side chain to hydroxyl
(A1-OH-C2Me), also decreased encapsulation suggesting a key role of the acetate lipid side chain

in stabilizing the siRNA-CSAL interaction within the nanoparticle. Meanwhile, characterization
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of CSAL LNPs formed with A3-OAc-C2Me show a traditional spherical LNP nanostructure with

an electron dense core and electron diffuse shell (Figure 3.2.8E).
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Figure 3.2.7. Second generation CSALs were designed and synthesized to probe the steric effects of the linker
amine and head group amine on biophysical and delivery properties. Reprinted with permission from Reference
5. Copyright 2018 American Chemical Society.

Functional siRNA delivery was also affected by fine changes in CSAL structure (Figure
3.2.9). Similar to the Al-based CSALs, increased N:P ratio in second generation CSALSs correlated
with improved delivery efficacy, suggesting a general trend. Conversion of the head group
substitution from dimethyl to diethyl significantly decreased delivery efficacy to HeLa-Luc cells

for both the two- and three-carbon head group linker Ilength. This change in
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nanoparticle size (A-C) and siRNA encapsulation (D). Transmission electron microscopy shows a core-shell
nanostructure of A3-OAc-C2Me LNPs (E). Values plotted as mean +/- standard error, A-C: n = 5; D: n = 3.
Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.

activity further suggests that the microspecies pKas of amines can be significantly affected by the
substitution length, which can alter global apparent LNP pKas that are known to control delivery
efficacy . 26- 28. 30-22 Additionally, the acetate lipid side chain proved more efficacious than the

hydroxyl group. Changing the linker amine to A2 (A2-OAc-C2Me/Et) decreased delivery efficacy
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compared to the Al-based analogue, while changing the linker amine to A3 (A3-OAc-C2Me)
drastically improved delivery efficacy. The enhanced activity of A3-OAc-C2Me highlights the
important balance of stabilizing hydrophobic and hydrophilic interactions in CSAL LNPs, which
has been demonstrated in many potent carriers in library studies.! ¢ 3-42 Furthermore, the effect of
CSAL structure on nanoparticle cellular uptake correlated with changes in delivery efficacy
(Figure 3.2.10). A3-OAc-C2Me showed strong uptake as compared to A1-OAc-C2Me, while Al-

OAc-C2Et and A1-OH-C2Me demonstrated much lower intracellular siRNA.
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Figure 3.2.9. siRNA delivery to HeLa-Luc cells at mol:mol ratios of 666:1, 333:1, and 167:1 (CSAL:siRNA) (For
Al and A2,N:P=50:1,25:1, 12.5:1 respectively; for A3 N:P=66:1,33:1, 16:1 respectively) using formulated CSAL
LNPs (50:38.5:10:1.5 CSAL: cholesterol: DSPC: PEG-Lipid) and administered at 34 nM siRNA for 24h. For clarity,
the A1-OAc-C2Me and A1-OAc-C3Me data are reproduced from Figure 3.2.2 and 3. n = 3 +/- standard deviation.
Statistical analyses were performed with a two-tailed Student’s t-test (n.s. P > 0.05; *P < 0.05; **P < 0.01, ***P <
0.001). Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.
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Figure 3.2.10. The effect of second generation CSAL structure on LNP uptake in HeLa-Luc cells. LNPs were
formulated with Cy5.5-labeled siRNA (red) at 333:1 CSAL:siRNA mol:mol ratio and administered at 34 nM siRNA.
Cells were fixed, counterstainined with DAPI (blue) and imaged 24h time points post transfection. Scale bar = 40 um.
Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.

To further understand the origin of these trends, we performed computational microspecies pKa
modeling. This was useful because each CSAL contains multiple amines, which makes
global/apparent pKa analysis more complicated than for classic cationic lipids with one amine
head group.?®-2® Modeling of the pKa of the ionizable amines using CSAL analogues showed that
the C2Me head group possesses a pKa in the relevant range for endosomal escape.®2¢-28:30-32 pKa
modeling also indicated that the ester lipid side chains lowered the pKa compared to the alcohol
analogue (Figure 3.2.11). Both extension of the carbon linker on the head group and increasing
head group steric hindrance from dimethyl to diethyl increased the pKa, potentially contributing
to the observed decrease in activity. Despite these changes in pKa, RNA encapsulation was not

largely affected suggesting a key role in this function of the quaternary ammonium core. Overall,
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this second group of CSALs was rationally designed to explore linker and head group properties
for delivery efficacy. A3-OAc-C2Me showed the strongest delivery ability, which highlights the

importance of pKa and additional hydrophobic tails.
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Figure 3.2.11. Microspecies pKa modeling of CSALs indicates the potential roles of various structural moieties
in siRNA encapsulation and release. Longer alkyl chain in the head group amine leads to higher pKa of the head
group amine. Furthermore, increasing steric bulk on the head group leads to higher pKa.

3.2.5 Examination of the effect of CSAL structure on LNP in vivo biodistribution

Given the unique sulfonamide containing chemical structure of CSALSs, coupled to the in
vitro uptake and delivery results that correlated to small changes in structure, we were motivated
to examine in vivo biodistribution of CSAL LNPs using fluorescently labeled siRNA. In vitro SAR
evaluation revealed that C2Me head group and acetate lipid side chain were the most favorable
attributes for delivery overall, and that the A3 amine could improve delivery over Al. We thus
decided to compare the organ biodistribution patterns of A1-OAc-C2Me and A3-OAc-C2Me

LNPs.
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Uniform LNPs were prepared at different N:P ratios with Cy5.5-labeled siRNA (Figure
3.2.12A). Initially the biodistribution of A3-OAc-C2Me LNPs was evaluated following systemic
administration via intravenous (IV) injection at different total lipid:siRNA weight ratios. All
formulations demonstrated striking lung accumulation (Figure 3.2.12B). Decreased kidney signal
at higher weight ratios suggests that the CSAL plays a critical role in the in vivo stability of LNPs,
as free siRNA undergoes renal clearance and kidney localization. Delivery of A1-OAc-C2Me (wt
ratio 30:1) by IV injection shows strong lung accumulation but much higher kidney accumulation
indicating instability (Figure 3..2.12.C). Furthermore, different routes of administration were
compared using A3-OAc-C2Me to better understand the lung accumulation. CSAL LNPs
administered via intraperitoneal injection (IP) showed much lower overall fluorescent signal and
did not lead to accumulation in the lungs (Figure 3.2.12.D). Quantification of Cy5.5 signal was
also performed by ROI analysis which confirmed the favorable lung targeting of CSAL LNPs

(Figure 3.2.12E-G)



119

A CSAL:siRNA C
- llil wi ratio A1-OAc-C2Me LV.
E b g "__ Al 'OAc.'sze X ¢ it Radiant Efficiency
g| fy, o o LV
@ : L2 | A3-OAc-C2Me : 6.0
5 f Y ¢ w451 =
° s v 3001 : m
gl ¢ | e 201 D /80mccame -
i : ; I.P. Injection -0
04i@1bb 20
T T 1 ¥ Lung J
1 01 1 02 1 03 1 04 K.dleer 5 1.0
Dh.nm (intensity) ”_'fy # © v Heart
B A3-OAc-C2Me L.V. injection
45:1 30:1 20:1 wt. ratio
Radiant Efficiency
¥ oo e
2 h Lung: P % 6.0
3 Kidney 50
: 4.0
\\' ] : X 108
24h Liver LJ"Q il Liiver hungs Spleen
Heart ; Kidney - . Héart 5 20
e Kidney 5 \ : 10
E Hl 2h = 24h
30:1 20:1

45:1
2.5%10%
2.0x10%
1.5x10°%
1.0x10%
5.0x10%
0.0

Liver Lung Spleen Kidney Heart

10-iI II I
0

Liver Lung Spleen Kidney Heart

Total Radiant Efficiency
(o/sec)/(uW/cm?)

Liver

Fold heart signal

Liver

F .o G

g
8o 3.0x10°
St
EZ 20x10° El A10AcC2Me
3 ? B A30AcC2Me
£ 2
T < 1.0x10%
°

0.0

Liver Lung Spleen Kidney Heart

Lung Spleen Kidney Heart

Lung Spleen Kidney Heart

Liver Lung Spleen Kidney Heart

Liver Lung Spleen Kidney Heart

2.5x10°
g
8 &~ 2.0%10°
L E
£ 9
[T 1.5%10°% - P
5 -
5 O 1.0%x10°
c D
24
T = 5.0x10°%
e

0.0

Liver Lung Spleen Kidney Heart

Figure 3.2.12. A1-OAc-C2Me and A3-OAc-C2Me LNPs were evaluated for biodistribution in C57BL/6J mice.
LNPs were formulated using microfluidic mixing and administered at 1 mg/kg siRNA. Nanoparticle size was
measured by DLS (A). IV injection of A3-OAc-C2Me NPs was evaluated at different total lipid: siRNA weight
ratios (B), and compared to IP injection at 30:1 wt. ratio (D). A1-OAcC2Me LNPs were evaluated at 30:1 wt. ratio
and IV administration (C). Biodistribution was quantified by ROI analysis (E-F). Reprinted with permission from

Reference 5. Copyright 2018 American Chemical Society.
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Figure 3.2.13. The stability of A3-OAc-C2Me NPs in the presence of serum. Nanoparticles were formulated by
microfluidic mixing and dialyzed against 1X PBS, then diluted in PBS or PBS containing 10% FBS. Particles
were incubated at ambient temperature and size was measured at 1 min, 10 min, 30 min, 1h, 2h, 4h, and 20h. Data
plotted as mean +/- standard deviation, N = 5.

