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the hydrophobic domain of the PEG lipids impacted the escape of 5A2-SC8 LNPs from
endosomes at early cell incubation time points. Overall, the results indicated that PEG lipid
anchoring and chemical structure modulated RNA delivery.

Although most LNPs accumulate in the liver after intravenous administration
(suggesting that liver delivery is straightforward), it was observed that two similar LNP
formulations (5A2-SC8 and 3A5-SC14 LNPs) resulted in distinct RNA delivery within the
liver organ. Despite both LNPs possessing similar physical properties, the ability to silence
RNA in vitro, strong accumulation within the liver, and sharing a pKa of 6.5, only 5A2-SC8
LNPs were able to functionally deliver RNA to hepatocytes. Protein corona analysis indicated
that 5A2-SC8 LNPs bind Apolipoprotein E (ApoE), which can drive LDL-R receptor mediated
endocytosis in hepatocytes. In contrast, the surface of 3A5-SC14 LNPs was enriched in
Albumin but depleted in ApoE, which likely led to Kupffer cell delivery and detargeting of
hepatocytes. In an aggressive MY C-driven liver cancer model, SA2-SC8 LNPs carrying let-7g
miRNA were able to significantly extend survival compared the non-treatment group. Since
disease targets exist in an organ- and cell-type specific manner, the clinical development of
RNA LNP therapeutics will require an improved understanding of LNP cellular tropism within
organs. Overall, the results from this work illustrates the importance of understanding the
cellular localization of RNA delivery and incorporating further checkpoints when choosing
nanoparticles beyond biochemical and physical characterization, as small changes in the
chemical composition of LNPs can have an impact on both the biofate of LNPs and therapeutic

outcomes.
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CHAPTER ONE
Review of the Literature

1.1 A gene therapy overview

The field of gene therapy has evolved over the years with the ultimate goal of treating
and curing genetic disease. In the past decade, over 20 gene therapies have been approved
by the United States Food and Drug Administration (FDA) for clinical use.! There are
many important milestones that have contributed to the exciting progression of gene
therapy.> > In the 1960s, scientists hypothesized that deoxyribonucleic acid (DNA)
sequences could be introduced into the cells of patients to cure genetic disorders and in
1990, the National Institute of Health (NIH) approved the first-in-human gene therapy
clinical trial.* 3> With the completion of the Human Genome Project and the human DNA
blueprint available, the door was opened for making gene therapy a reality for multiple
diseases.® Genetic information is expressed when genomic DNA is translated into a
functional protein product by a messenger ribonucleic acid (mRNA) intermediate.?
Ribonucleic acid (RNA) molecules are utilized to regulate the specific expression of the
protein product through a process known as RNA interference (RNAi). Gene therapies
provide the potential for treating most diseases by silencing disease causing genes or
expressing genes for therapeutic proteins. These therapies use gene altering applications
through the delivery of cargos like small interfering RNA (siRNA), messenger RNA
(mRNA), plasmid DNA (pDNA), or clustered regularly interspaced palindromic repeats

(CRISPR)/Cas9.” Gene therapies offer advantages over conventional small molecule drugs
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because they have a wide variety of targets that have otherwise been inaccessible, unlike
small molecule drugs which are confined to active binding sites on proteins.?

More recently, the development of gene editing therapies utilizing CRISPR has enabled
the editing of disease genes. Building off of the discoveries and knowledge from research
on zinc finger nucleases, transcription activator-like effector nucleases (TALENSs), and
CRISPR-Cas9-based genome editing technologies, base and prime editing has emerged as
an exciting gene editing technology for the treatment of disease. Base editing is a more
fine-tuned approach to gene editing that can permanently change a single letter of a genetic
code at a specific location.” Base editors are one of the latest genomic editing technologies
to enter the clinic. This year, the first patient was administered with the base editor
VERVE-101, developed in a collaboration between Verve Therapeutics and Beam
Therapeutics. The VERVE-101 base editor’s goal is to turn off PCSK9 by the replacement
of an Adenosine with a Guanine. This change in a single base has a great affect towards
lowering low-density lipoprotein cholesterol (LDL-C) levels, which greatly reduces the
risk for atherosclerotic cardiovascular disease (ASCVD).!® Furthermore, Beam
therapeutics is preparing to begin a clinical trial for second base editor, BEAM-101, for the
treatment of sickle cell disease.

Gene editing technology will continue to revolutionize medicine because it provides
new opportunities to modulate specific genes for therapeutic intervention and the potential
to provide patients with curative options. Millions of people worldwide suffer from genetic
disorders or from diseases with little to no treatments. These diseases can in-theory be

corrected with therapies utilizing DNA editing technology that can precisely manipulate
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and edit sequences of DNA in human cells.!! We have entered a new and exciting era of
gene therapy where ongoing clinical trials utilize gene editing with the first FDA approved
mRNA LNP vaccines on the market. However, the major challenge that prevents the
widespread implementation of gene therapy is delivery. This challenge exists with most
genetic cargos such as RNA, DNA, or CRISPR/Cas9. Gene delivery may appear as a
straightforward problem, but large complexities exist, as delivery varies not only based on
the cargo, but also the target tissue and/or cell type of interest. Naked DNA or RNA
molecules rapidly degrade in the bloodstream and have trouble reaching the intended target
tissues or cell types of interest. Further, the immune system can recognize and destroy
genetic cargos. Over the years, significant progress has been made towards solving this
challenge with the development of viral and non-viral delivery carriers. The remainder of
chapter one will focus on laying out the foundation and the building blocks of gene therapy
and explain how the field has begun to tackle the challenge of delivery by utilizing lipid

nanoparticle (LNP) systems.

1.2 The therapeutic potential of nucleic acids

RNA interference (RNAI) is an evolutionary conserved mechanism where double stranded
RNA (dsRNA) molecules silence the post-transcriptional expression of a target gene. The
discovery of RNAi completely revolutionized the biomedical research field, as RNAi has the
potential to develop new therapies that can treat human disease by interfering with disease
associated genes. RNAI based therapies have opened the door to new treatment avenues for

patients by addressing disease targets that are otherwise “undruggable” with conventional
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therapeutics.!? 20 years after the discovery of RNAI, the FDA approved ONPATRRO

(Patisran), the first siRNA drug in August 2018.13 The second siRNA drug, GIVLAARI
(Givosiran) was approved in 2019, and a third siRNA drug, OXLUMO (Lumaisran) was
approved in November 2020.'* In addition to siRNAs, mRNAs have also been developed for
therapeutic use.

With the approval of mRNA vaccines to treat COVID-19, we have seen first-hand that
RNA therapeutics are now a reality for the prevention of viral disease and that other RNA
based therapies have great potential to treat other diseases. According to the CDC, about 260
million people have received at least one dose of a COVID-19 vaccine, where 205 million
doses of Moderna mRNA COVID-19 vaccine have been administered in the United States.
Overall, RNAI therapeutics are a multipurpose platform that has unlimited capacity to treat

unmet clinical needs.

1.2.1  Nucleic acids for gene mediated silencing

Multiple types of RNAi molecules are utilized for gene silencing, such small interfering
RNA (siRNA), microRNA (miRNA), short hairpin RNA (shRNA) and antisense
oligonucleotides (ASO). These RNAi molecules are delivered into cells and initiate the

degradation or silencing of complementary messenger RNA (mRNA) molecules (Figurel.1).
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Figure 1.1. A simple illustration of the RNAi mechanism of siRNAs. Created with
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ASOs were one of the first molecules discovered that enabled gene mediated silencing.
ASOs are short single stranded DNAs that are utilized to target a certain region of an RNA
strand. In order to promote the RNAi mechanism, ASOs bind to a target RNA sequence
through Watson-Crick base pairing.'® Differing from double stranded small RNAs, an ASO is
delivered as a single strand and must find its target site on its own. ASOs will alter mRNA
expression by a variety of mechanisms, such as cleavage of mRNAs by RNAse H, direct steric

blockage or modulating exons. In 1970, Zamecnick and Stephenson, pioneers of ASOs,



6

focused on utilizing ASOs to design a treatment strategy for Rous sarcoma virus (RSV).!¢
About twenty years later, the first ASO drug was approved by the FDA in 1998. The first ASO
drug Fomivirsen (Vitavene) was a drug developed for treatment for human cytomegalovirus
(CMV) retinitis.!”> ¥ Unfortunately, in 2006 Fomivirsen was withdrawn in the United States
due to its high cost compared to similar drugs on the market. Despite the withdrawal of
Fomivirsen, 10 ASO drugs have been FDA approved to date. Currently, hundreds of ASO
drugs are in the clinical drug development or pre-clinical stage.!” Although ASO drugs are
promising options for treatment compared to conventional small molecule drugs, concerns
remain regarding adverse reactions. Mipomersen, approved in 2013, was taken off the market
in 2019 due to hepatoxicity risks. The removal of the FDA approved ASOs illustrates the
importance of further understanding the molecular mechanisms underlying gene therapies.
Another class of RNA molecule that can mediate gene silencing is siRNA. siRNAs are
naturally occurring noncoding RNAs. An siRNA is a chemically synthesized double stranded
RNA that consists of around 21 to 23 base pairs (bp) in length and is designed to silence
expression of a target gene. siRNAs can target individual genes for silencing in vivo. However,
intravenous (I.V.) delivery of siRNA is a complex and multistep process. For example, in order
for siRNAs to reach their target site, they must avoid degradation by ribonucleases (RNases)
within the bloodstream or degradation by renal excretion. Once siRNAs reach their target site,
the siRNA must then enter into the target cell by endocytosis. During this process, siRNA’s
cross the endosomal membrane and are released into the cytosol after escaping from the
endosome. Once siRNAs are inside the cytosol, they will bind to and get loaded onto the RNA-

induced silencing complex (RISC) for silencing of a target gene.!® The two strands of an siRNA
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molecule serve as a “guide strand” and “passenger strand”. The mechanisms of siRNA gene
mediated silencing is depicted in Figure 1.1. Briefly, siRNAs are incorporated into Argonaute
2 (AGO2) and the RISC. Next, the siRNA guide stand will guide RISC to the target mRNA
site. Lastly, AGO2 cleaves the target mRNA leading to mRNA degradation, and silencing of
the target gene.?’ SIRNAs offer a promising therapeutic approach to treat disease because they
are highly specific and can induce silencing of target genes without disturbing endogenous
mRNA pathways. However, during the delivery of siRNAs to their target sites they encounter
both extracellular and intracellular barriers. A variety of chemical modifications to siRNAs
may help overcome these barriers and are explained in the next section.

MiRNAs are small noncoding RNAs that function in RNA silencing by negatively
regulating gene expression at the mRNA level.?! These endogenous small RNAs can regulate
normal physiological processes and can play a role in disease.!® The first two miRNAs, lin-3
and let-7 were discovered in C. elegans.?? In 2000, the first human miRNA, let-7 was
discovered. Typically, miRNAs range from 20-25 nucleotides in length and regulate post
transcriptional gene expression by targeting mRNA for cleavage or translational repression
utilizing RNAI.!6-2! While miRNA and siRNA share similarities such as size and charge, there
are distinct differences between the two. The major difference between these two types of RNA
molecules is that siRNA has a specific target site for the degradation of mRNA and that miRNA
molecules can have multiple target sites.>> When the miRNA has a precise match to its target
sequence mRNA degradation occurs; whereas an imperfect match leads to inhibition of mRNA

expression.?*
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Another type of RNAi molecule utilized for gene knockdown are short hairpin RNAs

(shRNAs). Once inside the cell, Dicer will convert the hairpin structure of shRNA into siRNA,
which then utilizes RISC to induce gene silencing. Utilizing an shRNA offers advantages over
the alternatives such as fewer off target effects, ability to use viral vector carriers, and the
possibility of controlling shRNA expression through an inducible or tissue specific promoters.
Furthermore, if the therapeutic intention is to achieve long-term protein knockdown through

the RNAi pathway, an shRNA molecule can be used.

1.2.2  Nucleic acid therapies for protein replacement: mRNA

Over two decades ago, the first mRNA therapeutic approach was reported by Wolff et
al. when expression of an encoded protein was observed in the skeletal muscle of mice after a
direct injection of in vitro transcribed (IVT) mRNA and plasmid (pDNA) into the skeletal
muscle of mice.”® Since mRNAs encode for a specific protein, mRNAs can be utilized
therapeutically as they allow for selective introduction of a protein or up- regulation of a target
protein. Clinically, mRNA has been utilized by companies such as Moderna and Pfizer-
BioNTech in the development of vaccines during the SARS-Cov-2 pandemic. Both of these
mRNA vaccines utilize a mRNA sequence that encodes for a portion of the SARS-Cov-2 spike
protein in order to elicit production of viral neutralizing antibodies in over 92% of study
participants.?%-27 With the approval of mRNA for use in vaccines and several ongoing clinical
trials for protein replacement therapies, there is a bright future ahead in the development of

mRNA-based therapeutics.



1.2.3  Gene editing platforms

One drawback to RNAI therapies is the need for repeated administrations, as gene
silencing by siRNAs or protein replacement by mRNA is a transient process. Gene editing
technologies offer advantages for therapeutics as they allow for the permanent modification of
DNA at specific sites. The well-known gene editing systems are made up of CRISPR/Cas9,
zinc-finger nucleases (ZFNs) and TALENS. More recently, base editors and prime editors have
been added to the gene editing toolbox.

The CRISPR/Cas9 systems can either activate or repress gene expression by utilizing a
guide RNA (gRNA) that guides and binds Cas9 and induces cleavage of the target DNA site.
After the cleavage and DNA double stranded break, a donor repair template with homology
identical to the area of double stranded cleaved DNA is introduced. DNA repair mechanisms
are typically done through either a homology directed repair (HDR) or non-homologous end
joining (NHEJ) repair process. NHEJ does not require a DNA template and repairs the DNA
cut by joining the two ends of the double stranded break together. Through this repair pathway,
there are often small insertions or deletions introduced into the break site. On the other hand,
HDR is a repair mechanism that requires a template DNA and directs the accurate repair of a
double stranded break. The HDR repair pathway is advantageous because it can introduce
changes in a single nucleotide.

Research efforts in the gene editing field have made great process over the years and in
November 2020 patients were enrolled in a clinical trial (NCT04601051) utilizing NTLA-
2001, an LNP that delivers a modified sgRNA that targets the transthyretin (TTR) gene and

Cas9 mRNA that encodes for Cas9 protein, which inactivates the target gene. Patients with
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TTR amyloidosis, a rare and fatal disease, have a buildup of TTR protein in their livers. In the
interim clinical trial results, a single dose of NTLA-2001 was able to reduce serum TTR in
patients by up to 93%, compared to the 80% serum reduction with other drugs on the market
that require continuous dosing. Further, serum TTR levels after NTLA-2001 were stable for
up to 12 months with no reported safety concerns.?® The two TTR targeting drugs currently
used in the clinic are Anylam’s siRNA LNP drug, ONPATTRO, and Ionis’s ASO drug,
Inotersen. Both current therapies reduce serum TTR around 80%, however, both siRNA and

ASO are not permanent solutions and patients must receive multiple infusions of the therapy.?’

1.3 Efficient drug delivery is a significant barrier for effective gene therapy

Despite much research in the field, efficient targeted delivery remains a significant barrier
for gene therapy. Effective gene delivery must overcome both extracellular and intracellular
barriers as illustrated in Figure 1.2 and mentioned in Section 1.2.1. The extracellular barriers
for delivery include reaching the target site and intracellular barriers include delivering RNA
into the cytosol after escaping from the endosome. Further, efficacious carriers must enable
cytoplasmic delivery of their cargos via endosomal escape before lysosomal degradation. To
overcome these delivery barriers, delivery of nucleic acid cargos has relied on two main types

of delivery carriers: viral and non-viral carriers.

1.4 Nucleic acids require a delivery vehicle
Despite the therapeutic potential of siRNA and mRNA, delivery remains a challenging

barrier to overcome. In order to be effective, RNA must be delivered to the cytoplasm of
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diseased cells in vivo and the field must overcome these barriers to access the full therapeutic
potential of siRNA and mRNAs.

While RNAs can delivered in vivo in their “naked” state, RNAs have a very short half-
life in vivo due to rapid degradation by numerous circulating exonucleases and endonucleases
in the bloodstream.!* In order to access the full potential of RNAi based machinery, nucleic
acids must be able to reach the cytoplasm of their target site inside cells as shown in Figure
1.2. Due to nucleic acids’ inherent physical characteristics such as their negatively charged
phosphate backbones and their high molecular weight (miRNA/siRNA ~13 kDa, mRNA>1000
kDa), nucleic acids cannot readily diffuse across negatively charged and hydrophobic cell
membranes.’® Due to these characteristics, nucleic acids benefit from special modifications
and from the use of carriers for in vivo delivery applications. Other delivery challenges for
RNA molecules include avoiding clearance by the kidneys, avoiding accumulation in the liver
and avoiding activation of the immune system as RNAs may be recognized as foreign materials

by the immune system when administered.
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Figure 1.2. A simple illustration of the extracellular and intracellular barriers for non-viral

drug delivery carriers adapted from Torres-Vanegas and created with BioRender.com.!

There are a wide range of chemical modifications that can be made to improve the
stability, durability and potency of RNAs. Chemical modifications of nucleic acids can
improve potency and selectively and are typically made to 3’ or 5° ends of nucleic acids, the
sugar, backbone, or nucleobase.?? To improve RNA stability, ribose modifications are typically
made on the 2’ OH site. Further, other common chemical modifications to RNA include a 2°-
O-methyl (2°-O-Me), 2’-fluoro (2°F), and 2’-O-methoxyethyl (2°-MOE) modification.'® Once
RNAs localize to their appropriate target, the next obstacle to delivery is cellular uptake. Both

siRNA and mRNA are negatively charged molecules and cannot freely diffuse across the
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hydrophobic cellular membrane. Cell uptake can occur through a variety of mechanisms such
as receptor mediated endocytosis, caveolae mediated endocytosis, clathrin mediated
endocytosis, and/or micropinocytosis.*® For effective gene silencing or protein translation, an
endocytosed RNA must escape from the endosome in order to enter the cytoplasm of the cell.
Failure to escape the endosome will result in accumulation inside the lysosome, ultimately
resulting in the degradation of RNA. The process of endosomal escape for siRNA and
understanding how much siRNA is actually released into the cytosol of a cell is not well

understood as it has been reported than only 1-2% of siRNA is released into the cytosol.*

1.4.1. Viral carriers for nucleic acids

Viral vectors have been utilized for the delivery of nucleic acid cargos through the use
of DNA and RNA viruses. Since viruses have a natural ability to deliver RNA into specific
cells, the use of viral vectors became an exciting delivery tool for in vivo RNA delivery.
Examples of viral carriers that deliver nucleic acids or genes into target cells through
transduction include adenovirus, retrovirus, and lentivirus. Viral RNA carriers for treatments
of disease such as HIV, cancer and muscular dystrophy have been researched for many years.!
However, the use of viral delivery systems for therapeutic purposes gives rise to delivery
challenges that reduce their clinical potential. For example, viral carriers demonstrate issues

with immunogenicity, mutagenesis, limited loading of cargo and are costly to scale up.
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Figure 1.3. Viral delivery systems for nucleic acids created with BioRender.com.

1.4.1a Adeno-associated virus (AAV) delivery

Adeno-associated virus (AAV) are a popular viral vector as they have been used in a
wide variety of clinical applications, from animal models of human disease, clinical trials and
are even utilized in FDA-approved therapies.>> AAVs are a type of virus that is composed of
60 copies of viral proteins VP1, VP2 and VP3 that are assembled into a capsid around the size
of 25 nm. AAVs are a type of non-integrating vector that is relatively well understood and can
carry cargo efficiently to a variety of relevant tissues. An important consideration when using
an AAV as a carrier is to consider the size of the cargo as AAV’s have a capacity of only ~5
kb.?% Despite these size limitations, multiple research efforts have overcome the limitations by
dividing gene editing agents into two parts. For example, each half of the gene editing material

can be packaged into a separate AAV and administered simultaneously.?’
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1.4.1b Lentiviral (LV) delivery

Lentiviruses (LVs) are single stranded RNA viruses that can accommodate up to 10 kb
of a transgene, double to that of AAVs. One of the most well-known lentiviruses are from the
virus HIV-1. Lentiviruses can be integrated into the host genome for the prolonged expression
of a therapeutic gene.®® A delivery system comprised of a recombinant lentivirus offers

advantages because it can be used for either ex vivo or in vivo delivery applications.

1.4.1c Adenoviral delivery

Overall, viral vectors have been utilized for delivering gene editing agents in vivo
across both pre-clinical and clinical studies. Adenovirus was one of the very first viral vendors
used in the gene therapy field and is based on a virus that causes the common cold.
Adenoviruses are non-enveloped double stranded DNA viruses that can package up to a 37 kb

transgene.

1.4.2 Non-viral nucleic acid carriers

Over the last 40 years, a wide variety of non-viral carriers have been developed and
tested.’? Non-viral carriers comprise a large class of materials such as lipid-based systems,
polymer-based systems, peptide-based systems, and inorganic compounds. A major
breakthrough in non-viral nucleic acid carriers was the approval of the first RNAi-based drug,
ONPATTRO, for the treatment of hereditary transthyretin-mediated amyloidosis (hATTR).>
ONPATTRO is a lipid nanoparticle-based formulation that encapsulates siRNA and efficiently

targets the liver hepatocytes after I.V. administration to silence the transthyretin gene. The
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approval of ONPATTRO set the stage for other siRNA-based therapies, such as GIVLAARI

(givosiran) and OXLUMO (lumaisran), as well as the COVID-19 mRNA vaccines, which
utilizes similar four-component LNP system for carry the mRNA that encodes for a portion of

the spike protein.!'*

Lipid Based Systems Polymeric Systems
2”?..5. 8
W IR,
M, '.'-..
& AfEesd 4 ) .
L2 i % S \W
S 8 4 o s E %
3.‘53 e Polymeric g =
Liposomes Lipid Nanoparticle Nanoparticle %W§
Polymersome
Non-Viral
Delivery
Peptide Systems Systems Inorganic Systems

N NS

N N Q
NS

Gold nanoparticles
Targeted

Peptides

Figure 1.4 Non-Viral Delivery Systems for nucleic acids created with BioRender.com.

1.4.2a. The early generation of liposomes and lipid nanoparticles

The term “liposomes” was coined in the 1960s after researchers discovered that closed
lipid bilayer vesicles form spontaneously in water.*> 4! Liposomes as drug carriers became
quickly appreciated as a delivery carrier to combat delivery challenges present in the small

molecule drug delivery field for cancer therapy. For example, a large number of the small
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molecule drugs for cancer treatment exhibit low solubility in water and liposomes had the
potential to improve delivery of these anticancer agents. Liposomes were one of the earliest
nanomedicine delivery platforms to successfully proceed quickly from an idea into clinical
application, with a large number of FDA approved therapeutics on the market today. For
example, the first FDA approved liposomal drug known as Doxil was a liposome drug
formulation of the anticancer drug doxorubicin, which is used to treat ovarian cancer.*? Since
Doxil, many other liposomes continue to be used in the clinic or are at the clinical trial stage
for the delivery of anticancer agents, anti-inflammatory therapies, antibiotic therapies,
antifungal therapies, and other drugs as well as gene therapies.*’

In the 1990s, the term lipid nanoparticle was coined, and the first LNP patent filing
took place a year later.*> Some of the early generations of LNPs were cationic LNPs. Cationic
LNPs can be divided further into two categories: liposomes prepared with cationic lipids such
as DOTAP, or liposomes modified with cationic peptides.** Negatively charged nucleic acids
are complexed by positively charged lipids or peptides to form the lipid nanocarrier with a
final positive charge. However, while positively charged materials performed well in vitro,
they had toxicity issues in vivo. Liposomes spontaneously self-assemble into vesicles and are
made up of polar head group and non-polar tail containing phospholipids and cholesterol.
Various cationic lipids such as DOTMA, DOTAP, DOPE have been utilized to form cationic
liposomes by taking advantage of the electrostatic interactions between positively charged

lipids and negatively charged nucleic acid cargo.!: %
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1.4.2b Polymeric nanocarriers

Polymers such as dextran, chitosan, cyclodextrins or synthetic polymers such as poly-I1-
lysine (PLL), Polyethyleneimine (PEI), Poly(amidoamine) (PAMAM), or poly(lactide-co-
glycolic acid) (PLGA) have been utilized in the formulation of polymeric nanoparticles.!
Polymeric nanoparticles offer high advantages as a nucleic acid delivery system due to their
simple method of synthesis, structural versatility, tunability scalability, high transfection

efficiency, biocompatibility, and low immunogenicity.!

1.4.2.c Peptide based carriers

Peptide based carriers are advantageous due to their sequence variety and functional
diversity. In nature, there are various combinations of 20 amino acids that can result in peptides
with different properties such as their 3-D conformations, polarity, hydrophobicity, electric
charges, and hydrophilicity.*® Unique peptide sequences serve as attractive siRNA delivery
tools because peptide sequences can elicit various functions such as siRNA binding, membrane
penetration, endosome disruption, and have targeting capabilities. In addition to natural peptide
sequences, techniques such as phage and bacteria display can be utilized to create sequences
that do not exist in nature. One class of peptides that have gained increasing popularity are
cell-penetrating peptides (CPPs), which are able to penetrate the cell membrane and translocate

into the cytoplasm.*

1.4.2.d Inorganic based carriers
Commonly used inorganic based nanoparticles are nanocarriers such as gold

nanoparticles, silica nanoparticles and iron oxide nanoparticles. Inorganic nanoparticles can be



tuned for specific size or shapes.*’
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utilized for nucleic acid delivery or utilized for imaging. Further, these types of carriers can be

1.5 Lipid nanoparticles (LNPs) as delivery vehicles for nucleic acids

Lipid nanoparticles are the most clinically advanced drug delivery system for RNA

medicines.*32 In 2018, the first siRNA LNP drug, ONPATTRO, was approved by the United
States Food and Drug Administration (FDA) for treating the hereditary amyloidogenic
transthyretin amyloidosis following intravenous infusion. More recently, similar LNPs were
used to deliver mRNA encoding for the spike protein of the SARS-Cov-2 virus to vaccinate
billions of people against COVID-19 following intramuscular injection.?®:>* The three FDA

approved LNPS share similar four-component LNP systems as shown in Figure 1.1.
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1.5.1 Lipid nanoparticles are traditionally comprised of four-components

Lipid nanoparticles have been utilized for the delivery of RNA and are traditionally
composed of four components: an ionizable cationic lipid, a poly(ethylene glycol) (PEG)-lipid,
cholesterol and a helper lipid as shown in Figure 1.2. LNPs are typically made using two
methodologies known as lipid film rehydration and extrusion or ethanol dilution method.*: 3
Depending on the application, the ethanol dilution method can be done via hand-mixing,
vortex-mixing or microfluidic mixing using a herringbone T junction chip. In the ethanol
dilution formulation method, the RNA is dissolved in aqueous acidic buffer that is below the
pKa of the cationic lipid and the lipid components are dissolved in ethanol. These two solutions
are then rapidly mixed at a 3:1 ratio of acid buffer to ethanol. The rapid mixing of the two
solutions allows for the initial complexation of the nucleic acids with cationic lipids via
electronic interactions. During the preparation of LNP formulations, nucleic acids are first
dissolved in an acidic aqueous buffer. The mixing of the acid aqueous buffer with the lipid
components in ethanol promotes a charge interaction between both the ionizable cationic lipid
and the negatively charged nucleic acid. Following a buffer exchange process into a pH neutral
buffer, the final LNP suspension is generated with an almost neutral net charge. The uncharged
state of LNPs is important in preventing recognition by the immune system as positively
charged materials can contribute to toxicity. Each component within the LNP formulation

serves a specific purpose and will be described in the sections below.
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1.5.2  Ionizable cationic lipids

Ionizable cationic lipids were developed to overcome toxicity related issues that were
occurring from the use of cationic lipids. The ionizable cationic lipid binds negatively charged
nucleic acid via electrostatic interactions. While a variety of ionizable cationic lipids have
been developed, the majority of ionizable cationic lipids utilized in LNPs share a few key
features that are important for LNP formulation and delivery of RNAs.

All ionizable cationic lipids have a headgroup that typically contains a tertiary amine

that can acquire charge and become protonated under acidic pH conditions and are typically
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uncharged at physiological or neutral pH conditions. Further, ionizable cationic lipids also
share lipid tail structures. Following internalization by a target cell, the protonated lipids help
generate structures that assist in membrane fusion with acidified endosomes.’> Another
mechanism of endosomal escape is a process known as the “proton sponge” effect.® %7
Cationic polyplexes have been suggested to undergo endosomal escape through this process
by inducing osmotic swelling of the endosome by an influx of protons.’® Another function of
the ionizable cationic lipid of LNPs is to maintain positive charge in the acidified endosome
and promote membrane fusion to allow for cytosolic delivery of nucleic acid cargos.
Significant research efforts have been made in the LNP field in regards to the balance between
these charged states for in vivo nucleic acid delivery.

The first FDA approved siRNA drug ONPATTRO utilized an ionizable lipid known as
DLin-MC3-DMA (MC3).%® The ionizable cationic MC3 is a foundational lipid known as the
gold standard and it has laid the groundwork for the development of other classes of ionizable
cationic lipids and has been a key player in the future development of LNPs therapeutics.