Given that lung vasculature is known to have smaller blood vessels than other organs, this
physiological difference, coupled to the lungs being the first organ to receive blood following the
heart, suggested the possibility that CSAL LNPs might accumulate in the lungs being the first
sieving constraint.!”* In order to exclude the possibility that the propensity of CSAL LNPs to
accumulate in the lungs following IV administration could be due to aggregation of nanoparticles,
we monitored the stability of A3-OAc-C2Me LNPs in serum (Figure 3.2.13). The addition of 10%
FBS resulted in a slight increase in the nanoparticle diameter over time, but A3-OAc-C2Me LNPs
remained small in the presence of serum and did not aggregate. These results suggest that CSAL
LNPs are stable in the blood and that the CSAL chemical structure itself may facilitate delivery to
lungs. Similar accumulation has been observed for other carriers, such as 7C1 LNPs, which favor
endothelial cell uptake, providing preferential siRNA delivery to the lungs over the liver.®!-!7

Having identified the lungs as the favored target organ for CSAL accumulation and A3-
OAc-C2Me as a potent CSAL carrier for in vitro target gene silencing, siRNA delivery to A549-

Luc lung cancer cells in vitro and in vivo in xenograft tumors was performed. A3-OAc-C2Me
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Figure 3.2.14. Delivery of CSAL LNPs to A549-Luc cancer cells for lung localized LNPs A1-OAc-C2Me and
A3-OAc-C2Me (A) at 34 nM siRNA for 24h. A3-OAc-C2Me CSAL LNPs showed dose dependent, sequence-
specific silencing of luciferase target in A549 cells (B). Cell viability and luciferase activity were normalized to
untreated cells and plotted as mean +/- standard deviation (N = 4).The uptake of CSAL LNPs A1-OAc-C2Me and
A3-OAc-C3Me in A549-Luc cells as evaluated by confocal laser scanning microscopy. CSAL LNPs loaded with
Cy5.5-siRNA were formulated at 333:1 CSAL:siRNA mol:mol ratios and incubated with cells for 24h. Cells were
formaldehyde fixed and counterstained with DAPI.

LNPs were able to deliver siL.uc to silence luciferase expression in A549-Luc cells in vitro in a
dose responsive manner (Figure 3.2.14A-B), while A1-OAc-C2Me was ineffective, despite strong

intracellular nanoparticle uptake for both carriers (Figure 3.2.14C). Additionally, A3-OAc-C2Me
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LNPs were compared to well-characterized quaternary ammonium-containing cationic lipids 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) and dimethyldioctadecylammonium bromide
(DDAB) as siRNA carriers.'”® While all lipids showed similar particle size, positive surface charge,
and strong siRNA encapsulation, A3-OAc-C2Me proved more efficacious in silencing the
luciferase target in the lung cancer cells (Figure 3.2.15). Building on this result, we formed
subcutaneous A549-Luc xenograft tumors in mice. Sequence-specific siRNA-mediated luciferase
silencing was observed after intratumoral injection (1 mg/kg dose) of siL.uc or siCtrl inside of A3-
OAc-C2Me LNPs (Figure 3.2.16). This in vivo proof of principle data consisting of lung
accumulation and tumor silencing indicated potential for CSALs to be used for in lung delivery

applications.
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Figure 3.2.15. The lead CSAL A3-OAc-C2Me was compared to other well-characterized cationic lipids
containing quaternary ammonium moieties DOTAP and DDAB. (A) The chemical structures of DOTAP and
DDAB. LNPs were formulated at a lipid molar ratio of 50: 38.5: 10: 1.5 Cationic lipid/ Cholesterol/ DSPC/
PEG-lipid. A 333:1 cationic lipid:siRNA mol ratio was maintained for all formulations. The effect of the
cationic lipid structure on nanoparticle size (B), zeta potential (C), and siRNA encapsulation (D) was
determined. (D) LNPs were administered to A549-Luc human lung cancer cells by reverse transfection for
20h. A3-OAc-C2Me showed significant improvement of silencing compared to DOTAP and DDAB. The
negative control was siRNA formulated in the absence of lipids. Values are plotted as mean +/- standard
deviation (B-C n = 5; D-E n = 4). Statistical analysis was performed with a two-tailed student’s T-test *** P
<0.001, **** P <0.0001.
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Figure 3.2.16. Delivery of A3-OAc-C2Me LNPs to A549-Luc subcutaneous tumors. CSAL LNPs were
administered by intratumoral injection at a dose of 1 mg/kg. (A) A representative in vivo bioluminescent image
of siCtrl and siLuc treated animals. (B) Luciferase expression was determined by ROI analysis of bioluminescence
imaging 24h post-injection and by ex vivo luminescence assay normalized to total tissue mass. (N =4 +/- S.E.M.
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3.2.6 CSALs as excipients in established LNP formulations for lung delivery

In order to further utilize the unique chemical structure of CSALSs to enable siRNA delivery
to the lung, CSALSs were evaluated as excipients in known potent siRNA delivery formulations.
We prepared LNPs based on the well-characterized C12-200 lipidoid (50: 38.5: 10: 1.5 C12-200:
Cholesterol: DSPC: PEG-lipid mol:mol, 13.5:1 C12-200: siRNA wt:wt), which is an effective
formulation for delivery to liver hepatocytes.!: 31 106-107. 177 CSALs A3-OAc-C2Me and A1-OAc-
C2Me were incorporated as excipients into C12-200 LNPs (50: 38.5: 10: 1.5: Y C12-200:
Cholesterol: DSPC: PEG-lipid: CSAL mol:mol, 13.5:1 C12-200: siRNA wt:wt) to evaluate their
ability to favor lung accumulation. CSAL excipients in C12-200 LNPs did not have a large effect
on nanoparticle size, producing uniform LNPs ~100 nm in dimeter (Figure 3.2.18A). In vitro
experiments demonstrated that inclusion of A3-OAc-C2Me (10 or 30%) improved siRNA
encapsulation, while dramatically improving delivery efficacy to A549-Luc lung cancer cells

(Figure 3.2.17). The effect on biodistribution was evaluated following tail vein injection (Figure
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Figure 3.2.17. C12-200 LNPs were supplemented with CSAL A3-OAc-C2Me to determine nanoparticle
properties and the effects on delivery efficacy to A549-Luc lung cancer cells. (A) The chemical structure of C12-
200. C12-200/CSAL LNPs were formulated at a lipid molar ratio of 50: 38.5: 10: 1.5: Y C12-200/ Cholesterol/
DSPC/ PEG-lipid/ CSAL where Y was 0, 10, or 30. C12-200: siRNA weight ratio was maintained at 13.5:1 for all
formulations. The effect of CSAL additives on nanoparticle size (B), zeta potential (C), and siRNA encapsulation
(D) was determined. (D) C12-200/CSAL LNPs were administered to A549-Luc human lung cancer cells by
reverse transfection for 20h. A3-OAc-C2Me as an additive showed significantly improved silencing of luciferase
compared to C12-200 LNPs without CSAL supplementation. Values are plotted as mean +/- standard deviation
(B-C n=5; D-En=4). Statistical analysis was performed with a two-tailed student’s T-test **** P < (0.0001.
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mice (lung: liver ratio ~0.15:1) (Figure 10). Inclusion A3-OAc-C2Me (Y=10) into the C12-200
LNPs surprisingly led to 2-fold increased liver accumulation (liver:lung 0.08:1). Meanwhile,
inclusion of a larger mole fraction of A3-OAc-C2Me (Y=30) led to a changed biodistribution
profile with a striking 9-fold increase of lung accumulation (lung:liver 1.35:1). Inclusion of Al-
OAc-C2Me (Y=30) also resulted in a promising 3-fold increase in lung accumulation (lung:liver
~0.47:1), but also showed almost 3-fold increase in kidney accumulation, which is indicative of

decreased in vivo LNP stability. Incorporation of CSALSs as excipients into liver-targeting LNPs
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Figure 3.2.18. Incorporation of the A3-OAc-C2Me CSAL into C12-200 LNPs! increased lung delivery. C12-
200/CSAL LNPs were formulated at a lipid molar ratio of 50: 38.5: 10: 1.5: Y C12-200/ Cholesterol/ DSPC/ PEG-
lipid/ CSAL where Y was 10 or 30. C12-200: siRNA weight ratio was maintained at 13.5:1 for all formulations. (A)
The effect of CSAL additives on nanoparticle size was determined by DLS. (B-C) The effect of CSAL excipients on
biodistribution of C12-200 LNPs. A3-OAc-C2Me at 30 mol % incorporation led to improved lung accumulation of
C12-200 LNPs. Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.
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is an effective strategy for altering the biodistribution to the lungs. The data indicates that higher

ratios of A3-OAc-C2Me mediate lung delivery.
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Figure 3.2.19. Orthotopic xenograft lung tumors were formed by intravenous injection of A549-Luc cells into
NSG mice. Tumor formation was confirmed by bioluminescence imaging in vivo (A) and ex vivo (B). Fresh
frozen tissue section stained with H&E (C) confirmed formation of tumor nodules (black arrows) compared to
wild-type NSG mice. Scale bars = 400 ym.