Prior to the development of DLin-MC3-DMA (MC3), previous generations of
ionizable lipids were utilized in LNPs as shown in Figure 1.6. The first generation ionizable
lipid that lead to the development of MC3 was a lipid known as 2-dilinoleyloxy-N, N-dimethyl-
3-aminopropane (DLin-DMA). DLin-DMA is an ether analog of 1,2-dioleoyl-3-(N,N-
dimethylamino)propane (DODAP). The structure of DODAP includes oleic acid chains and is
a pH-responsive ionizable lipid. After the development of DLin-DMA, subsequent studies
revealed that ionizable lipids with linoleic acid chains are superior to oleic acid chains for the

use of gene mediated silencing using siRNA LNPs. Through systematic research efforts
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investigating the linker moiety and the head group of the ionizable lipid in DLin-DMA, a new

ionizable lipid called 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane (DLin-KC2-
DMA) was identified to have excellent in vivo delivery at a low dose of 0.1mg/kg siRNA when
incorporated into LNPs.>® In 2012, further optimization of the head group structure of DLin-
KC2-DMA was performed, creating what is now known as MC3. LNPs containing MC3 as
their ionizable cationic lipid had significantly improved gene mediated silencing in liver

hepatocytes at a low dose of 0.005mg/kg of siRNA.

3 DLin-DMA
B

@)

) DODAP
o)

O)J\/V\/\/W

Y\/\/\/\:/\/\/\/\
O
°) DLin-KC2-DMA

|
TS
3 S -
9 DLin-MC3-DMA
N at OO
| 0o
Figure 1.7 Examples of the previous generations of ionizable lipids leading to development

of DLin-MC3-DMA utilized in LNPs. Figure adapted from Yonezawa et al.>®.



24

An important improvement of the ionizable cationic lipid formulation resulted from
research on the incorporation of degradable ester linkages. In order to help introduce
biodegradability, researchers incorporated degradable ester linkages into the ionizable cationic
lipids where the ester linkage is stable at neutral pH but can become enzymatically hydrolyzed
within tissues and cells that have a lower pH value. The incorporation of degradable ester
linkages was an important consideration for in vivo therapy purposes.®® Further, the pKa of the
ionizable lipid has been reported to be an important parameter for the efficiency of RNA LNPs.
For example, the optimal pKa range for gene silencing in hepatocytes falls within the range of
6.2-6.5.%°

Additionally, the ionizable cationic lipids utilized in the two LNP based mRNA
vaccines (MRNA-1273 and BNT162b2) have structural similarities to that of the ionizable
cationic lipid used in siRNA LNP ONPATTRO. Both the ionizable cationic lipid SM-102
developed by Moderna and ionizable cationic lipid ALC-0315 developed by Biotech’s Acuitas
share a few distinct characteristics in their chemical structures. For example, both ionizable
cationic lipids share a tertiary amine, ester linkages, and multibranched tail structures as shown

in Figure 1.5.9°

1.5.3 PEG Lipids

The PEG-lipid component is another crucial component for the formulation of LNPs
and serves a multitude of purposes. One of them is to promote stability by preventing particle
aggregation, prolonging half-life in the bloodstream, and preventing immune system

recognition.®!- ©2 The molecular weight of the PEG lipid as well as the molar percentage of the
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PEG lipid incorporated in the LNP formulation can affect the characteristics of LNPs and its

physiochemical properties. For example, work done in regards to the molar % of PEG lipid in
the LNP has shown that when PEG lipid is increased from 0.25% to 5 molar %, a reduction in
LNP size is observed and when this percentage increases beyond 5%, there is no longer a
difference in the LNP size.% % In addition to molar percentage of PEG lipid, another important
consideration when choosing an appropriate PEG lipid is the length of the acyl chain of the
PEG lipid. The length of the acyl chain tail has been shown to correlate with dissociation of
the PEG lipid from the LNP surface in circulation. For example, PEG lipids that are composed
of 14-carbons in length dissociate rapidly from the LNP in circulation in comparison to PEG
lipids with 18-carbon acyl chains which does not dissociate from the LNP in circulation.®* 6
PEG lipid dissociation is especially important in the context of delivery to target tissues or
cells due to protein recognition that occurs when LNPs are in systemic circulation. It is has
been shown that PEG lipids with 14-carbon acyl chains can dissociate from the surface and aid
in absorption of ApoE serum protein which plays a crucial role in recognition LDL-receptors
present on the hepatocyte surface.’® In chapter two, a systematic investigation of the chemistry
of the PEG lipid and its impact on LNP formulation and RNA delivery efficacy will be

discussed.

1.5.4 Helper lipids (Cholesterol and Phospholipids)
Helper lipids have been known to contribute towards the stabilization of LNPs during
formulation.%® Two examples of helper lipids utilized in four component LNPs are cholesterol

and phospholipids. Cholesterol aids in membrane fusion and helps stabilize the hydrophobic
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interactions within the nanoparticle. The helper lipid most commonly used for siRNA LNPs is
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and aids in stabilization and contributes
to the nanoparticles structure.>® The helper lipid has also been shown to be important in regards
to the type of cargo for LNPs, for example, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) has been shown to aid in delivery of mRNA, whereas DSPC is commonly used for

siRNA LNPs.%7

1.6 Routes of administration for LNPs

The fate of LNPs in the body varies depending on the design of the nanoparticle system
and the route of administration. LNPs that are administered intravenously have been primarily
limited to the liver organ. The unique physiochemical properties of LNPs such as particle size

and surface charge are critical for RNA delivery through systemic administration.

Figure 1.8. The various routes of administration for delivery adapted from Xou et al and

created with BioRender.com. 8
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1.6.1 The fate of systemically administered LNPs

Historically, it has been accepted that the majority of systemically administered LNPs
will accumulate within the liver. LNPs have been widely restricted to liver hepatocyte delivery,
however, significant progress has been made in extrahepatic delivery. Recently, work done by
Cheng et al. provided explanation towards the rational design of LNPs that are capable of
predictably targeting extrahepatic tissues such as the lung and spleen by an inclusion of a
selective organ targeting (SORT) molecule.® The inclusion of a fifth component, SORT
molecule, into the traditional 4-component LNP is able to achieve functional delivery to the
lung and spleen. For example, inclusion of 50% DOTAP, a permanent cationic lipid, delivery
is rerouted to the lung. Further, inclusion of 18PA as a sort molecule, an anionic charged lipid,
delivery is shifted to the spleen.® Work done by Dilliard and Cheng et al. has showed that the
chemical identity of the SORT molecular affects biodistribution, pKa and protein corona
formation to alter the specific organ tropism for mRNA delivery.”®

While SORT and other methods of active and endogenous targeting are beginning to open
the door to organ targeted delivery, the specific cellular fate of LNPs within the organ remains

poorly defined (including in the liver).

1.7 Liver nanoparticle clearance

The liver is the largest organ in the body and has the essential role of filtering the blood.
This organ has important metabolic functions as it converts nutrients from the diet to
substances that cells can use. Additionally, the liver breaks down toxic substances so they can

be cleared from the body. The anatomy of the liver is unique as it is divided into lobules that
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are each connected and supplied by the branches of the portal vein, hepatic artery and the bile

duct. It is widely accepted in the nanomedicine drug delivery field, that after administration
into the body, the majority of nanoparticles do not reach their intended target and are eliminated
though the kidney (if < 6 nm in size) or sequestered by the reticuloendothelial system (RES)
that is also called mononuclear phagocytic system (MPS) (if > 6 nm).”"-’* The liver is a major
clearance organ (the major part of MPS), as its role is to filter the blood, as such nanoparticles
often end up within the liver as a result. However, nanoparticle delivery to liver cells, especially
hepatocytes, is not as straightforward as commonly assumed.

When LNPs are administered by an intravenous injection and enter into the liver,
Kupffer cells are one of the first cell types encountered.” The liver structure is comprised of
multiple cell types, where 60-80% of parenchymal cells are hepatocytes.”> Hepatocytes are
involved in many functions such as protein synthesis, protein storage, detoxification and
metabolism.”® The remainder of the liver are the non-parenchymal cells which are comprised
of Kupffer cells, sinusoidal endothelial cells, and hepatic stellate cells. Kupffer cells are an
important first line of defense to foreign materials as these particular cells are tissue resident
macrophages that will phagocytose and destroy pathogens and other foreign bodies and
materials within the blood.” They are responsible for the majority of phagocytic activity within
the liver tissue and make up of 80-90% of the total macrophage population within the body.”
77
1.7.1 Protein Corona and liver delivery

Once LNPs are administered into the bloodstream, the surface of lipid nanoparticles

can become modified by a layer of proteins from the biological fluid, known as the protein
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corona. The protein corona has been thought to define the biological identity of nanoparticles
from the organ to cellular levels.”®% Individual proteins associated with the surface of
nanoparticles could serve as ligands guiding nanoparticles to specific cell surface receptors.5¢
For example, it has previously been shown that Apolipoprotein E (ApoE) binds to DLin-MC3-
DMA ONPATTRO LNPs and that efficacy is lost in ApoE knockout animals.?” Thus, there is
evidence that ApoE is required for receptor-mediated targeting and uptake in hepatocytes,
likely by low-density lipoprotein (LDL) receptor (LDLR) that mediate cell uptake.’ 87
Additionally, it has been reported that ApoE plays a critical and determinate role for both
uptake and clearance of nanoparticles by hepatocyte cells within the liver.3¢-%¢ One can utilize

the intricacies of cell-level delivery for precise therapeutic intervention in the context of liver

cancer.

1.8 Precise RNA delivery for HCC and liver disease therapy

Hepatocellular Carcinoma (HCC), the most common type of liver cancer, has poor
prognosis due to diagnosis at the late stage.®® If diagnosed early, HCC can be treated with
surgery, radiation, transarterial chemoembolization, chemotherapy, and systemic therapies.
However, the type of treatment a patient may receive is limited by their clinical condition and
their liver function. Whenever feasible, a surgical resection of the liver tumor is the ideal
method because it has the best prognosis. However, surgical resection is not always an option
for patients. Conversely, the treatment of late-stage liver cancer is even more challenging
because many of the current treatment options have intrinsic hepatotoxicity which can

exacerbate underlying liver disease and drastically limit treatment options further. Over the
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past two decades, the incidence rates of HCC in the United States have been on the rise due to
an increasing number of patients with Hepatitis C virus and/or Non-Alcoholic steatohepatitis
(NASH).”® °! The liver can become inflamed due to a chronic liver injury as a result from
various etiologies, such as Hepatitis B, NASH, or alcohol abuse. Chronic liver injury causes
liver inflammation and can ultimately result in the development of cirrhosis.”! Devastatingly,
the majority of HCC cases in the US occur in the presence of liver cirrhosis as patients with
cirrhosis are at an even high risk for developing HCC.”? Overall, liver cancer is a challenging
disease for therapeutic intervention because patients with liver cancer have poor liver function
and drug-induced toxicity can exacerbate the compromised liver function even further.”* %4

In 2007, Sorafenib was approved, thus increasing therapeutic options for patients with
HCC. After the approval of Sorafenib, many other small molecule drugs for HCC failed in
Phase III clinical trials and it took nearly 10 years for new systemic therapy options to come
into the clinic for both first- and second-line HCC treatments.”® Recently, Lenvatinib was
approved as another first-line therapy while Regorafenib, Cabozantinib and Ramucirumab
were approved as second-line therapies.”>” However, Sorafenib and Lenvatib only marginally
extended patient survival by 1-2 years.’® * In addition, immunotherapies are also being
investigated for the treatment of HCC. ' Atezolizumab and bevacizumab are two immune
checkpoint inhibitors that have been recently used as a therapy for advanced HCC in clinical
studies.!”! Atezolizumab is a checkpoint inhibitor that targets the PD-L1 pathway in order to
prevent interaction with receptors PD-1 and B7-1 and bevacizumab is a monoclonal antibody

that targets VEGF in order to inhibit tumor growth. 100-102
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In a recent phase Ib clinical trial, advanced HCC patients who received a combination
therapy of atezolizumab plus bevacizumab had improved survival outcomes overall in
comparison to patients who received sorafenib. 1%

Nucleic acid therapies, including RNA interference, offer a promising alternative for
treating liver cancer. Advantages include high efficacy, selectivity, and numerous target
choices. However, delivery remains a major challenge for nucleic acid therapeutics.!® In 2016,
Mirna Therapeutics terminated its clinical trial of MRX34 (miR-34a liposome) for HCC due
to adverse effects.!® The failure was in part caused by nanoparticle targeting of the wrong
cells, which induced an adverse immune response. MRX34 was assumed to target hepatocytes
and cancer cells, but instead unexpectedly delivered to Kupffer cells. While it is important to
understand organ level delivery, it is also necessary to understand delivery at the cellular level,
a point underappreciated in the field. Failure of MRX34 has illustrated the importance of
understanding cell level delivery of nucleic acid therapies.

Hepatocytes, which account for about 80% of liver mass, can become cancerous when
mutated, and the oncogene ¢-MYC is a major driver for human HCC.!% Another major cell
type within the liver are the Kupffer cells (KCs) that make up approximately 80% of the total
macrophage population in the entire body and around 20% of the liver nonparenchymal
cells.!96:197 K Cs also have a critical role in liver damage. Once the liver is damaged, the state
of the liver can quickly progress to HCC.!%

Currently, most of the HCC drugs on the market are based on targeting pathologic proteins
through the use of recombinant proteins or antibodies. This approach is challenging because it

is difficult for these methods to reach their target inside the specific cell. RNA therapy offers
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great promise because RNAs can be designed to target a specific mRNA. Further, LNPs can

be used to carry RNAs to specific locations inside the cell or tissue. While great progress has
been made as a field in LNP delivery, there is still much to be learned on cell-specific delivery
within the liver as well as other tissues. Currently, there is not a cure for HCC and it continues
to be a devastating disease that affects about 1 million people worldwide every year.?: - 10%-
The work described in chapter three identifies key biochemical and physical factors that impact

the biofate of lipid nanoparticles and alter therapeutic outcomes in an aggressive liver cancer

model.

1.9 Outlook

There is a need to understand how the chemistry of the components in lipid nanoparticle
impact RNA delivery not only at the organ level but at the cellular level. The halt of Phase I
clinical trial for miRNA-34a nanoparticle MRX34 illustrates that cellular tropism can have
catastrophic consequences when there is delivery to unexpected cell types. This survey of the
literature has provided an overall review of nucleic acid therapeutics for gene mediated
silencing and other modalities that utilize RNAi. In addition, barriers for effective RNA
delivery were reviewed, and the various delivery carriers for nucleic acids were discussed.
Further, the need to target specific cell types was highlighted. Despite these advances, there is
still a need to understand what aids in delivery to specific cells within a tissue and how this

can be utilized for disease treatment.



CHAPTER TWO

THE HYDROPHOBIC DOMAN STRUCTURE OF LINEAR-DENDRITIC
POLY(ETHYLENE GLYCOL) LIPIDS AFFECTS RNA DELIVERY OF LIPID

NANOPARTICLES

This chapter consists of a research article written by the authors (Zhou, Johnson, et al., 2020)

2.1. INTRODUCTION

RNA therapeutics are emerging as a promising modality for the prevention and/or
treatment of human diseases including cancer, genetic diseases, and infectious diseases.!!%-11°
The approval of the first RNA interference drug, ONPATTRO, by the FDA in August 2018
for the treatment of hereditary transthyretin-mediated amyloidosis was an important event for
demonstrating the utility of RNA-based drugs.!?° There is high potential for future use of RNA-
based drugs for treating a wide range of diseases.!?! Various viral and non-viral delivery
strategies have been developed to deliver RNA molecules ranging from small RNAs to long
messenger RNAs (mRNAs).!10: 118 122-124 T discover suitable RNA carriers for the treatment
of diseases with high liver dysfunction, we recently reported a library of >1,500 ester-based
dendrimers containing ionizable amino groups that self-assemble with excipients into
dendrimer-based lipid nanoparticles (DLNPs) to effectively deliver small RNAs to
compromised livers.!?® The screen identified a dendrimer named 5A2-SC8, which was able to
extend survival in an aggressive and challenging genetically engineered mouse model
(GEMM) of MYC-driven liver cancer and toggle the polyploid state in the liver via delivery of

33
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siRNAs and miRNAs.!25127 5A2-SC8 DLNPs are multicomponent formulations that contain

four-components consisting of an cationic ionizable dendritic lipid, phospholipid, cholesterol,
and poly(ethylene glycol) (PEG) lipid with the optimized molar ratio of 50/10/38/2
(mol/mol).'??

The RNA delivery potency of LNPs is influenced not only by the chemical structure of
each component but also the formulation composition and the cargo molecules themselves,
such as short rigid small RNAs or long flexible mRNAs.!?%135 For example, we determined
that for long mRNA delivery, the formulation composition of SA2-SC8 DLNPs should be
optimized to a molar ratio of 5A2-SC8/DOPE/Chol/PEG lipid = 24/24/47/5 (mol/mol).%” This
formulation could deliver 1,300 nucleotide long fumarylacetoacetate hydrolase (FAH)-
encoded mRNA effectively into hepatocytes of FAH knockout mice to completely normalize
liver function and eliminate hepatorenal tyrosinemia type I symptoms.%” In addition to the
molar composition, the molecules themselves, such as the PEG lipid, modulate delivery
efficacy.

The hydrophilic polymer, poly(ethylene glycol) (PEG), is a commonly used excipient
in drug development to increase in vivo stability, evade recognition by the reticuloendothelial
system (RES), pro-long circulation half-life, and reduce immunogenicity.®® 3¢ It has been
found that the percentage of the PEG lipid has a huge impact on formulation,
pharmacokinetics, pharmacodynamics, and in vivo delivery potency of siRNA-loaded LNPs.°!:
65, 137-140 “Without the PEG-lipid, the formulated siRNA LNPs dissociate immediately after
being exposed in the blood stream and lose in vivo siRNA delivery potency.®! Interestingly,

the high percentage of the PEG lipid substantially compromises hepatocyte gene knockdown
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of siRNA lipid nanoparticles.®> Although the chemistry of PEG lipids has been examined

extensively as a critical component in the formulation of LNPs for RNA delivery, there has
been little work studying the hydrophobic domains of PEG lipids beyond commercially
available natural tails from natural lipids. We envisioned that the dendrimer growth chemistry
previously used for the design and synthesis of ionizable dendrimers'? could also be applied
to investigation of branching within the hydrophobic domains to understand “anchoring”
effects of PEG lipids.

The work included in chapter two, comprises efforts of a systematic investigation of
the effect of lipid tail chemical structure on siRNA delivery of 5A2-SC8 DLNPs by
synthesizing a series of linear-dendritic poly(ethylene glycol) (PEG) lipids (PEG-GnCm) with
different lipid length (C8, C12, and C16) and different generations (first, second, and third)
(Figure 2.2.2). Linear-dendritic block copolymers are exciting molecules whose unusual
topology enables new chemical and biophysical properties of materials.!#! 142 Tt was found
that the PEG lipid tail chemical structure dramatically affects RNA delivery of 5A2-SC8
DLNPs (Figures 2.2.4 and 2.2.5). All PEG lipids formed nanoparticles with size from 50 to
100 nm and siRNA encapsulation up to 90%. The PEG lipid tail chemical structure did not
affect nanoparticle stability, with some increase in size after 6 days. (Figure 2.2.3). First
generation PEG lipids (PEG-G1C8, PEG-G1C12, and PEG-G1C16) and second-generation
PEG lipid (PEG-G2C8) enabled 5SA2-SC8 DLNPs to deliver siRNAs effectively in vitro and
in vivo. 5A2-SC8 DLNPs formulated with second generation PEG lipids (PEG-G2C12 and
PEG-G2C16) and all three third generation PEG lipids (PEG-G3C8, PEG-G3C12 and PEG-

G3C16) lost the ability to deliver RNA in vitro and in vivo. Collectively, the data indicate that
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PEG lipid tail chemical structure impacts the ability of 5SA2-SC8 DLNPs to overcome the

intracellular RNA delivery barriers.
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Figure 2.1.1 A systematic study on the impact of linear dendritic polyethylene glycol
(PEG) lipids and RNA delivery. (A) Schematic illustration of the impact of linear dendritic
polyethylene glycol (PEG) lipids on the formulation of established dendrimer-base lipid
nanoparticles for small RNA delivery. (B) The chemical structure of the nine linear dendritic

PEG lipids.



2.2 RESULTS AND DISCUSSION

2.2.1 Synthesis and characterization of linear-dendritic poly(ethylene glycol) (PEG) lipids
PEG-GnCm.
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Figure 2.2.1 Chemical route for the synthesis of linear dendritic PEG lipids.

As shown in Figure 2.2.1, linear-dendritic poly(ethylene glycol) (PEG) lipids PEG-
GnCm were prepared through three steps. First, the dendritic motifs TB-GnDB (n=1, 2, 3)
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were synthesized through a strategy of using sequential aza- and sulfa-Michael additions that
was used to construct a library of more than 1,500 degradable dendrimers in our previous
studies.'?> Second, the above dendritic motifs TB-GnDB were conjugated with poly(ethylene
glycol) azide (PEG-N3) through copper(I)-catalyzed azide-alkyne cycloaddition to give the
linear-dendritic PEG intermediates (PEG-GnDB) that contains double bonds (DB). Finally,
PEG-GnDB were reacted with different alkyl thiols: 1-octanethiol (C8-SH), 1-dencanethiol
(C12-SH), and 1-hexadecanethiol (C16-SH), to give PEG-GnCm with different lipid length
(C8, C12, and C16). The dendritic motifs TB-GnDB (n=1, 2, 3) were constructed through
alternatively using two sequential orthogonal reactions: aza-Michael addition and sulfa-
Michael addition. Propargylamine TB-N3 reacted quantitively with the less sterically hindered
double bond of 2-(acryloyloxyl)ethyl methacrylate (AEMA) to give first generation dendrimer
TB-G1DB with the more sterically hindered double bond untouched. The double bonds of TB-
G1DB reacted with cysteamine via sulfa-Michael addition to give TB-GINH2. Then TB-
G1NH: reacted with AEMA to give second generation dendrimer TB-G2DB. TB-G2DB led
to third generation dendrimer TB-G3DB, as indicated by mass spectrometry (Figure 2.2.2A).
TB-GnDB reacted with poly(ethylene glycol) azide (PEG-N3) through copper(I)-catalyzed
azide-alkyne cycloaddition to give PEGylated dendrimers PEG-GnDB, as indicated by the
increase of molecular weight in the GPC curves. PEG-GnDB reacted with 1-octanethiol (C8-
SH), 1-dencanethiol (C12-SH), and 1-hexadecanethiol (C16-SH) to give PEG lipids, PEG-
GnCm. After normalization to the retention time of the peaks in the GPC curves, the curves of
PEG-GnCm nearly superimposed on those of PEG-GnDB and that of PEG-N3, indicating that

PEG-GnCm were uniformly synthesized (Figure 2.2.2B-C).
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Figure 2.2.2 Characterization of nine linear dendritic PEG lipids and their synthetic
precursors T3-G1DB, T3-G2DB, and T3-G3DB. (A) T3-G1DB, T3-G2DB, and T3-G3DB
structures were confirmed by mass spectrometry. (B) Nine linear dendritic PEG lipids were
characterized with Gel Permeation Chromatography (GPC). (C) Narrow polydispersity of nine
linear dendritic PEG lipids was confirmed through normalization of their maximum retention

time of the GPC curves.

2.2.2 Formulation and characterization of dendrimer-based lipid nanoparticles (DLNPs)
with PEG lipids PEG-GnCm.
The ionizable and degradable amino dendrimer, 5A2-SC8, that emerged from our

previous screen as being non-toxic and potent for siRNA delivery, was used to formulate
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siRNA-loaded multicomponent dendrimer lipid nanoparticles (DLNPs) with the molar ratio of

50/10/38/2 (ionizable dendrimer/ phospholipid DSPC/cholesterol/PEG-GnCm). Despite
having different chemical structures and molecular weight, all synthesized PEG-GnCm were
able to formulate into stable 5A2-SC8 DLNPs. As shown in Figure 2.2.3A, 5A2-SC8 can form
well-defined RNA nanoparticles across different PEG-GnCm with the size ranging from 50 to
100 nm. The formulated SA2-SC8 DLNPs were stable for at least 11 days without visible
aggregation (Figure 2.2.3A). Interestingly, the size of PEG-G1C8 and PEG-G2C8 5A2-SC8
DLNPs increased after eight days while the size of PEG-G3C12 and PEG-G3C16 5A2-SC8
DLNPs increased after 6 days. All the 5SA2-SC8 DLNPs encapsulated siRNA molecules up to
90% across the nine different PEG-GnCm. The siRNA molecules stayed encapsulated for up
to 8 days, with a slight release from PEG-G1C8 and PEG-G1C12 5A2-SC8 DLNPs after that

time point (Figure 2.2.3B).
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Figure 2.2.3. The PEG lipid structure does not impact LNP formulation. Time-dependent
(A) size and (B) RNA encapsulation of SA2-SC8 DLNPs formulated with nine linear dendritic
PEG lipids. Stars indicate significant difference based on a comparison of the size and RNA
encapsulation between the different days and second day within each of the PEG lipid 5A2-

SC8 DLNPs. * p <0.05, ** p <0.01, and *** p <0.001 (Student’s two-tailed t-test).

2.2.3 In vitro and in vivo small RNA delivery of dendrimer-based lipid nanoparticles
(DLNPs).
5A2-SC8 DLNPs were loaded with siLuc to enable silencing of reporter Luciferase

protein. Then the nanoparticles were incubated with Luciferase-expressed HeLa cells at a
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series of concentrations of siLuc from 0.7 to 66.9 nM. The PEG lipids, PEG-GnCm,

dramatically affected the activity of SA2-SC8 DLNPs for silencing Luciferase in HeLa cells
(Figure 2.2.4A). First generation PEG lipids (PEG-G1C8, PEG-G1C12, and PEG-G1C16)
enabled 5A2-SC8 DLNPs to deliver siLuc efficaciously into the Luciferase-expressed HelLa
cells. The IC50s were as low as 10 nM. Second generation PEG lipid (PEG-G2CS8) had
comparable silencing activity as PEG-G1C8 in HeLa cells. Surprisingly, the IC50 values of
other second generation and third generation PEG lipids increased to 66.9 nM. This indicates
that the dendritic structure of PEG-GnCm had a major impact on the siRNA delivery. 5SA2-
SC8 DLNPs were well tolerated in HeLa cells across all different PEG lipids and broad

incubation concentrations (Figure 2.2.4B).
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Figure 2.2.4. The dendritic structure of PEG-GnCm has an impact on the siRNA delivery
efficacy in vitro. (A) Dose-dependent gene silencing and (B) Dose-dependent cell viability of
cells treated with SA2-SC8 DLNPs formulated with all nine linear dendritic PEG lipids. Stars
indicate significant difference based on a comparison of the gene silencing and viability
between each of RNA concentrations of 5SA2-SC8 DLNPs and the concentration of 0.7 nM
free RNA. (* p <0.05, ** p < 0.0, *** p <0.001, and **** p < 0.0001, Student’s two-tailed t-

test).
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Figure 2.2.5. The dendritic structure of PEG-GnCm has an impact on siRNA delivery
efficacy in vivo. /n vivo FVII protein knockdown efficacy of SA2-SC8 DLNPs formulated
with nine linear dendritic PEG lipids (n=3). siCtrl-loaded PEG-GC16 5A2-SC8 DLNPs were

evaluated for the control (n=3).

To assess the in vivo siRNA delivery of DLNPs with different PEGGn-Cm, we used
the Factor VII (FVII) gene silencing assay that monitors the FVII protein, a blood-clotting
factor produced in hepatocytes and secreted into the blood circulation, because this can be
readily quantified from a small serum sample. SA2-SC8 DLNPs were formulated with an
siRNA against FVII (siFVII) and injected intravenously into mice at a dose of 0.5 mg/kg
siRNA. FVII activity was quantified 3 days post injection. We found that the PEG lipids have

the similar trend in vitro and in vivo impacting siRNA delivery of DLNPs (Figure 2.2.4 and
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Figure 2.2.5). First generation PEG lipids (PEG-G1CS8, PEG-G1C12, and PEG-GIC16)

enabled SA2-SC8 DLNPs to deliver siFVII efficaciously into the hepatocytes in the liver, while
DLNPs formulated with second and third generation PEG lipids could not silence the FVII
expression (except PEG-G2C8). We also formulated PEG-G1C16 5A2-SC8 DLNPs with
control siRNA (siCTRL) and performed the FVII assay. No FVII gene silencing was observed,
further supporting on target efficacy of siFVII DLNPs. The above data for siRNA delivery
collectively indicated that the chemical structure of the dendritic block resulted in an almost

binary effect on the siRNA delivery of 5A2-SC8 DLNPs.

2.2.4 Examination of endosomal escape for dendrimer-based lipid nanoparticles (DLNPs)
containing different PEGGnCm.

Efficacious RNA delivery requires overcoming a series of extracellular and
intracellular barriers. According to the above data, the PEG lipids have the similar trend in
impacting both in vitro and in vivo delivery of 5A2-SC8 DLNPs. It led us to conclude that PEG
lipids affect the RNA delivery of the SA2-SC8 DLNPs through affecting the ability of the SA2-
SC8 DLNPs to overcome intracellular barriers. To test this, we investigated cellular uptake,
hemolysis, and lysosome colocalization of 5A2-SC8 DLNPs formulated with different
PEGGnCm. HeLa cells were incubated with SA2-SC8 DLNPs that were formulated with
Cy5.5-labeled siLuc. Cellular uptake was evaluated 24 hours after incubation using confocal
microscopy imaging. We found that all 5A2-SC8 DLNPs across the nine different PEG lipids
were internalized into the HeLa cells with similar average fluorescence intensity (Figure

2.2.6). This indicates that the PEG lipid chemical structure did not impact the cellular uptake
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of the 5A2-SC8 DLNPs. We next focused on endosomal escape, which is one of the key

intracellular RNA delivery barriers. We analyzed the lysosome colocalization of 5A2-SC8
DLNPs inside of HeLa cells. No significant difference of lysosome colocalization of SA2-SC8

DLNPs was observed across the nine different PEG lipids after 24 hours.