To further explore the utility of CSAL LNPs for siRNA delivery to the lungs, orthotopic
tumors were formed in NOD scid gamma (NSG) mice by tail vein injection of A549-Luc lung
cancer cells (Figure 3.2.19). This treatment formed tumors exclusively in the lungs, which could
be measured by bioluminescence imaging (BLI). The presence of tumors was also confirmed by
H&E staining of lung tissue sections (Figure 3.2.19C) in all animals, which showed defined tumor

nodules, indicated by strong nuclear staining, throughout the lung tissue. Administration of A3-



A WT NSG Orthotopic lung tumors
A3-OAc C12-200/A3-

LNP: none none

A549-Luc tumors

Radiance
(p/s/cm?/sr)

Epi-
Fluorescence
3.0

(p/slcm?/sr)

B WT NSG Orthotopic lung tumors
A3'OAC' C12-200/A3- WT NSG £ s‘v\y ".‘\ Tumors, no LNP |
LNP: none none CoMe  OAc-C2Me 3‘} X-‘;h: 9
: AN

'
| ot ;
Tumors, A3-OAc-C2Me ﬁ”:\fé & Tumors, C12-200/A3-OAc-C2Me
B e
N A A
)
>+ s

3

Figure 3.2.20. CSAL LNPs showed lung delivery to A549-Luc orthotopic xenograft tumors in mouse lungs.
LNPs were formulated at 30:1 total lipid:siRNA ratio. C12-200 was supplemented with 30% A3-OAc-C2Me as
an excipient. Formulated LNPs were administered via tail vein injection at 0.5 mg/kg Cy5.5-siRNA, 1 mg/kg
siRNA total for 1.5h. Left: (A) Ex vivo organ imaging shows that CSAL LNPs enable delivery to cancerous
lungs. The tumor was visible by bioluminescence imaging (A, top) while Cy5.5 fluorescence imaging showed
strong lung accumulation (A, bottom). (B) Confocal microscopy of cryo-sectioned lung tissue shows strong
penetration of the cancerous lung with CSAL-LNPs. Nuclei were counterstained with DAPI. (Scale bar = 200
um). Right: H&E staining of NSG mouse lungs following injection of CSAL A3-OAc-C2Me or C12-200/A3-
OAc-C2Me LNPs. Tumor nodules (black arrows) are visible in all samples with the exception of wild-type NSG
mice. Reprinted with permission from Reference 5. Copyright 2018 American Chemical Society.
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OAc-C2Me LNPs resulted in strong penetration of LNPs into the cancerous lungs as determined
by Cy5.5-labeled siRNA imaging at both the whole organ (Figure 11A) and tissue section (Figure
B) levels. When used as an excipient in C12-200 LNPs, A3-OAc-C2Me provided enhanced signal
in the cancerous lungs, suggesting an opportunity for therapeutic siRNA delivery to the lungs.
Thus, the A3-OAc-C2Me CSAL holds promise for delivering RNAs to lung tumors intravenously,
either as the primary lipid in LNPs or as an excipient in cationic lipid LNPs. Because CSAL
materials can shift the biodistribution of liver-targeting C12-200 LNPs from the liver to orthotopic
lung tumors, they offer an opportunity to repurpose known LNPs for use in lung cancer. In future
work, we plan to examine the therapeutic effects of oncogene silencing in orthotopic tumor

models.

3.3 CONCLUSIONS

Systematic rational design of a library of CSALSs, a new class of synthetic cationic lipids,
has elucidated SAR in properties governing effective siRNA delivery: shorter dimethyl head
groups, acetate side chains and higher tail numbers were favorable for delivery. This led to the
discovery of lead CSAL materials that enable efficacious siRNA delivery to cancer cells, which
had four tails and an acetate lipid tail side chain. Further in vivo evaluation showed strong lung
biodistribution after [V administration, and the ability to improve lung accumulation of the potent
liver-targeting siRNA carrier C12-200 with the potential to deliver therapeutic siRNAs to lung
tumors. The present paper focuses on chemical development of the CSALs and their general
application to siRNA delivery. Given the strong SAR, lung biodistribution, and proof of principle

efficacy and orthotopic lung tumor uptake in vivo, we anticipate future utility in lung disease
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models. Future work will focus on further examination of siRNA-mediated oncogene silencing in
lung tumor models. These results demonstrate the importance of the functional cationic lipid in

LNPs and provide further design guidelines for nucleic acid carriers.
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34 MATERIALS AND METHODS

3.4.1 Materials

a) Chemicals and reagents for synthesis. All chemicals were purchased from Sigma-Aldrich unless
otherwise indicated. Organic solvents were purchased from Fisher Scientific and purified with a
solvent purification system (Innovative Technology). Lipid PEG2000 was chemically synthesized,
as previously described.® CDCl; and methanol-d4 were purchased from Sigma-Aldrich or
Cambridge Isotope Laboratories. C12-113 and C12-200 were synthesized as previously reported.!
b) Nucleic acids and other reagents for biological assays. All siRNAs were purchased from Sigma-
Aldrich. The Ribogreen reagent was purchased from Life Technologies. ONE-Glo + Tox and Cell
Titer Glow were purchased from Promega.

c) Cell culture. Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Hyclone
containing high glucose, L-glutamine, and without pyruvate or phenol red. Dulbecco’s modified
phosphate buffered saline (PBS), Trypsin-EDTA (0.25%) and fetal bovine serum (FBS) were
purchased from Sigma-Aldrich. HelLa-Luc and AS549-Luc cells were cultured in DMEM
supplemented with 5% FBS in a humidified incubator at 37 °C and 5% CO,.

d) Animal studies. All experiments were approved by the Institutional Animal Care & Use
Committee (IACUC) of The University of Texas Southwestern Medical Center and were
consistent with local, state and federal regulations as applicable. C57BL/6 and athymic nude

Foxnl1™ mice were purchased from Envigo.
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Instrumentation
a) Nuclear magnetic resonance (NMR) spectroscopy. 'H and '*C NMR were performed on a Varian
400 MHz spectrometer or a Varian 500 MHz spectrometer.
b) Mass spectroscopy (MS). MS was performed on a Voyager DE-Pro MALDI-TOF. LCMS was
performed on an Agilent LCMS system equipped with UV-vis and evaporative light scattering
detectors (ELSD).
¢) Flash chromatography. Flash chromatography was performed on a Teledyne Isco CombiFlash
Rf- 200i chromatography system equipped with UV-vis and evaporative light scattering detectors
(ELSD).
d) Nanoparticle size and zeta potential analysis. Particle sizes and zeta potentials were measured
by Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano ZS (He-Ne laser, A = 632
nm).
e) Nanoparticle formulation for in vivo studies. CSAL LNPs for in vivo studies were prepared
using a two-channel microfluidic mixer with herringbone rapid mixing features (Precision
Nanosystems NanoAssemblr). Ethanol solutions of lipid mixes (CSALs, cholesterol, DSPC and
PEG-lipid) were rapidly combined with acidic aqueous solutions of nucleic acid at an aqueous:
EtOH volumetric ratio of 3:1 and a flow rate of 12 mL/minute.
f) Confocal laser scanning microscopy. Tissue sections were imaged using confocal laser scanning
microscopy with a Zeiss LSM-700 and images were processed using ImageJ (NIH).
g) Transmission Electron Microscopy (TEM). TEM was performed using an FEI Tecnai G2 Spirit
Biotwin transmission electron microscope.

3.4.2 Nucleic Acid Sequences
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Small interfering RNAs (siRNAs)
All siRNAs were purchased from Sigma-Aldrich as chemically synthesized, annealed, double-
stranded sequences. dT are DNA bases. All others are unmodified RNA bases.
siLuc (siRNA against Luciferase).
sense: 5’-GAUUAUGUCCGGUUAUGUAIdT][dT]-3’
antisense: 5’-UACAUAACCGGACAUAAUCI[AT][dT]-3’
siCtrl (non-targeting siRNA)
sense: 5’-GCGCGAUAGCGCGAAUAUAIAT][dT]-3’
antisense: 5’- UAUAUUCGCGCUAUCGCGCI[dT][dT]-3’
Cy5.5-siLuc (fluorescently labeled siRNA against Luciferase).
sense: 5’-Cy5.5-GAUUAUGUCCGGUUAUGUA[AT][dT]-3’
antisense: 5’-UACAUAACCGGACAUAAUCI[AT][dT]-3’
3.4.3 Biological assays
3.4.3.1 In vitro CSAL nanoparticle formulations: CSAL LNPs were prepared by the ethanol
dilution method. The siRNA was diluted in acidic aqueous buffer (unless otherwise indicated, 10
mM citric acid/sodium citrate buffer pH 3). The lipid mixture was prepared in ethanol, with the
appropriate molar ratios of CSAL, cholesterol, DSPC, and PEG-lipid from ethanol stock solutions
of each component. Via pipette, the lipid dilution was added to the RNA dilution at a final
volumetric ratio of 1:3, rapidly mixed by pipette, and incubated for 15-20 minutes. After this
incubation period, the particles were either diluted 3-fold in, or dialyzed against 1X Dulbecco’s

Modified PBS without calcium and magnesium (Sigma-Aldrich). Dialyses were performed in Pur-