A nanoparticles lysosomes nanoparticles lysosomes
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Figure 2.2.6. SA2-SC8 DLNPS formulated with varying PEG lipid structures effectively
internalize into HeLa cells. (A) Confocal images of cellular uptake into HeLa cells. (B) The
mean fluorescence signal of 5A2-SC8 DLNPs formulated with nine PEG-lipids after 24-hour

incubation in Hel a cells.
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To further examine whether the PEG lipids could affect the ability of SA2-SC8 DLNPs

to escape from endosomes, three PEG lipids: PEG-G1C16, PEG-G2C12, and PEG-G3C12
were chosen for further study. These DLNPs were chosen because the three PEG lipids form
similar 5A2-SC8 DLNPs that had distinct in vitro and in vivo RNA delivery potency. We first
assessed the stability of PEG-G1C16, PEG-G2C12, and PEG-G3C12 5A2-SC8 DLNPs at the
conditions of 20% FBS at 37 °C temperature with pH at 6.5, 6.0, and 5.0, respectively, by
mimicking the pH conditions of early endosomes, late endosomes, and lysosomes.!4>144 It was
found that PEG-G1C16, PEG-G2C12, and PEG-G3C12 5A2-SC8 DLNPs were stable up to
48 hours and there was no significant difference of 5SA2-SC8 DLNP stability across these

conditions (Figure 2.2.7).
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Figure 2.2.7. PEG-G1C16, PEG-G2C12 and PEG-G3C12 5A2-SC8 DLNPs remain

stable under endosome mimicking conditions. The size of PEG-G1C16, PEG-G2C12 and

PEG-G3C12 5A2-SC8 DLNPs was measured over time after incubation in 20% FBS with

pH at 6.5, 6.0, and 5.0, respectively.

Next, the hemolysis of PEG-G1C16, PEG-G2C12, and PEG-G3C12 5A2-SC8 DLNPs

was assessed at different pH values and concentrations.

It was observed that these

nanoparticles led to high hemolysis at pH 5.5 as the concentrations increased (Figure Al).

There was no significant difference of hemolysis between PEG-G1C16, PEG-G2C12, and

PEG-G3C12 5A2-SC8 DLNPs. Afterwards, the lysosome colocalization with of the PEG-
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G1C16, PEG-G2C12, and PEG-G3C12 5A2-SC8 DLNPs with different incubation times: 4

and 24 hours was examined. The nanoparticles were still formulated with Cy5.5-labeled siLuc.
Results indicated that with the 4-hour incubation, PEG-G1C16 5A2-SC8 DLNPs had
significantly less lysosome colocalization than both PEG-G2C12 and PEG-G3C12 5A2-SC8
DLNPs (Figure 2.2.8). Interestingly, there was no difference of the lysosome colocalization
between PEG-G1C16, PEG-G2C12 and PEG-G3C12 5A2-SC8 DLNPs when the incubation
was extended to 24 hours. Comparison of the 4- and 24-hour time points indicated that PEG
lipids did not impact the cellular uptake of SA2-SC8 DLNPs. However, the anchoring part of
these PEG lipids has a significant impact on siRNA escape from the endosomes at the early
cell incubation time points, which explains the difference in efficacy. Since the low generation
PEG lipid, PEG-G1C16, had significantly lower lysosomal colocalization at early time points
compared to PEG-G2C12 and PEG-G3C12, we speculate that higher generation PEG lipids
(PEG-G2C12 and PEG-G3C12) are less likely able to escape the endosomes and release
siRNA due to chemical structures and greater hydrophobicity. The combined observations of
gene silencing and early time point endosomal escape with varying PEG lipid DLNPs allowed
us to identify a structure activity relationship (SAR) between PEG lipid length/ chemical
composition and siRNA delivery efficacy. Due to the weak anchoring of PEG-G1C16 with
5A2-SC8 DLNPs, we can consider that there is a faster detaching of PEG-G1C16 from 5A2-

SC8 DLNPs and this destabilization would enhance the endosomal escape.’” 120145
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Figure 2.2.8. The hydrophobic domain of the PEG Lipid impacts endosomal escape at
early time points. (A) Representative confocal images of cellular uptake of SA2-SC8 DLNPs
following 4-hour incubation. Scale bar = 50 um. (B) Analysis of colocalization between 5A2-
SC8 DLNPs and lysosome organelles with 4- and 24-hour incubation. Statistical significance
was calculated between the different groups with Student’s two-tailed t-test. n.s. non-

significant, * p <0.05, ** p <0.01, and *** p <0.001.
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2.2.5 In vivo small RNA delivery of the dendrimer-based lipid nanoparticles (DLNPs) in

tumors.

Encouraged by the finding that the PEG lipids affect the RNA delivery of the 5A2-SC8
DLNPs to the liver through altering the ability of the SA2-SC8 DLNPs to escape from
endosomes, we wanted to examine the siRNA delivery capability of the PEG-G1C12 and PEG-
G2C12 5A2-SC8 DLNPs in a cancer model as a potential therapeutic application.
Subcutaneous tumor xenografts were formed in immunocompromised mice using HeLa-Luc
cells, an aggressive type of cervical tumor. The mice were injected intravenously with the
PEG-G1C12 and PEG-G2C12 5A2-SC8 DLNPs formulated with siLuc at the dosage of 1
mg/kg. We normalized the luciferase signal to that of day 0 when the mice were treated with
5A2-SC8 DLNPs because the tumors grew every day (Figure 2.2.9A). With no treatment, the
luciferase signal of the tumor increased from day 0 to 2 due to the tumor growth. With the
treatment of PEG-G2C12 5A2-SC8 DLNPs that cannot deliver siRNA effectively, the
luciferase signal of the tumor also increased (similar to control animals). With the treatment of
PEG-G1C12 5A2-SC8 DLNPs that can deliver siRNA effectively, the luciferase signal of the
tumor was decreased at day 2. The luciferase signal was normalized to the luciferase signal of
mice with no treatment to minimize the effect of the fast tumor growth that led to the increase
of tumor luciferase signal (Figure 2.2.9C). The results indicated that the luciferase signal of
the tumor decreased at day 1 after the treatment of PEG-G1C12 5A2-SC8 DLNPs while the
luciferase signal of the tumor did not change after the treatment of PEG-G2C12 5A2-SC8
DLNPs. It is important to note here that the tumor xenograft tumors in the study grow rapidly

and thus new cells being generated also express luciferase. Due to this fact, we adjusted the
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analysis of luciferase in the tumors as explained above. In contrast to our other in vivo study,

hepatocyte growth is slower and the FVII protein expression is relatively constant, thus it is

easier to measure the decreased levels of FVII protein.
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Figure 2.2.9 The siRNA delivery capability of the PEG-G1C12 and PEG-G2C12 5A2-
SC8 DLNPs evaluated in a cancer model (A) Luciferase signal of HeLa-Luc xenograft
tumors 0, 1, and 2 days after the intravenous injection of PEG-G1C12 or PEG-G2C12 5A2-
SC8 DLNPs formulated with siLuc (1 mg/kg siLuc). (B) Normalization of the luciferase signal

to that of day 0 when the mice were treated with 5A2-SC8 DLNPs (n =3). (C) Further
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normalization of the luciferase signal to that of the untreated mice. Stars indicate significant
difference based on a comparison of the luciferase knockdown between the treated groups and

untreated groups. * p <0.05 and ** p < 0.01 (Student’s two-tailed t-test)

To address potential off target effects, the delivery of control siRNA in PEG-G2C12
5A2-SC8 DLNPs to HeLa-Luc cells was evaluated and it was observed that no off-target
toxicity or off-targeting gene silencing occurred (Figure A2). This is in agreement with our
prior application of SA2-SC8 DLNPs to deliver siRNAs to mediate gene silencing in healthy
mice,'?> 27 multiple cancer models with therapeutic sSiRNA/miRNA sequences to extend
survival,!??7 and mRNA encoding for functional proteins.®’ The data collectively indicates
that PEG lipids affect the RNA delivery of the 5A2-SC8 DLNPs not only to the liver, but also

to tumors.

2.3 EXPERIMENTAL SECTION

2.3.1 Materials. All amines, thiols, and otherwise unspecified chemicals were purchased from
Sigma-Aldrich. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) was purchased from
Avanti Lipids. 2-(acryloyloxy)ethyl methacrylate (AEMA) was synthesized according to our
previous reports and purified by distillation under reduced pressure.!?> 5A2-SC8 dendrimer
was synthesized following our established method.!* mPEG-N3; (M, = 2000 g/mol) were
purchased from Jenkem Technology. All organic solvents were purchased from Fisher

Scientific and purified with a solvent purification system (Innovative Technology). The One
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Glo + Tox assay kit was purchased from Promega. The lysotracker was purchased from Life

technology. The FVII assay kit was purchased from Hyphen Biomed.

2.3.2 Characterization. 'H and *C NMR were performed on a Varian 500 MHz spectrometer.
MS was performed on a Voyager DE-Pro MALDI TOF. Flash chromatography was performed
on a Teledyne Isco CombiFlash Rf-200i chromatography system equipped with UV-vis and
evaporative light scattering detectors (ELSD). The molecular weight was measured by Gel
Permeation Chromatography (GPC) (Viscotek) equipped with RI detection and ViscoGEL I-
series columns (Viscoteck -IMBLMW-3078) using DMF as the eluent at 0.75 mL/min and 45
°C. Particle sizes and zeta potentials were measured by Dynamic Light Scattering (DLS) using

a Malvern Zetasizer Nano ZS (He-Ne laser, A = 632 nm).

2.3.3 Methods

2.3.3.1 Synthesis of first, second, and third generation dendrimers TB-GnDB. The
dendrimers TB-GnDB were prepared according to the previous method. Propargylamine TB-
NH2 (2.4 mL, 37.4 mmol) reacted with three equivalents (20.6 g, 112.2 mmol) of 2-
(acryloyloxy)ethyl methacrylate (AEMA) in the presence of 5 mol% radical inhibitor BHT at
50 °C for 24 hours. The reaction was purified by column chromatography with the eluent of
Hexane and Ethyl Acetate to give the clear product, the first generation dendrimer TB-G1DB
(yield: 86%). As to the synthesis of second generation dendrimer TB-G2DB, TB-G1DB (13.5

g, 32 mmol), was dissolved in 20 mL DMSO and then 2-aminoethanthiol (6.0 g, 77 mmol) was



55

added. The reaction was stirred at room temperature for 30 min. Then 400 mL dichloromethane
was added into the reaction solution and was washed with cold brine water (50 mL x 3) to
remove extra 2-aminoethanthiol. The organic phase was dried with magnesium sulfate and
condensed via rotary evaporation to use directly for next step. AEMA (35 g, 192 mmol) and 5
mol% radical inhibitor BHT was added. After the reaction was complete, the reaction was
purified by column chromatography with the eluent of Hexane and Ethyl Acetate to give the
clear products TB-G2DB (yield: 74%). As to the synthesis of third generation dendrimer TB-
G3DB, TB-G2DB (10.5 g, 8 mmol) was dissolved in 20 mL DMSO and then 2-
aminoethanthiol (3.0 g, 38 mmol) was added. The reaction was stirred at room temperature for
30 min. Then 400 mL dichloromethane was added into the reaction solution and was washed
with cold brine water (50 mL x 3) to remove extra 2-aminoethanthiol. The organic phase was
dried with magnesium sulfate and condensed via rotary evaporation to use directly for next
step. AEMA (13 g, 72 mmol) and 5 mol% radical inhibitor BHT was added. After the reaction
was complete, the reaction was purified by column chromatography with the eluent of Hexane

and Ethyl Acetate to give the clear products TB-G3DB (yield: 63%)).

2.3.3.2 Synthesis of linear-dendritic poly(ethylene glycol) (PEG) lipids PEG-GnCm.

PEG lipids PEG-GnCm were synthesized by two step reactions: TB-GnDB reacted with
poly(ethylene glycol) azide (mPEG-N3) through copper(I)-catalyzed azide-alkyne
cycloaddition to give PEG-GnDB and then PEG-GnDB reacted with 1-octanethiol (C8-SH),
I-dencanethiol (C12-SH), or 1-hexadecanethiol (C16-SH) through sulfa-Michael addition.

Here is the description of syntheses of PEG-G1DB and PEG-G1C16. mPEG-N3 (4.0 g, 2.0
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mmol), TB-G1DB (0.27 g, 3.0 mmol), sodium ascorbate (30 mg, 0.15 mmol) and CuSO4 (16

mg, 0.1 mmol) were added a flask with 10 mL oxygen-free DMF and 5 mL oxygen-free
deionized water. The reaction was stirred at room temperature overnight. 300 mL DCM was
added into the reaction solution and the organic phase was washed with brine (50 mL x 3) and
dried with magnesium sulfate. After the solvent was removed, the residual was purified by
running silica column with a gradient eluent of DCM and methanol to give a white solid PEG-
GIDB (3.1 g, 64%). PEG-GIDB (1.0 g, 0.41 mmol) was dissolved in 5 mL DMSO. Then 1-
hexadecanethiol (378 pL, 1.23 mmol) and DMPP (8.7 puL, 62 umol) was added and the reaction
was stirred at 60 °C for 48 hours. 300 mL DCM was added into the reaction solution and the
organic phase was washed with brine water (50 mL x 3) and dried with magnesium sulfate.