134
A-Lyzer Midi dialysis chambers (Sigma-Aldrich) for 1 hour per 200 uLL sample per chamber
against 4L 1X PBS.
3.4.3.2 CSAL in vitro siRNA delivery efficacy: In a white opaque 96-well plate tissue culture plate,
HeLa-Luc or A549-Luc cells were seeded at a density of 10 x 10° cells per well in 100 pL. growth
medium (DMEM without phenol red, 5% FBS), and allowed to attach overnight. The medium
was exchanged for 200 uL fresh growth medium the day of the assay. CSAL products were
formulated using a lipid mixture of 50: 38.5: 10: 1.5 CSAL: cholesterol: DSPC: PEG-lipid, and
screened at a mole ratio CSAL:siRNA of 666:1, 333:1 and 167:1. CSAL NP formulations were
performed in a 96-well plate by rapid mixing of CSAL lipid mix (10 pL) and siLuc dilution (20
puL, 40 ng/uL in 10 mM citrate phosphate buffer, pH 3) at 2:1 aqueous:EtOH v:v ratio with a
multichannel pipette. After a 15-20 minute incubation period, the formulations were diluted in 12
volumes (120 uL.) PBS. The nanoparticles (18.75 uL) were added to the HeLLa-Luc cells at a dose
of 100 ng siRNA per well. The nanoparticles were incubated with the cells for 24 h after which
time the cell viability and luciferase expression were evaluated with the ONE-Glo + Tox Assay
cell viability and luciferase assay (Promega) and normalized to untreated cells (N = 3 or 4 +/-
standard deviation).
3.4.3.3 siRNA Uptake Studies: Cellular uptake studies were performed using CSALs NPs with the
same formulation as the in vitro delivery efficacy screen in HeLa-Luc cells and A549-Luc cells.
Cells were seeded at a density of 30,000 cells per well in 8-chambered coverglass slides (Nunc)
and allowed to attached for 24 hours. The nanoparticles were added to the cells at a final siRNA

concentration of 34 nM. After 24 h incubation, the medium was aspirated, and washed with PBS.
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Cells were fixed with 4% paraformaldehyde (15 minutes RT), washed with PBS 2 times 5 minutes,
the cell nuclei were stained with DAPI (Sigma-Aldrich) and washed with PBS. Confocal
microscopy imaging was performed using a Zeiss LSM 700 microscope and images were analyzed
using ImageJ (NIH).
3.4.34 pKa modeling: CSAL microspecies pKa modeling was performed using Marvin. For
simplicity, the alkyl tail was shortened from n-dodecyl to n-butyl. Calculator Plugins were used
for structure property prediction and calculation, Marvin 16.7.4, 2016, ChemAxon
(http://www.chemaxon.com)
3.4.3.5 Nucleic acid binding experiments: Nucleic acid binding was evaluated using the Ribogreen
assay (Molecular Probes). In short, nanoparticles were prepared using the in vitro or in vivo
formulation protocols. The nanoparticle formulations (5 uL) were added to a black 96-well opaque
microplate (Corning). A standard curve of the appropriate nucleic acid was prepared in the same
medium as the nanoparticles. Ribogreen reagent was diluted 1:1000 in 1 X PBS and 50 pL was
added to each well via multichannel pipette. The mixture was stirred on an orbital mixer for 5
minutes, and the fluorescence of each well was read using a plate reader (Ag,485 nm, Ag, 535 nm).
The amount of free nucleic acid was determined by fitting the signal from each nanoparticle sample
to the nucleic acid standard curve, and the fraction bound determined by the following formula:
Fraction nucleic acid bound = (total nucleic acid input-free nucleic acid)/ total nucleic acid input)
(N = 3 or 4 +/- standard deviation).
3.4.3.6 In vivo nanoparticle formulations: In vivo nanoparticle formulations were prepared using

the NanoAssemblr microfluidic mixing system (Precision Nanosystems). Lipids were dissolved in
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ethanol and nucleic acids were diluted in 10 mM citric acid-sodium citrate buffer pH 3. The lipid
mixture and nucleic acid dilution were combined at a volumetric ratio of 3:1 nucleic acid:lipid mix
at a total flow rate of 12 mL per minute, and a waste collection of 0.1 mL at the start and end of
each formulation. The nanoparticles were dialyzed against 1 X PBS in Pur-A-Lyzer midi dialysis
chambers (Sigma-Aldrich) for 1 hour per 200 pL. volume in each chamber, and diluted in 1 X PBS
to the appropriate nucleic acid concentration.
3.4.3.7 In vivo siRNA nanoparticle biodistribution: All experiments were approved by the
Institutional Animal Care & Use Committee (IACUC) of The University of Texas Southwestern
Medical Center and were consistent with local, state and federal regulations as applicable. CSAL
nanoparticles were prepared using the in vivo nanoparticle formulation method at a lipid mixture
mole ratio of 50:38.5:10:1.5 CSAL: cholesterol: DSPC: PEG-lipid, and weight ratio ranging from
20:1 to 45:1 total lipid:siRNA weight ratio. For the siRNA dilution, the siRNA was spiked with
50% Cy5.5 labeled siRNA, and formulation performed as normal. After dialysis, the nanoparticles
were diluted to a concentration of 1 pg per 10 uL formulation. This formulation was injected at a
dose of 1 mg/kg siRNA by tail vein injection into C57BL/6J mice. After 2h or 24h time, the
animals were anesthetized under isofluorane, sacrificed by cervical dislocation, and the organs
resected. Fluorescence imaging of the organs was performed on an IVIS Lumina system
(PerkinElmer) using the Cy5 excitation and emission filter set, and the images processed using
Living Image analysis software (PerkinElmer).
3.4.3.8 Nanoparticle stability studies: A3-OAc-C2Me CSAL nanoparticles (50:38.5:10:1.5

CSAL: cholesterol: DSPC: PEG-lipid mol:mol, 30:1 wt:wt total lipid:siRNA) were formulated
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using microfluidic mixing and dialyzed against 1X PBS. The nanoparticles were diluted 1:5 in 1X
PBS or 12.5% fetal bovine serum in 1X PBS for 10% FBS final. The nanoparticles were incubated
at ambient temperature for 1 day and nanoparticle size was measured by dynamic light scattering
on a Malvern Zetasizer Nano ZS (He-Ne laser, A = 632 nm).at 1 minute, 10 minutes, 30 minutes,
1 hour, 2 hours, 4 hours, and 20 hours. Data were plotted as mean +/- standard deviation (N = 5).
3.4.3.9 In vivo luciferase silencing in A549 subcutaneous xenografts: All experiments were
approved by the Institutional Animal Care & Use Committee (IACUC) of The University of Texas
Southwestern Medical Center and were consistent with local, state and federal regulations as
applicable. Athymic Nude-Foxnl™ mice (Envigo) were implanted with xenografts in each hind
flank with firefly luciferase expressing A549 (5 x 10° cells suspended in 100 pL of 1:1 v:v PBS:
Matrigel (Corning)). After the tumors reached adequate size, each tumor on the same animal was
injected with in vivo formulated NPs (~50 pL per tumor) of CSAL A30AcC2Me, with a lipid
molar ratio of 50 CSAL: 38.5 cholesterol: 10 DSPC: 1.5 PEG-lipid, and total lipid:siRNA weight
ratio of 30:1, and final siRNA dose of 1 mg/kg silLuc or siCtrl. After 24h and 48h the luciferase
expression was evaluated by live animal bioluminescence imaging Animals were anesthetized
under isofluorane, and D-luciferin monosodium hydrate (GoldBio) substrate was injected IP.
After 10-12 minute incubation, the luciferase activity was imaged on an IVIS Lumina system
(PerkinElmer), and the images processed using Living Image analysis software (PerkinElmer).
3.4.3.10 Ex vivo luciferase expression analysis in A549 xenografts: 48h post injection of
A30AcC2Me siLuc or siCtrl the mice were euthanized by cervical dislocation and the A549

xenografts were resected and frozen on dry ice. The tumors were weighed on a balance, cut into
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strips with a straight razor and diluted at 1:3 tumor mass : volume (mg:uL) of 1x reporter lysis
buffer (Promega) supplemented with protease inhibitor mini tablets (Pierce) and kept on ice. The
tissue was homogenized, the insoluble fraction cleared by centrifugation, and the luciferase
expression evaluated by the Luciferase assay system (Promega).

Orthotopic lung tumor xenograft model: A549-Luc cells grown on tissue culture plates were
trypsinized, suspended in DMEM, and collected by centrifugation. Cells were resuspended in 1X
PBS at a concentration of 30 million cells per mL. The cells (100 uL, 3 million) were injected by
tail vein injection into NOD scid gamma (NSG) mice. Tumor growth was monitored by
bioluminescence imaging.

3.4.3.11 Tissue sectioning for H&E staining: (Performed with Petra Kos, Ph.D. Siegwart Lab)
Lung tissue was embedded in Tissue-Tek O.C.T. compound (Electron Microscopy Sciences) and
frozen on dry ice. Tissues were cryosectioned into 10-micron sections using a Leica cryostat and
mounted on glass slides. Slides were stored at -80 °C until use. Prior to staining, slides were
warmed to room temperature. H&E staining was performed using a standard protocol. Tissue
sections were fixed in 3% acetic acid in 95% ethanol for 10 minutes, followed by washing in tap
water for 1 minute. Hematoxylin staining was performed for 1 minute followed by bluing in tap
water for 1 minute. Eosin staining was performed for 30 seconds followed by rinsing under
running tap water for at least 10 seconds. The samples were dehydrated and cleared by sequential
washing (12 dips each, 1-2 seconds) in 50% EtOH, 70% EtOH, 95% EtOH, 100% EtOH, 1:1

EtOH/Xylene, and finally 100% Xylene. Cover slips were mounted with Permount mounting
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medium (Fisher). Images of H&E tissue sections were captured using a Keyence BZ-X700
microscope.
3.4.3.12 Cy5.5 imaging of tissue sections: NSG mice bearing A549-Luc orthotopic lung xenograft
tumors were treated with A3-OAc-C2Me LNPs or C12-200 LNPs supplemented with 30% A3-
OAc-C2Me loaded with Cy5.5-loaded siRNA. After 1.5 h, animals were imaged for
bioluminescence an fluorescence in vivo and ex vivo. Lung tissue was collected, embedded, and
sectioned using the above protocol. Immediately before imaging, coverslips were mounted with
Vectashield mounting medium with DAPI (Vector Laboratories), and imaged by a Zeiss LSM 700
confocal microscope. Images with processed with Image J (NIH).

Nanoparticle property characterization: Physical properties were measured using a Zetasizer
Nano ZS (Malvern) with an He-Ne laser (A = 632 nm). Particle sizes were measured by dynamic
light scattering (DLS) (5 measurements, 3 runs x 10 seconds, automatic attenuator setting) by 173°
back scattering. Zeta potential was measured in a folded capillary cell (Malvern) with samples
diluted in PBS or citrate phosphate buffer pH 7 4.

3.4.3.13 Transmission electron microscopy: (Performed by Kejin Zhou, Ph.D. Siegwart Lab) A3-
OAc-C2Me nanoparticles were prepared as described above at a 50:38.5:10:1.5 CSAL:
Cholesterol: DSPC: PEG-lipid molar ratios, and 30:1 total lipid: siRNA weight ratio and dialyzed
against 1X PBS. A 200mesh carbon coated copper grid (Electron Microscopy Science) was briefly
activated by mild plasma cleaning. Afterwards, one drop of the nanoparticle solution prepared as
described above was placed on the grid. Excess liquid was removed using filter paper. The copper
grid was then air-dried at room temperature for 24h and analyzed using an FEI Tecnai G2 Spirit

Biotwin transmission electron microscope at an accelerated voltage of 120 kW.
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3.4.3.14 Statistical analysis: Statistical analyses were performed using a two-tailed Student’s t-

test in GraphPad Prism assuming a Gaussian distribution and unequal standard deviations.

3.4.4 Chemical synthesis
\/\/\/\/\/\/& /\/\/\/\/\/\EOH
HoN NN R NN
| iPrOH, 75°C |
Amine A1 24-48h

A1-OH lipidoid OH
Scheme 3.4.1. Synthesis of A1-OH lipidoid precursor.

3.4.4.1 General protocol for synthesis of lipidoid precursors: In a 100 mL round bottom flask
equipped with a stir bar, the amine (Al, A2, or A3) was dissolved in isopropanol at 1M
concentration, followed by the addition of 1,2-epoxytetradecane (2 equivalents per expected lipid
tail). A reflux condenser was installed and the reaction mixture was heated to 75 °C for 24-48h.
Once the desired product was observed, the reaction mixture was concentrated under reduced
pressure, dissolved in DCM and purified over silica gel using a solvent gradient of 5% MeOH in
DCM to 10% MeOH in DCM supplemented with 1% aqueous ammonium hydroxide. The pure
products were characterized by MALDI-TOF ms and '"H NMR.

A1-OH Lipidoid:  Pure product isolated as a yellow oil (13.65 g, 53.0% yield). 'H NMR (400
MHz, Chloroform-d) 6 3.67 —3.51 (m, 3H), 2.69 (t, J = 6.2 Hz, 2H), 2.55 - 2.31 (m, 5H), 2.31 -
222 (m, 3H),2.19 (d,J=8.5 Hz, 5H), 1.57 (p,J =6.2 Hz, 2H), 1.47 — 1.02 (m, 45H), 0.89 - 0.79
(m, 6H). Mass calculated m/z 526.5437 observed (MALDI-TOF ms) m/z 527.9280

A2-OH Lipidoid:  Product 'H NMR (400 MHz, Chloroform-d) 6 3.68 — 3.55 (m, 2H), 2.69

(dt,J=15.7,6.2 Hz,4H),2.58 (q,J =7.3 Hz,3H), 2.50 - 2.40 (m, 3H), 2.36 — 2.24 (m, 2H), 1.68
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—1.58 (m, 2H), 1.26 (d,J =9.1 Hz,45H), 1.08 (dt,J =23.9,7.3 Hz, 7H),0.88 (t,J = 6.7 Hz, 6H).
Mass calculated m/z 554.5750, observed (MALDI-TOF ms) m/z 556.13
A3-OH Lipidoid:  Product isolated as light yellow oil, 6.36 g, 63.9% yield; 'H NMR (400
MHz, Chloroform-d) 6 3.67 (d,J = 24.2 Hz, 4H), 2.74 — 2.66 (m, 3H), 2.52 — 2.39 (m, 7H), 2.32
(s, 1H), 2.25 (s, 1H), 1.72 (s, 4H), 1.26 (d, J = 8.5 Hz, 101H), 0.88 (t, J = 6.7 Hz, 12H). Mass

calculated m/z 994.0140, observed (MALDI-TOF ms) m/z 995.0088

QP

OH g OH
/\/\/\/\/\/\[ O/ /\/\/\/\/\/\[ o
W | Acetone, 50 °C /\/\/\/\/\/\) N o
overnight
OH A1-OH-PS OH

Scheme 3.4.2. Synthesis of A1-OH propanesulfonate (A1-OH-PS)

3.4.4.2 General protocol for synthesis of An-OH propanesulfonates: In a 100 mL round-bottom
flask equipped with a stir bar the An-OH lipidoid precursors were dissolved in acetone at 0.25 M
concentration. Via pipette, 1,3 propanesultone (1.5 equiv) was added in one portion. The reaction
was covered and heated to 50 °C overnight with vigorous stirring. The product formed as an in
situ precipitate which could be collected by vacuum filtration. If purification was necessary, the
reaction mixture was concentrated under reduced pressure, dissolved in dichloromethane and the
product purified over silica gel use of solvent gradient of 10% MeOH/DCM to 10% MeOH/DCM
supplemented with 1% aqueous ammonium hydroxide to yield the products as pale yellow solids.
A1-OH propanesulfonate: Product isolated by precipitation in acetone as a light yellow solid
(746 g,95.0% yield). '"H NMR (400 MHz, Methanol-d,) 6 3.64 (td,J=8.2,74,3.6 Hz,2H), 3.56
—3.48 (m, 2H), 3.47 — 3.39 (m, 2H), 3.10 (s, 6H), 2.88 (t, J = 6.7 Hz, 2H), 2.68 (q, J = 6.8 Hz,

2H), 2.62 — 2.36 (m, 5H), 2.25 — 2.15 (m, 2H), 1.94 (q, J = 14.5, 109 Hz, 2H), 1.54 — 1.23 (m,
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45H), 0.90 (t, J = 6.7 Hz, 6H). Mass calculated m/z 648.5475, observed (MALDI-TOF ms) m/z
649.5370.
A2-OH propanesulfonate: Product purified over silica gel to yield a sticky pale yellow solid
(0.31 g,50.8% yield). '"H NMR (400 MHz, Methanol-d;) 6 4.24 —4.16 (m, OH), 4.04 (s, 0H), 3.90
—3.84 (m, OH), 3.84 — 3.75 (m, 1H), 3.67 (dt, J = 19.1, 6.6 Hz, 2H), 3.53 (dp, J = 13.6,5.1, 4.1
Hz,3H),3.38 (tdd,/=11.0,94,7.3,5.1 Hz,5H),3.27 - 298 (m, 3H), 2.98 — 2.84 (m, 4H), 2.20
—1.92 (m, 4H), 1.58 — 1.21 (m, 51H), 0.90 (t, J = 6.8 Hz, 6H). Mass calculated m/z 676.5788,
observed (MALDI-TOF ms) m/z 677.5295
A3-OH propanesulfonate: Product purified over silica gel to yield a sticky pale yellow solid
(2.864 g, 85.0% yield)."H NMR (400 MHz, Chloroform-d) & 3.88 — 3.56 (m, 11H), 3.18 — 2.96
(m, 6H),2.90 (q,J=6.2,5.7 Hz, 3H), 2.84 — 2.30 (m, 14H), 2.28 — 1.79 (m, 10H), 1.25 (s, 88H),

0.87 (t, J = 6.8 Hz, 12H). Mass calculated m/z 1116.0177, observed (MALDI-TOF ms) m/z