After the solvent was removed, the residual was purified running the silica column with a

gradient eluent of DCM and methanol to give a white solid PEG-G1C16 (0.81 g, 67%)

2.3.3.3 Formulation of DLNPs. 5A2-SC8 DLNPs were prepared using a microfluidic mixing
instrument with herringbone rapid mixing features (Precision Nanosystems NanoAssemblr).
Ethanol solutions of dendrimer, DSPC, cholesterol, and PEG-GnCm (molar ratio of
50:10:38:2) were rapidly combined with acidic solutions of siRNA (citrate buffer, pH 3.8) at
a ratio of the aqueous solution to the EtOH solution of 3/1 by volume and a flow rate of 12
mL/minute. The DLNPs were purified by dialysis in sterile 1X PBS with 3.5 kD cut-off and
the size was measured by Dynamic Light Scattering (DLS) prior to in vivo studies. siRNA
encapsulation was measured using the Ribogreen binding assay (Invitrogen) by taking the

small amount of solution and following the manufacturer’s protocol.
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2.3.3.4 Evaluation of in vitro RNA delivery of 5A2-SC8 DLNPs. HeLa cells stably

expressing firefly luciferase (HeLa-Luc) were seeded (10,000 cells/well) into each well of an
opaque white 96-well plate (Corning) and allowed to attach overnight in phenol red-free
DMEM supplemented with 5% FBS. 5A2-SC8 DLNPs formulated with anti-luciferase siRNA
(siLuc) were added into the cells at the dosage of 0.7, 3.2, 8.4, 16.7 33.4 and 66.9 nM. After
24 h, firefly luciferase activity and viability were analyzed using One Glo + Tox assay kits

(Promega). Results were normalized to untreated cells (n=4)

2.3.3.5 Evaluation of cellular uptake, stability, and hemolysis of 542-SC8 DLNPs. HeLa-
Luc cells were seeded at a density of 30,000 cells per well in 4-chambered cover glass slides
and allowed to attach for 24 hours. 5A2-SC8 DLNPs formulated with Cy5.5-labeled siRNA
were added to the cells at the siRNA dose of 100 nM. After 4 or 24 h incubation, the medium
was aspirated, the cells were washed with PBS, and the lysosomes were stained with the
lysotracker according to the manufacturer’s protocol. Confocal microscopy imaging was
performed using a Zeiss LSM-710 confocal microscopy. The cellular uptake of 5SA2-SCS8
DLNPs was quantified by analyzing more than 50 cells with the ImageJ software. The
colocalization of 5A2-SC8 DLNPs with the lysosomes was analyzed with the Zeiss LSM-710
software. The stability of SA2-SC8 DLNPs was examined by measuring their size and RNA
binding in multiple conditions and environments. The conditions included temperature, serum
presence (20% FBS), varying pH values, DLNPs in PBS, and storage time. We chose the
following pH values 6.5, 6.0, 5.0, respectively, in order to mimic the conditions of the early

endosomes (pH ~ 6.5), later endosome (pH ~ 6.0), and lysosomes (pH ~ 5.0).143 144 Mouse red



58
blood cells (RBCs) were washed 5X with a 150mM NaCl solution. After washing, the RBC

solution was diluted 5-fold with 150 mM NacCl solution. In a v-bottom 96-well plate, 20 pL of
5A2-SC8 DLNPs of set concentrations were added to 160 pL of set pH buffer, 20 uL of RBC
were added to every well. Controls of 2% Triton X and DI water were added. The plate was
incubated at 37 °C and 5% CO: for one hour. Afterwards, the plate was centrifuged at
conditions of 4 °C and 500G for 5 minutes; 100 uL of the supernatant was transferred into a

clear bottom 96-well and absorbance was read at 540 nm.

2.3.3.6 Evaluation of in vivo RNA delivery of 542-SC8 DLNPs. All experiments were
approved by the Institutional Animal Care and Use Committees of The University of Texas
Southwestern Medical Center and were consistent with local, state and federal regulations as
applicable. C57BL/6 mice and athymic nude Foxnlnu mice were purchased from Harlan
Laboratories (Indianapolis, IN). For in vivo small RNA delivery to hepatocytes, C57BL/6 mice
received tail vein i.v. injections of PBS (negative control, n=3) or SA2-SC8 DLNPs containing
anti-Factor VII siRNA (siFVII, n=3) diluted in PBS (200 pL, 0.5 mg/kg of siRNA). After 48
h mice were anaesthetized by isoflurane inhalation for blood sample collection by retro-orbital
eye bleed. Serum was isolated with serum separation tubes (Becton Dickinson) and Factor VII
protein levels were analyzed by a chromogenic assay (Biophen FVII, Aniara Corporation). A
standard curve was constructed using samples from PBS-injected mice and relative Factor VII
expression was determined by comparing treated groups to an untreated PBS control. For in
vivo siRNA delivery to xenograft tumors, HeLa-Luc cells were trypsinized, washed with PBS,

and re-suspended in Hanks’ balanced salt solution (HBSS) with 50% Matrigel (vol/vol). 5



59
million cells (100 pL of HeLa-Luc suspension) were implanted in the right hind leg of athymic

mice to generate tumor xenografts. Tumors subsequently formed with volume of ca. 110 mm?
(~ 6 mm in diameter) in 20 days. The PEG-G1C12 and PEG-G2C12 5A2-SC8 DLNPs
formulated with siLuc were injected intravenously with the dosage of 1 mg/kg siLuc. The
luciferase signal of the tumors was examined at day 0, 1, and 2 with the IVIS Lumina imaging

system (n=3).



CHAPTER THREE
LIPID NANOPARTICLE (LNP) CHEMISTRY CAN ENDOW UNIQUE IN VIVO RNA
DELIVERY DATES WITHIN THE LIVER THAT ALTER THERAPEUTIC

OUTCOMES IN A CANCER MODEL

This chapter is based on a research article written by the author that was recently submitted

(Johnson et al. 2022)

3.1 INTRODUCTION

Lipid nanoparticles (LNPs) are the most clinically advanced drug delivery system for
RNA medicines.*®>2 In 2018, the first short interfering RNA (siRNA) LNP drug, Onpattro,
was approved by the United States Food and Drug Administration (FDA) for treating the
hereditary amyloidogenic transthyretin (hATTR) amyloidosis following intravenous (i.v.)
infusion. More recently, similar LNPs were used to deliver messenger RNA (mRNA) encoding
for the spike protein of the SARS-Cov-2 virus to vaccinate against COVID-19 following
intramuscular injection.%: 53

Nucleic acid therapeutics, including RNA interference (RNA1), are promising drugs for
liver cancer and other diseases, due to their high efficacy, selectivity and numerous target
choices. Liver cancer has limited treatment options because many current drugs have intrinsic
hepatotoxicity which can exacerbate underlying liver disease and drastically limit a patient’s

treatment options.” As evidenced by the recent FDA approval of four siRNA drugs, it has been

demonstrated that RNAI is a safe and effective therapeutic modality.!*® However, RNA

60
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delivery still faces challenges with respect to understanding and controlling cell specific
delivery. Significant progress has been made in hepatic and extrahepatic delivery. For example,
selective organ targeting (SORT) LNPs were developed that can control RNA delivery to the
lungs, spleen, or liver. 7% 147 We showed that the chemical identity of the SORT molecule
can affect biodistribution, pKa, and protein corona formation to alter organ specific functional
mRNA delivery.” While SORT and other methods of active and endogenous targeting are
beginning to open the door to organ level delivery, the specific cellular fate of LNPs within the
organ remains poorly defined (including in the liver).

Understanding the cellular fate of LNPs within the organ is especially important in the
context of therapeutic LNPs, as delivery to an unexpected cell type could relate to adverse
events. For instance, the clinical progress of nucleic acid therapy has been stymied by
unexpected nanoparticle-induced stimulation of immune cells. For example, the Phase | HCC
trial of a miR-34a nanoparticle MRX34 was halted after severe immune-related adverse events
driven by off target nanoparticle uptake.!%* 4¥ This clinical trial failure highlights that
nanoparticle cellular tropism can have negative consequences and thus is essential to
understand when developing therapeutic LNP candidates.

All traditional LNPs, including those used in ONPATTRO and the COVID-19
vaccines, are comprised of four lipid components: an ionizable amino lipid, a phospholipid
(typically DSPC), cholesterol, and a poly(ethylene glycol) (PEG) lipid.!3 26: 27 48, 149 The
ionizable amino lipid is one of the most critical components in LNPs because they bind
negatively charged nucleic acids and release the encapsulated cargo of the LNP into the

cytoplasm via lipid charge acquisition in acidic endosomes. Although many ionizable amino
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lipids have been studied with diverse chemical structures, applications of i.v. administered
LNPs have largely been limited to one organ (the liver) and a single cell type (hepatocytes).
Analogous to very-low-density lipoprotein (V-LDL), this fate of LNPs has been shown to
involve apolipoprotein E (ApoE) adsorption in the blood that subsequently mediates uptake
into hepatocytes via the low-density lipoprotein receptor (LDL-R).!> 70 For this study, we
hypothesized that the chemical structure of the ionizable amino lipid may modulate the biofate
of LNPs within the liver, which could then affect therapeutic outcomes in the treatment of liver
cancer.

In our previous work, we developed a chemically diverse library of ionizable cationic
lipids and identified a successful amino lipid named 5A2-SC8 that when formulated into SA2-
SC8/DSPC/Chol/PEG-DMG LNPs was able to effectively delivery siRNA, miRNA, and
mRNA to the liver for therapeutic benefit.®” 1% This LNP was shown to have high potency in
liver hepatocytes and cancer cells, while avoiding off target toxicity to the remaining liver
tissue. It is often assumed that the majority of LNPs are primarily taken up by hepatocytes and
that liver delivery is a relatively easy and solved problem in terms of targeting. However, upon
reexamination of our chemical library of ionizable cationic lipids for siRNA LNP delivery, we
made an unexpected observation. A structurally similar lipid, 3A5-SC14, with higher siRNA
delivery potency in vitro compared to SA2-SC8 LNPs and comparable liver accumulation in
vivo to that of 5A2-SC8 LNPs, was ineffective for functional siRNA delivery to liver
hepatocytes. This observation of two related and similar LNPs, 5A2-SC8 and 3A5-SC14, that
accumulated equally within the liver but had distinct in vivo functional RNA delivery

capabilities prompted further examination.
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The phenomenon inspired us to characterize the biochemical and physical properties
of 5A2-SC8 and 3A5-SC14 LNPs and to determine what factors impact the cellular location
of RNA LNPs in the liver and whether cellular tropism within an organ could alter the
outcomes of cancer therapy. Herein, we formulated 4-component LNPs that only differed in 1
component - the ionizable cationic lipid. 5A2-SC8 and 3A5-SC14 LNPs each had similar
physical properties such as size, charge, RNA encapsulation, and pKa. In addition, SA2-SC8
and 3A5-SC14 LNPs were able to deliver siRNA to silence reporter luciferase expression in
vitro, as well as accumulate in the liver on a gross analysis level in vivo. Despite being more
potent for siRNA delivery in vitro, 3A5-SC14 LNPs were ineffective for siRNA-mediated gene
silencing in hepatocytes in vivo. This phenomenon was intriguing and challenges the dogma
that the majority of LNPs targeting the liver are consumed by hepatocytes. This unique
observation in differential hepatocyte delivery inspired further exploration of the two
structurally similar yet functionally distinct LNPs. Through a series of in vitro studies, we
found that different protein coronas help guide the biofate of LNPs in the liver. We
hypothesized that the chemistry of the amino lipid plays a prominent role in which proteins
bind to the surface of LNPs when administered in the bloodstream and ultimately dictates the
biofate of LNPs in the liver. We further explored if this unique biofate could impact the
therapeutic outcomes in a genetically engineered model of MY C-driven liver cancer and found
that only 5A2-SCS8 let-7g miRNA LNPS were able to extend survival in the aggressive liver
cancer model.

Overall, this body of work focused on understanding the biochemical and biophysical

factors of two similar yet unique LNPs. We learned that although two LNPs are structurally
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similar and share the suggested characteristics for successful liver hepatocyte targeting, these
similarities do not always correlate to successful hepatocyte delivery and therapeutic efficacy.
Our results illustrate the importance of understanding the sub-organ cellular destination of
RNA delivery and incorporating further checkpoints when choosing nanoparticles beyond
biochemical and physical characterization, especially in the context of therapeutic LNPs. We
anticipate that these findings can help guide others in the selection of nanoparticles for disease

treatment as cellular tropism impacts cancer therapy.
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Figure 3.1 Small changes in LNP chemistry can have an impact on cellular tropism within
liver and cancer therapeutic efficacy. (A) 5A2-SC8 and 3A5-SC14 form LNPs with similar
physiochemical properties. (B) Unique serum proteins recognize the surface of 5A2-SC8 and
3A5-SC14 LNPs after they are administered into the blood stream forming different protein
coronas. (C) Serum protein recognition helps direct the biofate of LNPs within the liver. (D)
The cell tropism within the liver of 5A2-SC8 and 3A5-SC14 LNPs had a significant impact on

liver cancer efficacy.
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3.2 RESULTS AND DISCUSSION

3.2.1 5A2-SC8 and 3A5-SC14 LNPs possess similar physical properties.

During the development of LNPs, physical characterization of particle size, surface
charge, and pKa are important parameters that can correlate with efficacy.®® 4-component
LNPs are comprised of an ionizable cationic lipid, phospholipid, cholesterol, and PEG lipid.
To examine these properties, we formulated SA2-SC8 LNPs and 3A5-SC14 LNPs (Figure
3.2.1A), differing only in the chemistry of the ionizable amino lipid (5A-SC8 or 3A5-SC14)
while keeping the other 3 components (PEG-lipid, cholesterol, and DSPC) constant. While
5A2-SC8 and 3A5-SC14 are structurally similar dendritic amino lipids, they do have a few
unique chemical differences. Both 5A2-SC8 and 3A5-SC14 have polyamine cores, they differ
in the number of hydrophobic branches (5 versus 3, respectively). Further, 3A5-SC14’s alkyl
tail length is comprised of 14 carbons compared to the 8 carbons on SA2-SC8 alkyl tail. These
amine and alkyl differences could lead to different biological interactions with serum proteins
and endosomal membranes. Each LNP was formulated using the same molar ratios of ionizable
dendrimer (either SA2-SC8 or 3A5-SC14), DSPC, cholesterol, and PEG2000-DMG (Figure
3.2.1 B-C) (50/38/10/2, mol/mol). We then measured physical properties including size,
surface charge, and RNA encapsulation (Figure 3.2.1 D-G). Both 5A2-SC8 and 3A5-SC14
LNPs shared similar physical properties. SA2-SC8 and 3A5-SC14 LNPs diameters were each
around 80 nm with similar surface charge and similar encapsulation of siRNA. It has been
shown in the literature that efficacious liver targeting LNPs possess a pKa value ranging from

6.2-6.5.% We measured apparent pKa for SA2-SC8 and 3A5-SC14 LNPs using the 6-(p-



66
toluidino)-2-naphthalenesulfonic acid (TNS) assay. Both 5A2-SC8 and 3A5-SC14 LNPs have

an identical pKa value of 6.5, which falls within the preferable range for hepatocyte delivery
(Figure 3.2.1 F). Further, neither 5A2-SC8 or 3A5-SC14 LNPs elevated liver (AST and ALT)
and kidney function enzymes (CREA and BUN) when delivering siRNA. (Figure 3.2.2 A-C),
indicating observed differences would also not be due to toxicity. Taken together, we found
that both 5A2-SC8 and 3A5-SC14 LNPs exhibit similar physical properties. These physical
attributes, therefore, could not sufficiently explain differences in their activities within the
liver. We wanted to explore if this potential factor attributing to the different activities within
the liver was a mechanistic difference between the two LNPs or a difference in overcoming

the delivery barrier to reach specific liver cells.
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Figure 3.2.1. 5A2-SC8 and 3A5-SC14 LNPs containing siRNA form LNPs with similar
physical properties. (A) Chemical structures of selected ionizable cationic amino lipids, SA2-
SC8 and 3A5-SC14. (B) Formulation composition of SA2-SC8 and 3A5-SC14 LNPs. (C) Size
of 5A2-SC8 siFVII LNPs and 3A5-SC14 siFVII LNPs. (D) Zeta potential surface charge of
5A2-SC8 siFVII LNPs and 3A5-SC14 siFVII LNPs (E) pKa of 5A2-SC8 LNPs and 3A5-SC14

LNPs containing a negative control siRNA. (F) RNA encapsulation of 5SA2-SC8 siFVII LNPs
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Figure 3.2.2. siFVII 5A2-SC8 and 3A5-SC14 LNPs were well tolerated in vivo at varying
doses (0.25 mg/kg, 0.5 mg/kg, 1.0 mg/kg, and 1.5 mg/kg). LNPs were administered to mice
via IV injection and PBS was used as a negative control. (A) At 24 hours after injection the
serum was collected. Kidney function (BUN and CREA), and liver function (AST and ALT)
were evaluated. (B) At 48 hours serum was collected and kidney function (BUN and CREA)
and liver function (AST and ALT) were evaluated. (C) At 72 hours the serum was collected.
Kidney function (BUN and CREA), and liver function (AST and ALT) were evaluated. There
were no significant differences between siFVII LNPs compared to the PBS groups. Data are

represented as the mean and standard error (n=3).
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3.2.2 5A2-SC8 and 3A5-SC14 LNPs exhibit differential siRNA delivery capabilities to

hepatocytes.