1117.34.
OY
OH o
Ac,0 /\/\/\/\/\/\[ o
+ ,P 100 °C AN NN
NN — oo N ’/S‘O_
/\/V\/W /0 O// ° oveme /\/\/\/\W /N 0
OH O\n/
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Scheme 3.4.3. Synthesis of A1-OAc-propanesulfonate (A1-OAc-PS)
3.4.4.3 General protocol for synthesis of An-OAc propanefulfonate: In a 20 mL vial, An-OH
propanesulfonate (Al, A2, or A3) (2 mmol) was dissolved in acetic anhydride (10 mL, excess

equiv). The vial was sealed the reaction mixture was heated to 100 °C overnight. Following
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complete conversion of the starting material, the reaction mixture was concentrated under reduced
pressure, and if necessary purified over silica gel using DCM/MeOH as the elution solvent.
A1-OAc propanesulfonate: Product isolated by recrystallization after dilution in acetone
following in vacuo concentration and isolated as a colorless sticky solid (0.795 g, 56.3% yield).
"H NMR (400 MHz, Chloroform-d) 6 4.87 (tt,J =8.0,4.4 Hz,2H), 2.85 (td,J=7.9, 2.1 Hz, 2H),
2.65 (s,4H),2.61 —2.36 (m, 5H), 2.08 —2.02 (m, 1H), 2.00 (d,J=3.0 Hz, 4H), 1.98 (s, 4H), 1.78
(dt,J =8.5,5.7 Hz, 2H), 1.44 (dtt, J = 17.7,8.7, 4.1 Hz, 5H), 1.22 (s, 40H), 0.85 (t, J = 6.8 Hz,
6H). Mass calculated m/z 732.5686, observed (MALDI-TOF ms) m/z 733.6798
A2-OAc propanesulfonate: Product purified over silica gel to yield an orange sticky solid (0.2111
g, 67.0% yield) '"H NMR (400 MHz, Methanol-d,) 6 3.86 — 3.56 (m, 2H), 3.50 (dq, J=18.1,7.9,
6.3 Hz, 1H), 3.36 (q, J = 6.8 Hz, 2H), 3.22 (dq, J = 12.2, 6.9, 50 Hz, 4H), 3.14 — 2.92 (m, 2H),
292 - 282 (m, 2H), 2.80 — 2.41 (m, 3H), 2.30 — 2.01 (m, 4H), 1.98 (s, 6H), 1.82 (d, J = 54 Hz,
OH), 1.64 - 1.52 (m, 1H), 1.30 (d,J = 8.1 Hz,52H), 0.90 (t,J = 6.7 Hz, 6H). Mass calculated m/z
760.5999, observed (MALDI-TOF ms) m/z 762.62
A3-OAc Propanesulfonate: Crude product isolated as an orange oil and used without further
purification (0.91 g, quantitative yield). 'H NMR (400 MHz, Chloroform-d) 6 4.98 —4.81 (m, 4H),
379 -3.61 (m,4H),3.27 (ddq,J=16.7,12.4,7.6 Hz, 5H),3.08 (d,J = 6.1 Hz, 3H), 2.95 (td, J =
14.7,13.9,69 Hz,3H),2.74 - 2.37 (m, 10H), 2.32 - 2.10 (m, 6H),2.04 (d,/=3.5Hz, 11H), 1.24
(s, 87H), 0.86 (t, J = 6.8 Hz, 12H). Mass calculated m/z 1284.0600, observed (MALDI-TOF ms)

m/z 1283.94.
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Scheme 3.4.4. Synthesis of A1-OPiv propanesulfonate.

3.4.4.4 Synthesis of AI-OPiv Propanesulfonate: In a 50 mL round-bottom flask equipped with a
stir bar and reflux condenser, A1-OH propanesulfonate (0.89 g, 1.37 mmol), pivalic anhydride
(1.67 mL, 823 mmol, 6 equiv), triethylamine (0.96 mL, 6.86 mmol, 5 equiv), and 4-
(dimethylamino)pyridine (1.7 mg, 0.0137 mmol, 0.1 equiv) were dissolved in 5 mL N,N-
dimethylformamide. The reaction mixture was covered with a vented rubber septum and heated
with stirring at 100 °C for 40h. The solvent was removed by rotary evaporation under high
vacuum, and the crude product was dissolved in DCM. The product was purified over a silica gel
gravity column in 10% MeOH/90% DCM to yield A1-OPiv propanesulfonate as a sticky brown
solid (0.585 g, 52.2% yield). '"H NMR (400 MHz, Chloroform-d) 6 4.82 (s, 2H),3.72 (td,J =79,
39 Hz, 2H), 341 - 3.13 (m, 8H), 2.92 (t, J = 6.5 Hz, 4H), 2.72 — 2.35 (m, 6H), 2.30 — 2.19 (m,
2H), 1.89 (s, 2H), 1.57 — 1.40 (m, 4H), 1.23 (s, 40H), 1.16 (s, 18H), 0.85 (t, J = 6.8 Hz, 6H). Mass

calculated m/z 816.6625, observed (MALDI-TOF ms) m/z 817.4124.
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Scheme 3.4.5. Synthesis of CSAL A1-OAc-CnMe.

3.44.5 General protocol for synthesis of AI-OAc-Cn-Me/Et and A2-OAc-Cn-Me/Et CSALs: In a
20 mL vial equipped with a stir bar was dissolved A1-OAc propanesulfonate (100 mg, 0.136
mmol) or A2-OAc propanesulfonate (50 mg, 0.066 mmol) in excess thionyl chloride (1-2 mL).
The vial was sealed and the reaction mixture heated to 85 °C for 30 minutes. The reaction was
cooled to room temperature, diluted in 5 mL freshly distilled toluene and concentrated under
reduced pressure. The crude sulfonyl chloride intermediate was cooled on ice and to this was
added the appropriate N,N-dimethyl diamine or N,N-diethyl diamine (5 equiv) dissolved in 5 mL
dry acetonitrile. The reaction mixture was stirred on ice for 15 minutes, and the reaction mixture
concentrated under reduced pressure. The crude product was purified on silica gel with a solvent
gradient of 5% MeOH in DCM to 20% MeOH, 1% sat. NH,OH in DCM to yield the product as a
sticky yellow or brown solid.

A1-OAc-C2Me: "H NMR (400 MHz, Chloroform-d) 6 4.84 (qt,J=7.7,3.9 Hz, 2H), 3.85 -
3.76 (m,3H),3.40 - 3.31 (m, 6H), 3.27 (s, 6H), 2.84 (t,J = 6.1 Hz, 2H), 2.69 — 2.50 (m, 6H), 2.48

(s,5H),2.45-2.20 (m, 8H),2.01 (d,J=6.2 Hz, 5H), 1.86 (ddt,J=15.1, 11.5, 5.8 Hz, 2H), 1.51
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—1.33 (m, SH), 1.22 (s, 38H), 0.85 (t, J = 6.7 Hz, 6H). Mass calculated m/z 803.6654, observed
(MALDI-TOF ms) m/z 803.3930
A1-OAc-C3Me: '"H NMR (400 MHz, Chloroform-d) 6 4.86 (dq,J = 13.7,4.8, 4.4 Hz, 2H),
390 - 3.80 (m, 2H), 347 (d, J = 2.1 Hz, 2H), 345 - 3.23 (m, 16H), 2.81 (d, / = 139 Hz, 7TH),
2.65-2.52 (m,5H),2.45 (dt,J=13.7,6.3 Hz,4H),2.16 — 1.98 (m, 8H), 1.95 - 1.85 (m, 2H), 1.43
(dd,J=15.2,6.5Hz,3H), 1.24 (s, 42H), 0.87 (t, J = 6.7 Hz, 6H). Mass calculated m/z 817.6810,
observed (MALDI-TOF ms) m/z 817.5598.
A1-OAc-C4Me: '"H NMR (400 MHz, Methanol-d,) 0 3.68 (d, J = 6.8 Hz, 1H), 3.57 — 342
(m, 3H), 3.34 (d,J = 1.5 Hz, 6H), 3.25 - 3.06 (m, 13H), 2.84 (d, /= 1.8 Hz, 7TH), 2.72 - 248 (m,
4H),2.27 (p, J=7.7 Hz,2H), 2.07 (d,J = 1.5 Hz, 2H), 2.00 — 1.87 (m, 3H), 1.81 (q, J = 8.6 Hz,
2H), 1.70 — 1.53 (m, 3H), 1.30 (d, / = 11.5 Hz, 44H), 0.93 — 0.86 (m, 6H). Mass calculated m/z
831.6967, observed (MALDI-TOF ms) m/z 831.5186
A1-OAc-C2Et: '"H NMR (500 MHz, Methanol-d,) 6 3.70 (t, J = 6.1 Hz, 1H), 3.61 — 3.45
(m, 5H), 343 -3.26 (m, 18H),3.26 - 3.13 (m, 6H),2.92 (d, /= 6.3 Hz, 1H),2.71 - 2.53 (m, 3H),
2.39-2.29 (m, 1H),2.13 - 1.98 (m, 7H), 1.94 (q,J = 6.3 Hz, 1H), 1.60 (qd, J = 8.1, 5.8, 3.9 Hz,
1H),1.52(dd,J=15.0,7.0 Hz,2H), 1.40 — 1.28 (m,47H), 0.93 (t,J = 6.8 Hz, 6H). Mass calculated
m/z 831.6967, observed (MALDI-TOF ms) m/z 831.80
A1-OAc-C3Et: '"H NMR (500 MHz, Methanol-d,) 6 3.67 — 3.46 (m, 3H), 3.31 — 3.20 (m,
17H), 3.17 (s, 3H), 2.76 — 2.55 (m, 2H), 2.38 — 2.28 (m, 2H), 2.18 — 2.06 (m, 4H), 2.06 — 1.91 (m,
4H), 1.62 (s, 1H), 1.57 — 1.49 (m, 3H), 141 — 1.29 (m, 53H), 0.93 (t, J = 6.8 Hz, 6H). Mass

calculated m/z 845.7123, observed (MALDI-TOF ms) m/z 846.51



147
A2-OAc-C2Me: "H NMR (500 MHz, Methanol-d,) 6 3.58 — 3.52 (m, 3H), 3.52 — 3.35 (m,
11H), 3.32 — 3.24 (m, 4H), 3.03 — 2.89 (m, 14H), 2.83 — 2.76 (m, 1H), 2.72 (s, 3H), 2.67 — 2.61
(m, OH),2.34 —2.25 (m, 1H), 2.22 - 2.15 (m, 2H), 2.14 - 2.00 (m, 4H), 1.65 — 1.58 (m, 1H), 1.54
(s, 1H), 1.46 — 1.26 (m, 43H), 0.93 (t, J = 6.7 Hz, 6H). Mass calculated m/z 831.6967, observed
M+* (MALDI-TOF ms) m/z 832.62
A2-OAc-C2Et: "H NMR (500 MHz, Methanol-d,) 6 3.59 — 3.53 (m, 3H), 3.53 — 3.36 (m,
11H), 3.32 — 3.19 (m, 7H), 307 (q, J = 7.3 Hz, 4H), 2.61 (d, J = 624 Hz, 2H), 2.33 - 2.11 (m,
3H),2.08 (d,J=6.5 Hz, 2H), 2.07 - 2.00 (m, 2H), 1.88 (d,/=7.3 Hz,0H), 1.62 (s, 1H), 1.54 (d,
J=94Hz, 1H), 142 -1.28 (m,57H), 1.19 (s, 1H),0.93 (q, J = 7.6, 7.0 Hz, 6H). Mass calculated
m/z 859.7280, observed M*! (MALDI-TOF ms) m/z 860.66
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Scheme 3.4.6. Synthesis of CSAL A1-OPiv-CnMe