To examine first the barriers of cellular uptake and endosomal escape of siRNA, we
compared the activity of SA2-SC8 and 3A5-SC14 LNPs in vitro. SA2-SC8 and 3A5-SC14
LNPs containing anti-luciferase siRNA (siLuc) were delivered into HeLa cells which were
stably expressing the Luciferase gene (HeLa-Luc). After 24 hours, cytotoxicity and luciferase
activity were quantified. Both SA2-SC8 and 3A5-SC14 were not toxic to cells (Figure 3.2.3A).
While both 5A2-SC8 siLuc LNPs and 3A5-SC14 siLuc LNPs were able to silence luciferase
in HeLa-Luc cells, 3A5-SC14 LNPs were more potent (Figure 3.2.3B). These results indicated
that both LNPs can overcome intracellular barriers such as cellular uptake and endosomal
escape to deliver siRNA effectively in vitro. To examine the accumulation of 5SA2-SC8 and
3A5-SC14 LNPs in vivo, we 1.v. administered Cy5.5 dye labeled siRNA encapsulated inside
5A2-SC8 and 3A5-SC14 LNPs and quantified the explanted tissue fluorescence using in vivo
imaging. 5A2-SC8 and 3A5-SC14 LNPs were comparably sequestered in the liver as the major
organ of accumulation (Figure 3.2.3C and Figure 3.2.4). In order to test functional RNA
delivery to the liver in vivo, we prepared both LNPs encapsulating mFluc and administered i.v.
at a time point of 6 hours and a dose of 0.1 mg/kg. The results indicated that both 5A2-SC8
and 3A5-SC14 LNPs delivered functional mRNA to the liver (Figure A3). We next examined,
in vivo siRNA mediated gene silencing in the liver. We choose Factor VII (FVII) siRNA
(siFVII) as the in vivo RNA delivery efficacy test because the assay is well established and
commonly used to access functional delivery to the hepatocytes in the liver.®* FVII, a blood

clotting protein, is specifically produced by the hepatocytes and secreted into the blood, where
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it can be readily measured in serum. We administered 5A2-SC8 and 3A5-SC14 LNPs

containing siFVII to mice through i.v. injection. After 72 hours, the FVII levels in the serum
were quantified utilizing chromogenic FVII kit. Interestingly, only SA2-SC8 LNPs could
enable FVII silencing in hepatocytes. 3A5-SC14 LNPs were unable to silence FVII at doses of
0.25 and 0.5 mg/kg despite having such similar physical properties and similar in vitro efficacy
as SA2-SC8 LNPs. The FVII activity for 5A2-SC8 LNP treated groups was reduced by 87%
compared with the nontreated groups. However, the FVII activity in the groups treated with
3A5-SC14 LNPs was not reduced and remained comparable to the nontreated groups (Figure
3.2.3 D). Hepatocytes make up 80% of the liver cell mass, and LNPs have to first pass through
the endothelial and Kupffer cell barriers to reach hepatocytes.!> However, the distinct FVII
activity reduced by SA2-SC8 and 3A5-SC14 LNPs illustrates the unique cell tropism of these

LNPs in vivo.
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Figure 3.2.3. 5A2-SC8 and 3A5-SC14 LNPs containing siRNA have distinct in vivo
activity in regards to hepatocyte delivery. (A) Cell viability after in vitro silLuc delivery to

HeLa-Luc cells using SA2-SC8 and 3A5-SC14 LNPs containing siLuc at dose of 25 nM for
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24 hours. Control LNPs were LNPs containing no siRNA. (B) In vitro siLuc delivery to HeLa-

Luc cells using SA2-SC8 and 3A5-SC14 LNPs containing silLuc at a dose of 25 nM for 24
hours. Control LNPs were LNPs containing no siRNA. (C) Quantification of organ
biodistribution of 5A2-SC8 and 3A5-SC14 LNPs containing siFVII Cy5.5 (0.5mg/kg) (6
hours). (D) Quantification of in vivo FVII gene silencing activity of SA2-SC8 and 3A5-SC14
LNPs containing siFVII at 0.5 mg/kg (72 hours). Data are shown as mean +/- SEM. Statistical
significance was determined using a One-Way ANOVA with multiple comparisons test

(*p<0.05, **p<0.005, ****p<0.0001).

3.2.3 Kupffer cells impact 3A5-SC14 LNPs RNA delivery to hepatocytes and do not affect

5A2-SC8 LNPs.

Since SA2-SC8 LNPs silenced FVII in liver hepatocytes but 3A5-SC14 LNPs did not,
we hypothesized that the cellular distribution of these LNPs to cells within the liver are
different. The liver structure is complex and is comprised of multiple cell types, where 60-80%
of parenchymal cells are hepatocytes and the remaining 20% are non-parenchymal cells such
as Kupffer cells, endothelial cells, and hepatic stellate cells.” Hepatocytes are involved in
functions such as protein synthesis, protein storage, detoxification, and metabolism.”® When
LNPs are administered i.v. and enter the liver, one of the first cell types they are exposed to is
the Kupffer cell.”> Kupffer cells are an important first line of defense to foreign materials as
these cells are tissue resident macrophages that will phagocytose and destroy pathogens and

other foreign materials within the blood.” They are responsible for the majority of phagocytic
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activity within the liver and make up of 80-90% of the total macrophage population within the

body.”™ 77 We aimed to investigate whether the Kupffer cells were playing a role in the
difference in RNA delivery of 5A2-SC8 and 3A5-SC14 LNPs, theorizing that Kupffer cells

could be acting as a barrier for delivery to hepatocytes.

We designed a series of experiments to determine the impact of liver Kupffer cells on
siRNA delivery of LNPs to hepatocytes (Figure 3.2.4A). First, we depleted the Kupffer cells
in the liver using dicholoromethylenediphosphonic acid (clodronate) liposomes.!>
Immunohistochemistry (IHC) was used to demonstrate that Kupffer cells in liver were
successfully removed after 24 h treatment of clodronate liposomes (Figure 3.2.4A). When
Kupffer cells were depleted, 5SA2-SC8 and 3A5-SC14 LNPs still accumulated strongly within
the liver following i.v. administration of SA2-SC8 and 3A5-SC14 LNPs containing Cy5.5 dye
labeled siFVII (Figure 3.2.4B). Next, SA2-SC8 and 3A5-SC14 LNPs containing FVII siRNA
were administrated into mice via i.v. injection at three different doses (0.25,0.5, and 1 mg/kg
siRNA) 24 hours after depletion of Kupffer cells. Mouse serum was collected 72 hours later
for quantification for FVII levels. After administration of SA2-SC8 siFVII LNPs, FVII levels
were distinctly reduced in wild type (WT) mice and Kupffer cell depleted mice (Figure
3.2.4C). The presence or absence of Kupffer cells did not significantly affect siRNA delivery
to hepatocytes using 5A2-SC8 siFVII LNPs at all doses tested (0.25, 0.5, and 1 mg/kg). In
contrast, Kupffer cell depletion was required for 3A5-SC14 siFVII LNP mediated siRNA gene
silencing in hepatocytes. 3A5-SC14 siFVII LNPs were only able to modestly affect FVII levels
in WT mice at the highest doses tested (0.5 and 1 mg/kg). However, FVII levels were

significantly reduced after Kupffer cells were depleted including at the lowest dose tested (0.25
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mg/kg) (Figure 3.2.4C). These data suggest that 5A2-SC8 siFVII LNPs pass through the first

barrier of Kupffer cells in the liver and internalize into hepatocytes whereas 3A5-SC14 siFVII
LNPs may end up trapped within Kupffer cells, unable to pass through this barrier in order to
reach hepatocytes. We next aimed to understand, mechanistically, whether the endogenous
identify of LNPs formed when the LNPs come in contact with the plasma could explain their

transport to Kupffer cells and hepatocytes.
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Figure 3.2.4 Depletion of Kupffer cells enables RNA delivery of 3A5-SC14 LNPs to

hepatocytes but does not impact the RNA delivery of SA2-SC8 LNPs. (A) Experimental
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design scheme for evaluating siFVII LNPs after the depletion of Kupffer cells using clodronate

liposomes (5 mg/kg). PBS liposomes (PBS-L) were used as a control and the treatment groups
consist of clodronate liposomes (clodronate-L) i.v. administered 24 hours prior to i.v.
administration of 5A2-SC8 siFVII LNPs or 3A5-SC14 siFVII LNPs. F4/80 Antibody staining
was used to validate Kupffer cell depletion. (B) Quantification of organ biodistribution for
5SA2-SC8 siFVII Cy.5. LNPs and 3A5-SC14 siFVII Cy5.5 LNPs (0.5 mg/kg ) (6 hours) and
the non-treatment (N'T) group was untreated C57/BL6 mice. Data are shown as mean +/- SEM.
Statistical significance was determined using one-way AVOA with multiple comparisons
(*p<0.05) (C) The evaluation of siFVII delivery in vivo using 5SA2-SC8 and 3A5-SC14 LNPs
at 0.25, 0.5, and 1 mg/kg siFVII (n=3). Data are shown as mean +/- SEM. Statistical
significance was determined using one-way AVOA with multiple comparisons. Each data set

group was compared the non-treatment (NT) group (*** p< 0.0001, ** p<0.001).

3.2.4 The protein corona formed on 5A2-SC8 and 3A5-SC14 LNPs aids or restricts delivery

to hepatocytes.

To further explore the mechanism of the in vivo biofate of 5A2-SC8 and 3A5-SC14
LNPs (Figure 3.2.4D), we examined the interaction of LNPs with serum proteins. Once LNPs
are administered into the bloodstream, the nanoparticle’s surface becomes modified by a layer
of proteins from the biological fluid, known as the protein corona, which creates an
endogenous identity with biological impact.!>*# For example, individual proteins associated

with the nanoparticle surface can serve as ligands guiding nanoparticles to specific cell surface
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receptors.!>* For LNP delivery to the liver, adsorbed ApoE enables by hepatocyte uptake via

binding to the LDL-R on the surface of hepatocytes and undergoing receptor-mediated
endocytosis.®: 3% Furthermore, in our previous work, it was shown that LNPs undergo a three
step endogenous targeting mechanism in order to reach specific organs (such as the lungs,
liver, or spleen).” PEG lipid displacement first exposes underlying molecules on the LNP, in
this case 5A2-SC8 or 3A5-SC14, to serum proteins in the blood. Next, distinct proteins bind
to the surface of the LNP. Third, interactions between specific surface bound proteins and

cognate receptors can drive endogenous targeting.”

Thus, it is reasonable to expect that the chemistry of surface exposed amino lipids
(5A2-SC8 or 3A5-SC14) could control protein adsorption that would affect cellular uptake
within the liver. LNPs were incubated with mouse plasma and the plasma proteins which bind
to the surface of S5A2-SC8 and 3A5-SC14 LNPs were isolated using differential
centrifugation.!>> Once the LNPs protein coronas were isolated, we utilized an SDS-PAGE gel
to separate the different proteins present on the protein coronas of SA2-SC8 and 3A5-SC14
LNPs. While the set of plasma proteins on the surface of 5SA2-SC8 and 3A5-SC14 LNPs share
similarities, there was a striking difference at a molecular weight of around 35 kDa (Figure
3.2.5A), which is close to the molecular weight of ApoE. Western blotting (WB) using an
ApoE antibody demonstrated that SA2-SC8 LNPs were enriched in ApoE, while there was
little to no ApoE present on 3A5-SC14 LNPs. In addition, we noticed a pronounced band
around 69 kDa, particularly for 3A5-SC14 LNPs. The WB result validated that this protein
was Albumin. Therefore, these results indicate that SA2-SC8 LNPs are enriched in ApoE,

whereas 3A5-SC14 LNPs are enriched in Albumin (Figure 3.2.5B). Next, we quantified this
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result using mass spectrometry proteomics, which confirmed that SA2-SC8 LNP corona had a

higher abundance of ApoE and 3A5-SC14 LNPs corona had a slightly higher abundance of

Albumin (Figure 3.2.5C-D).
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Figure 3.2.5.3A5-SC14 and 5A2-SC8 LNPs have unique protein coronas. (A) SDS-PAGE

of protein coronas isolated from 5A2-SC8 and 3A5-SC14 LNPs (B) ApoE and Albumin on
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surface of 3A5-SC14 LNPs was validated by western blot. (C) Quantification of ApoE

enrichment in the protein coronas of 5SA2-SC8 LNPs using mass spectrometry proteomics
(n=6). (D) Quantification of Albumin enrichment in the protein corona of 3A5-SC14 LNPs
using mass spectrometry proteomics (n=6). Data are shown as mean +/- SEM. Statistical
significance was determined using students t-test. (E-F) Activity of functional luciferase
protein translated from uncoated or protein coated 5SA2-SC8 and 3A5-SC14 LNPs in HuH-7
cells (25 ng mRNA, 24 h, n=4). (G-H) Activity of functional luciferase protein translated from
uncoated or protein coated SA2-SC8 and 3A5-SC14 LNPs in primary Kupffer cells (25 ng
mRNA, 24 h, n=4). Data are shown as mean +/- SEM. Statistical significance was determined
using one-way AVOA with multiple comparisons. Each data set group was compared to the

uncoated group (****p<0.0001, *** p< 0.0009, **p<0.005, *p<0.01).