3.4.4.6 Synthesis of AI-OPiv-CnMe CSALs: In a 20 mL vial equipped with a stir bar was dissolved
A1-OPiv propanesulfonate (100 mg, 0.122 mmol) in 2 mL thionyl chloride. The vial was sealed
and the reaction mixture heated to 85 °C for 30 minutes. The reaction was cooled to room

temperature, diluted in 5 mL freshly distilled toluene and concentrated under reduced pressure.
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The crude sulfonyl chloride intermediate was cooled on ice and to this was added the appropriate
N,N-dimethyl diamine (5 equiv) dissolved in 5 mL dry acetonitrile. The reaction mixture was
stirred on ice for 15 minutes, and then reaction mixture was concentrated under reduced pressure.
The crude product was purified on silica gel with a solvent gradient of 5% methanol in DCM to
75% DCM, 20% methanol, 5% saturated ammonium hydroxide in water to yield the product as a
sticky yellow or brown solid.
A1-OPiv-C2Me: "H NMR (400 MHz, Methanol-dy) 6 3.73 (s, 1H), 3.64 — 3.47 (m,
6H), 3.39 — 332 (m, 4H), 3.23 — 3.12 (m, 5H), 2.99 — 2.89 (m, 9H), 2.69 (s, 1H), 2.28 (qd, J =
163, 14.8,6.5 Hz, 5H), 1.69 (q, J = 7.0 Hz, 2H), 1.64 — 1.52 (m, 3H), 1.29 (q, /= 11.6, 9.5 Hz,
39H), 1.19 (d,J=7.8 Hz, 12H), 0.90 (t, J = 6.8 Hz, 6H). Mass calculated m/z 887.7593, observed
(MALDI-TOF ms) m/z 887.7920
A1-OPiv-C3Me: "H NMR (400 MHz, Methanol-d,) 6 3.56 — 3.48 (m, 2H), 3.35 (ddd,
J=138,73,3.1 Hz,3H),3.27 -3.08 (m, 13H), 2.74 — 2.50 (m, 9H), 2.37 (s,3H),2.33 - 2.21 (m,
3H), 1.99 — 1.88 (m, 3H), 1.78 (p, J = 6.9 Hz, 2H), 1.69 — 1.60 (m, 3H), 1.54 (d, J = 8.4 Hz, 2H),
1.29 (s,37H),1.21 (d,J=2.2 Hz, 16H), 1.15 (s, 2H), 0.90 (t, J/ = 6.6 Hz, 6H). Mass calculated m/z
901.7749, observed (MALDI-TOF ms) m/z 901.4854
A1-OPiv-C4Me: "H NMR (400 MHz, Methanol-d,) 6 3.59 — 3.48 (m, 3H), 3.34 (d, J
= 5.0 Hz, 3H), 3.23 - 3.06 (m, 12H), 2.63 (dddd, J=24.5,222,9.7,58 Hz, 8H), 245 (t,J =73
Hz,3H),2.38 =221 (m, 8H),2.00 — 1.87 (m, 3H), 1.60 (tdt,J =239, 12.1,7.6 Hz, 10H), 1.29 (s,
38H), 1.21 (d,J=2.2 Hz, 16H),0.90 (t, J = 6.6 Hz, 6H). Mass calculated m/z 915.7906, observed

(MALDI-TOF ms) m/z 915.6368
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Scheme 3.4.7. Synthesis of A1-Cl-CnMe.

3.44.7 Synthesis of AI-Cl-CnMe CSALs: In a 20 mL vial equipped with a stir bar was dissolved
A1-OH propanesulfonate (100 mg, 0.154 mmol) in 2 mL thionyl chloride. The vial was sealed
and the reaction mixture heated to 85 °C for 1 hour. The reaction was cooled to room temperature,
diluted in 5 mL freshly distilled toluene and concentrated under reduced pressure. The crude
sulfonyl chloride intermediate was dissolved in 5 mL dry acetonitrile, cooled on ice and to this
was added slowly the appropriate N,N-dimethyl diamine (5 equiv) dissolved in 5 mL dry
acetonitrile. The reaction mixture was stirred on ice for 15 minutes, and the reaction mixture
concentrated under reduced pressure, and dried under vacuum. The products were purified over
alumina using a solvent gradient of 0-20% methanol in dichloromethane to yield the products as
sticky yellow, brown solids.

A1-CI-C2Me: '"H NMR (400 MHz, Methanol-d,) 6 3.74 — 3.63 (m, 2H), 3.54 (ddt, /= 12.6, 8.8,
44 Hz,3H),3.43 —-3.32 (m, 4H), 3.29 - 3.08 (m,9H), 291 (s,0H), 2.88 (t,J = 6.8 Hz, 1H), 2.80
—2.67 (m, 3H), 2.63 (t, J = 6.5 Hz, 1H), 2.57 — 2.50 (m, 1H), 2.34 (d, J = 31.7 Hz, 6H), 2.04 -

1.96 (m, 1H), 1.96 — 1.89 (m, 1H), 1.88 — 1.80 (m, 1H), 1.61 (td, /=139, 13.0,6.5 Hz, 4H), 1.47
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(dt,J =115,4.8 Hz, 3H), 1.31 (d, J = 11.7 Hz, 38H), 0.90 (t, J = 6.7 Hz, 6H). Mass calculated
m/z 755.5765, observed (MALDI-TOF ms) m/z 755.7258.
A1-CI-C3Me: 'H NMR (400 MHz, Methanol-d,) 6 5.57 (dd, J=6.4,3.3 Hz, 1H),5.18 —=4.92 (m,
5H),4.84 —4.64 (m, 11H),4.45 (dt,J=13.3,6.1 Hz, 1H),4.29 (dd, J = 28.8, 6.4 Hz, 4H), 4.15 (¢,
J=7.6Hz, 1H),396 (d,J = 3.1 Hz, 2H), 3.85 (q, J = 8.7 Hz, 2H), 3.72 - 3.31 (m, 6H), 3.27 —
3.12 (m, 4H), 3.07 — 2.97 (m, 3H), 2.87 (d, J = 11.5 Hz, 40H), 2.46 (t, J = 6.8 Hz, 6H). Mass
calculated m/z 769.5921, observed (MALDI-TOF ms) m/z 769.6628.
A1-Cl-C4Me: '"H NMR (400 MHz, Methanol-d,) 6 3.74 —3.45 (m, 5H), 3.39 (t,J = 6.4 Hz, 1H),
3.30-3.07 (m, 12H),2.89 (dt,J=13.4,6.6 Hz, 2H), 2.82 — 2.65 (m, 4H), 2.54 (t,J =7.5 Hz, 1H),
240 (s,3H),2.36 — 2.18 (m, 3H), 2.02 — 1.81 (m, 4H), 1.74 — 1.54 (m, 7H), 1.52 — 1.41 (m, 3H),
1.31 (d, J =11.7 Hz, 38H), 0.90 (t, J = 6.8 Hz, 6H). Mass calculated m/z 783.6078, observed

(MALDI-TOF ms) m/z 783.7239.

o - O O

o) 0
)ko HN ~§

N\/VN\/xN

N N N
o A3-OAc-PS o “AcK, 0 .15 min o A3- OAc C2Me o

Scheme 3.4.8. Synthesis of A3-OAc-C2Me

3.44.8 Synthesis of A3-OAc-C2Me: In a 20 mL vial equipped with a stir bar was dissolved A3-
OAc propanesulfonate (200 mg, 0.155 mmol) in 2 mL thionyl chloride. The vial was sealed and
the reaction mixture heated to 85 °C for 30 minutes. The reaction was cooled to room temperature,
diluted in 5 mL freshly distilled toluene and concentrated under reduced pressure. The crude
sulfonyl chloride intermediate was cooled on ice and to this was added the appropriate N,N-

dimethyl ethylenediamine (0.775 mmol, 85 pL, 5 equiv) dissolved in 5 mL dry acetonitrile. The
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reaction mixture was stirred on ice for 15 minutes, and then the reaction mixture concentrated
under reduced pressure. The crude product was purified on silica gel with a solvent gradient of
5% MeOH in DCM to 20% MeOH, 1% sat. NH,OH in DCM to yield the product as a sticky brown
solid (79.8 mg, 38.0% yield). '"H NMR (400 MHz, Chloroform-d) 6 4.88 (ddt,J=12.7,8.7,4.3
Hz,4H),3.87 (dd,J=12.8,74 Hz,2H), 3.62 (tt,J = 10.0, 3.1 Hz, 3H), 3.57 — 3.49 (m, 2H), 3.47
—3.38 (m, 3H),3.37-3.28 (m,4H),3.24 (q,J = 6.6 Hz, 5H), 2.93 — 2.88 (m, 1H), 2.85 - 2.74 (m,
6H), 2.68 — 2.52 (m, 11H), 2.52 — 2.38 (m, 9H), 2.32 — 2.27 (m, 1H), 2.04 (dd, J = 3.6, 2.0 Hz,
10H), 1.55-1.37 (m,9H), 1.24 (s, 72H), 1.10 (d,J=9.6 Hz, 1H), 0.87 (t, / = 6.8 Hz, 12H). Mass

calculated m/z 1355.1567, observed M+*' (MALDI-TOF ms) m/z 1355.18.

OY
o OH
/vvvvv\[ ) o ) 4 /WVV\/\E ) o
N/\/\N/\/\S/\ ~ 1. SOClI,, 85 °C, 30 min N/\/\N/\/\Si CoHa -
/\ g O 2.Me,N(CH,),NH, /\ SN ~N
ACN, 0°C, 15 min H |

O\“/ 3. Ko,CO3z, MeOH, 40 °C OH
o

Scheme 3.4.9. Synthesis of A1-OH-C2Me

3.4.4.9 Synthesis of AI-OH-C2Me: In a 20 mL vial equipped with a stir bar was dissolved Al-
OAc propanesulfonate (100 mg, 0.136 mmol) in 2 mL thionyl chloride. The vial was sealed and
the reaction mixture heated to 85 °C for 30 minutes. The reaction was cooled to room temperature,
diluted in 5 mL freshly distilled toluene and concentrated under reduced pressure. The crude
sulfonyl chloride intermediate was cooled on ice and to this was added the appropriate N,N-
dimethyl-ethylenediamine (85.6 puL, 0.68 mmol, 5 equiv) dissolved in 5 mL dry acetonitrile. The
reaction mixture was stirred on ice for 15 minutes, and the reaction mixture concentrated under

reduced pressure. The reaction mixture was redissolved in 5 mL methanol and potassium
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carbonate (0.93 g, 0.68 mmol, 5 equiv) was added and the reaction mixture stirred at 40 °C for 4
days. After reaction, the mixture was cooled, filtered, and concentrated under reduced pressure.
The concentrate was dissolved in acetone and additional precipitate was removed by filtration to
yield the crude product as a yellow sticky solid. The product was purified over silica gel (5%
methanol in DCM to 20% methanol, 2% saturated ammonium hydroxide in dichloromethane to
yield the product as a sticky yellow solid (17.5 mg, 17.9% yield). '"H NMR (400 MHz, Methanol-
dy) 03.63 (tt,/J=112,49 Hz,3H),3.48 (ddd,/=19.7,10.2,5.8 Hz,4H),3.21 (dd,J=134,6.3
Hz,5H),3.11 (d,J=11.1 Hz,5H),2.68 (t,J=6.3 Hz, 2H), 2.61 — 2.35 (m, 6H), 2.30 (s, 6H), 1.99
— 1.87 (m, 2H), 1.54 — 1.07 (m, 44H), 0.90 (t, J = 6.6 Hz, 6H). Mass calculated m/z 719.6443,

observed M*' (MALDI-TOF ms) m/z 719.8963.



CHAPTER FOUR

Conclusions and Future Directions

This dissertation reports the design, synthesis, and biophysical characterization of two new
classes of novel synthetic lipids with delivery capabilities to the lung. The design of effective
materials for the targeting of non-liver tissues for non-viral delivery of nucleic acid therapeutics
remains a major hurdle in the field in the context of developing treatments for a number of diseases
including cancer. Zwitterionic amino lipids (ZALs) were synthesized with the expectation that the
balance of cationic and zwitterionic moieties on the lipid structure would possess properties
favorable for the delivery of messenger RNA therapeutics. The lead compound from this study
was ZA3-Ep10, which demonstrated the unique ability to effectively deliver long single-stranded
RNA to the lungs in vivo, as well as non-viral CRISPR gene editing by the co-delivery of sgRNA
and mRNA encoding Cas9 in a reporter model by systemic delivery and locally via intramuscular
delivery. Cationic sulfonamide amino lipids incorporated an internal quaternary ammonium
molecule to effectively encapsulate siRNA, while also functioning in a membrane disrupting
fashion. The CSAL A3-OAc-C2Me, was capable of not only targeting the lung tissue effectively,
but also redirecting biodistribution of a previously reported potent liver-targeting nanoparticle
which has shown delivery of both siRNA and mRNA to the liver. These new classes of materials
represent a chemical scaffold template upon which to build effective materials for both the delivery

of long RNAs and for targeting the lung in vivo.

153
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However, development of a deeper understanding of the biophysical and chemical
properties that confer a potent lung-targeting ability to these materials are of great interest. One
ongoing study in its infancy is a histological based study being performed in conjunction with the
Molecular Pathology core at UTSW in order to gain an understanding of the cell-type specificity
of nanoparticle localization and functional protein expression following messenger RNA delivery.
Gaining knowledge of the pharmacokinetic distribution of nanomaterials and therapeutic nucleic
acids will enable improvement of design to target treatments for specific diseases with known cell-
type specific pathology.

Rationally-designed chemical modifications that result in a better pharmacodynamically
structure activity relationship should be undertaken to gain a full understanding of the chemical
properties that enable both lung delivery and the ability to encapsulate and deliver long RNA
molecules. Preliminary SAR studies of ZA3-Ep10 by masking of the secondary alcohol moieties
with an acetate demonstrated significantly reduced toxicity but retained activity in vitro, while in
vivo lung delivery was shifted exclusively to the spleen. Additionally, the introduction of an ester
bond P to the secondary alcohol eliminated mRNA delivery, while sgRNA delivery activity was
maintained. Understanding the balance of the molecular forces governing the effective delivery
of the range of RNAs using a single ZNP formulation remains a major source of investigative
interest. This is actively being pursued using computational modeling of the ZNP formulation in
the context of siRNA and mRNA, in parallel with physical characterization of ZNP nanostructure
with transmission electron microscopy. Furthermore, coupling of these studies with a

comprehensive chemical SAR panel (shown in Figure 2.2.30) would elucidate the relative
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contributions of various regions within the modular scaffold and enable to design of second
generation ZALs and CSALs for lung delivery. These studies, if performed through the lens of
both understanding SAR, while also improving the pharmacokinetic profile of the nanocarrier
would greatly facilitate the clinical translation of this class of materials, in terms of improving

organ specific delivery, limiting material derived toxicity, and improving the potency of delivery.
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APPENDIX A: ZAL MALDI-TOF AND NMR DATA
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APPENDIX B: CSAL MALDI-TOF, 'H NMR spectra

Table B.1. Compiled mass data for new synthetic compounds reported in this manuscript as
observed by MALDI-TOF MS.

. Observed m/z
Compound Chemical Formula | Calculated m/z MALDI-TOF MS
A1-OH lipidoid | C;;H;,,N,O, 526.5437 527.9280
A2-OH lipidoid | C;sH7,N,O, 554.5750 556.13
A3-OH lipidoid | Cs;H;3,N;0, 994.0140 994.3892
A1-OH-PS Cs6H76N,05S 648.5475 648.2738
A2-OH-PS Cs3HgoN,0O5S 676.5788 677.6521
A3-OH-PS CscH37N30,S 1116.0177 1117.34
A1-OAc-PS C4HgoN,0O,S 732.5686 733.98
A2-OAc-PS C4HgsN,O,S 760.5999 762.62
A3-OAc-PS C:4H,45N;0,S 1284.0600 1284.74
A1-OPiv-PS C46HooN,0O,S 816.6625 817.4124
A1-OAc-C2Me | C4Ho N,O6S* 803.6654 803.3930
A1-OAc-C3Me | C4;sHosN,O6S* 817.6810 817.5598
A1-OAc-C4Me | C4HosN,O6S* 831.6967 831.5186
A1-OPiv-C2Me | CsoH,¢3N4O6S* 887.7593 887.3368
A1-OPiv-C3Me | C5H,osN,O6S* 901.7749 901.4854
A1-OPiv-C4Me | Cs;H,(7;N,O6S* 915.7906 915.6368
A1-Cl-C2Me C,40HgsCLN,O,S* 755.5765 755.5153
A1-Cl-C3Me C,;Hs,CLN,O,S* 769.5921 769.5883
A1-Cl-C4Me C4,HgoCLLN,O,S* 783.6078 783.9320
A1-OAc-C2Et | C4HosN,O6S* 831.6967 831.85
A1-OAc-C3Et | C4;;Ho:N,O6S* 845.7123 846.19
A1-OH-C2Me | C4Hg/N,O,S* 719.6443 719.8963
A2-OAc-C2Me | C4HosN,O6S* 831.6967 832.62
A2-OAc-C2Et | CuHooN,O6S* 859.7280 860.66
A3-OAc-C2Me | C;3sH 56NsO,,S* 1355.1567 1354.8543
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Figure B.1. MALDI-TOF mass spectrometry spectra of linker amine A1-based CSALs.
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