To further investigate whether the proteins on the surface of SA2-SC8 and 3A5-SC14
LNPs aid cell specific uptake, functional mRNA delivery experiments using SA2-SC8 and
3A5-SC14 LNPs were performed in vitro using relevant cell lines. First, LDL-R expressing
Hep-G2 and HuH-7 cells were used to examine ApoE mediated uptake. SA2-SC8 and 3AS5-
SC14 LNPs encapsulating mFLuc were pre-incubated with recombinant ApoE or Albumin
prior to the treatment of cultured cells. Next, luciferase activity was quantified after 24 hours
of incubation as a readout for successful cellular uptake, endosomal escape, and mRNA
translation to functional protein. The results indicated that when 5SA2-SC8 LNPs were pre-
incubated with ApoE, there was an improvement in mRNA delivery to HuH-7 (Figure 3.2.5E),

Hep G2 (Figure 3.2.6A and Figure 3.2.6E), and primary hepatocytes (Figure 3.2.7C). Pre-
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incubation of 5A2-SC8 with Albumin eliminated efficacy in both HuH-7 (Figure 3.2.5E) and

HepG2 cells (Figure 3.2.6A and Figure 3.2.6E), suggesting that SA2-SC8 LNPs may utilize
ApoE LDL-R uptake pathways as previously identified.” In contrast, pre-incubation of 3A5-
SC14 LNPs with ApoE did not improve mRNA delivery to HuH-7 (Figure 3.2.5F) or HepG2
cells (Figure 3.2.6B). It is speculated that the inability of 3A5-SC14 LNPs to bind ApoE led
to free ApoE in the media that blocked LDL-R (Figure 3.2.6B). Pre-incubation of 3A5-SC14
LNPs with Albumin led to a slight increase in mRNA delivery to HuH-7 (Figure 3.2.5F) and
HepG2 cells (Figure 3.2.6B and 3.2.6F), suggesting possible ApoE-independent mechanisms
although this will have to be further studied in the future.'3¢ !5 To model delivery of LNPs to
Kupffer cells, primary mouse Kupffer cells and RAW264.7 murine peritoneal macrophage cell
lines were employed. 5A2-SC8 LNPs were unable to effectively deliver mRNA to primary
Kupffer cells (Figure 3.2.5G) or RAW 264.7 (Figure 3.2.6C and Figure3.2.6G) with or
without ApoE or Albumin protein pre-incubation. In comparison, pre-incubation of 3A5-SC14
LNPs with Albumin did maintain efficacy in primary Kupffer cells (Figure 3.2.5H) and RAW
264.7 cells incubated with FBS media (Figure 3.2.6D). Together, these results confirm the
mechanism of ApoE adsorption on 5A2-SC8 LNPs for delivery to LDL-R expressing cells,
while also revealing possible ApoE-independent mechanisms. Multiple studies have reported
that LNP delivery to liver hepatocytes is ApoE dependent,'%- 57 evidenced by loss of efficacy
in ApoE knockout mice.®® Although Albumin is an abundant protein, reports have indicated
that it can become structurally altered once bound to the surface of a nanocarrier. This altered
form of Albumin can become a ligand for cell membrane receptors such as glycoprotein

receptors and macrophage class A1l scavenger receptors (SR-A1).1%8 It has also been suggested
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that Albumin may aid in preferential uptake into macrophage populations and impact the
mechanisms of endocytosis due to gpl8 and gp30 receptor binding.!>”-!%* Albumin has been
identified on the protein corona of Syn-3 mRNA LNPs, wherein it aided liver delivery.!”’
Together, these results show that protein corona adsorption can be linked to lipid chemistry

and guide the biofate of LNPs within the liver.
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Figure 3.2.6. A comparison of the functional delivery of protein coated or uncoated 5A2-
SC8 and 3A5-SC14 LNPs in vitro with and without serum containing media. (A-B)
Activity of functional luciferase protein translated from uncoated or protein coated SA2-SC8
and 3A5-SC14 LNPs in HepG?2 cells (25 ng mRNA, 24 h, n=4). Uncoated or coated in ApoE
and Albumin. Data are shown as mean +/- SEM. Statistical significance was determined using
one-way AVOA with multiple comparisons. Each data set group was compared the NT group

(*** p< 0.0009, *p<0.01). (C-D) Activity of functional luciferase protein translated from
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uncoated or protein coated SA2-SC8 and 3A5-SC14 LNPs in RAW?264.7 cells (25 ng mRNA,

24 h, n=4). Uncoated or coated in ApoE and Albumin. Data are shown as mean +/- SEM.
Statistical significance was determined using one-way AVOA with multiple comparisons.
Each data set group was compared the NT group (*** p< 0.0009, *p<0.01). (E-F) Activity of
functional luciferase protein translated from uncoated or protein coated SA2-SC8 and 3AS5-
SC14 LNPs in HepG?2 cells (25 ng mRNA, 24 h, n=4). LNPs were either uncoated or coated
in ApoE and Albumin and added to serum free media for 6 hours and then replaced with fresh
media for the remainder of 24 hours. Data are shown as mean +/- SEM. Statistical significance
was determined using one-way AVOA with multiple comparisons. Each data set group was
compared the NT group (*** p< 0.0009, *p<0.01). (G-H) Activity of functional luciferase
protein translated from uncoated or protein coated 5A2-SC8 and 3A5-SC14 LNPs in
RAW?264.7 (25 ng mRNA, 24 h, n=4). LNPs were either uncoated or coated in ApoE and
Albumin and added to serum free media for 6 hours and then replaced with fresh media for the
remainder of 24 hours. Data are shown as mean +/- SEM. Statistical significance was
determined using one-way AVOA with multiple comparisons. Each data set group was

compared the NT group (*** p< 0.0009, *p<0.01).
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Figure 3.2.7. Functional luciferase mRNA delivery of uncoated or protein coated 5A2-
SC8 and 3A5-SC14 LNPs to HuH-7 cell line and primary hepatocytes. (A) Activity of
functional luciferase protein translated from uncoated or protein coated SA2-SC8 in HuH7
cells (25 ng mRNA, 24 h, n=4) where LNPs were incubated in FBS containing medium. Data
are shown as mean +/- SEM. Statistical significance was determined using one-way AVOA
with multiple comparisons. Each data set group was compared the uncoated group
(****p<0.0001,*** p< 0.0009, **p<0.005, *p<0.01). (B) Activity of functional luciferase

protein translated from uncoated or protein coated 3A5-SC14 LNPs in HuH7 cells (25 ng
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mRNA, 24 h, n=4) where LNPs were incubated in FBS containing medium. Data are shown

as mean +/- SEM. Statistical significance was determined using one-way AVOA with multiple
comparisons. Each data set group was compared the uncoated group (****p<0.0001, *** p<
0.0009, **p<0.005, *p<0.01). (C) Activity of functional luciferase protein translated from
uncoated or protein coated 5A2-SC8 LNPs in primary Hepatocytes isolated from C57/BL6
mouse liver (25 ng mRNA, 24 h, n=4). Data are shown as mean +/- SEM. Statistical
significance was determined using one-way AVOA with multiple comparisons. Each data set
group was compared the NT group (***p< 0.0005, ** p< 0.005). (D) Activity of functional
luciferase protein translated from uncoated or protein coated 3A5-SC14 LNPs in primary
Hepatocytes isolated from C57/BL6 mouse liver (25 ng mRNA, 24 h, n=4). Data are shown as
mean +/- SEM. Statistical significance was determined using one-way AVOA with multiple

comparisons. Each data set group was compared the NT group (***p< 0.0005, ** p< 0.005).

3.2.5 Cellular tropism within the liver affects therapeutic outcomes in an aggressive liver

cancer mouse model.

Understanding the biofate of LNPs can open up new avenues for therapeutic
development as disease targets exist not only in specific organs but also in specific cell types.
In order to move RNA LNPs into clinical development, an improved understanding of LNP
cellular tropism within the liver and its impact on therapeutic efficacy will be valuable. We

have seen in the context of failed clinical trials that it is crucial to understand cellular tropism.
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We hypothesized that SA2-SC8 LNPs would provide a therapeutic benefit when

delivering a therapeutic RNA as this LNP was able to deliver RNA more effectively to
hepatocytes. Liver cancer is one of the most common malignancies in the world with few
promising effective treatments available and t current treatments only extend life by 3
months.??-*® One of the most frequently activated oncogenes associated with the pathogenesis
of liver tumors in liver cancer is the MYC oncogene.!®! Since MYC is an oncogene deregulated
in hepatocellular carcinoma (HCC), an aggressive form of liver cancer, we chose to carry out
our therapeutic study with a genetically engineered mouse model of MYC-driven cancer where

cancer develops in the liver from hepatocytes and disease progresses quickly.!>

In this transgenic mouse model, overexpression of human ¢c-MYC is controlled by a liver
specific promoter wherein doxycycline (dox) is used to turn on or off MYC in hepatocytes.!¢!:
162 Upon removal of dox, rapid tumor growth leads to death within 60 days without treatment.
Importantly, hepatocytes differentiate into tumor cells in this model which further allowed us
to test cellular tropism and consequences in regard to liver cancer treatment. Without any
treatment, liver tumors become visible around day 20-26 and tumors take over the entire liver

by day 45-55 (Figure 3.2.8A).

We followed a treatment regimen (Figure 3.2.8B) to test the therapeutic outcome of
5A2-SC8 and 3A5-SC14 LNPs. MYC is a challenging target and is an oncogene deregulated
in many types of cancers.!®*!% Tumors with elevated MYC expression are a challenge to treat
due to the highly proliferative and aggressive phenotypes.'®> When MYC is turned on, it drives
cellular growth and proliferation.!®> microRNAs have emerged as key posttranscriptional

regulators of gene expression, offering a promising approach for cancer therapy.!*® Let-7g is
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part of the let-7 family and is known to be downregulated in many tumor types, especially in

HCC.'” We hypothesized that SA2-SC8 LNPs would bind ApoE to aid delivery to LDL-R
expressing hepatocytes and LDL-R expressing cancer cells, while 3A5-SC14 LNPs would not.
Instead, albumin recognition on 3A5-SC14 LNPs are likely engulfed by the Kupffer cells are

unable to deliver therapeutic miRNA to hepatocytes or cancer cells.

We administered SA2-SC8 LNPs and 3A5-SC14 LNPs encapsulating let-7g miRNA
to the cancer mouse model. Let7-g was chosen as the therapeutic small RNA because it is an
important tumor suppressor that is down-regulated in liver cancer's® ' and can lead to
silencing of multiple oncogenes beneficial for cancer therapy.”® The use of a validated
therapeutic in the MYC model also allowed a direct comparison of 5A2-SC8 and 3A5-SC14
LNP efficacy. MYC was induced at birth by the removal of Dox water and male pups were
randomly divided into 5 groups of non-treatment, empty 5A2-SC8 LNPs, empty 3A5-SC14
LNPs, 5SA2-SC8 let-7g miRNA LNPs, and 3A5-SC14 let-7g miRNA LNPs. Let-7g miRNA
was delivered twice a week with SA2-SC8 and 3A5-SC14 let-7g miRNA LNPs at a dose of
0.5 mg/kg starting at day 21 and continuing until day 55 (Figure 3.2.8A). At specific time
points, the liver tissue was collected for H&E staining to assess tumor burden (21 days, 26
days, 30 days, 45 days, and 55 days). By day 55, the liver was entirely full of tumors. (Figure
3.2.8A) The various treatment groups were monitored weekly for their abdomen size and body
weight. The results showed that empty LNPs had comparable results to the non-treatment, both
in terms of histology, abdomen size, and overall survival. The abdominal growth of groups
treated with controls and 3A5-SC14 LNPs had a steady increase in the abdominal size,

consistent with the livers becoming overcome by tumor growth (Figure 3.2.9C-D). In
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comparison, SA2-SC8 let-7g miRNA LNP treatment led to a slower increase in abdominal size

that flattened out, consistent with our hypothesis of anti-cancer benefit and overall survival

(Figure 3.2.8C-D).

Further, our results showed that 5A2-SC8 let-7g miRNA LNPs extended survival in
the MYC mouse model to day 121 while 3A5-SC14 let-7g miRNA LNPs were not able to
extend survival past day 67 (Figure 3.2.8E). Delivery of let-7g miRNA, or a therapeutic
miRNA to hepatocytes and cancer cells is beneficial for treatment in this MYC driven liver
cancer model. 3A5-SC14 LNPs are unable to release let-7g miRNA into hepatocytes and thus
are not able to provide a therapeutic benefit, likely due to Kupffer cell engulfment and potential
degradation. This result emphasizes an importance on understanding the cell type delivery of
LNPs as two similar LNPs with promising liver targeting characteristics do not provide a
similar therapeutic benefit. We anticipate that understanding the sub-organ cellular destination
of RNA delivery can help guide others in the selection of nanoparticles for specific diseases

and cancers.
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Figure 3.2.8. Therapeutic efficacy of SA2-SC8 let-7g miRNA LNPs and 3A5-SC14 let-7g

miRNA LNPs (0.5 mg/kg) were evaluated in MYC-driven liver cancer model. (A) Tumors
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grow aggressively after initiation in the human c-MYC genetically engineered mouse model.
Representative H&E liver sections are shown at 10X magnification. (B) 5SA2-SC8 let-7¢g
miRNA and 3A5-SC14 let-7g miRNA LNPs (0.5mg/kg) was administered i.v. to treatment
groups twice a week starting at day 21 until day 55 (n=5). (C) Representative abdominal
images of the various treatment groups at day 21 and day 60. (D) Abdominal circumference
measurements spanning day 21 to day 87. (E) Kaplan-Meier survival curve of the various
treatment groups. Treated mice were i.v. administered twice a week starting at day 21 until day
55 with 0.5 mg/kg of 5A2-SC8 let-7g miRNA LNPs (n=5) and 3A5-SC14 let-7g miRNA LNPs
(n=5). A non-treatment group (n=9) and empty SA2-SC8 and 3A5-SC14 LNPs group (n=5)
were used as control groups. SA2-SC8 let-7g miRNA LNPs treated groups had an improved

survival.

3.3 EXPERIMENTAL SECTION
3.3.1 Materials and Reagents. 5A2-SC8 and 3A5-SC14 dendrimer amino lipids were

synthesized according to our previously reported methods.!'>°

1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) was purchased from Avanti Polar Lipids. DMG-PEG2000 (DMG-
PEG2K) was purchased from NOF America Corporation (Sunbright GM-020). Cholesterol,
Sucrose, SDS, and Pur-A-Lyzer Midi Dialysis Kits with a molecular weight cut off of 3.5 kDa
were purchased from Sigma-Aldrich. Dynamic light scattering (DLS) ultamicro cuvettes,
Quant-iT Ribogreen assay, Bovine Serum Albumin, and Simply Blue Safe Stain was purchased

from Thermofisher Scientific. Clodronate Liposomes and PBS Liposomes were purchased

from Liposoma. The One Glo+ Tox assay kit was purchased from Promega. The Biophen FVII
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chromogenic assay kit was purchased from Hyphen Biomed Aniara Corporation. The nucleic
acids utilized were purchased from Sigma Aldrich, Thermofisher Scientific and TriLink
BioTechnologies. D-Luciferin (sodium salt) was purchased from Gold Biotechnology. The
ReadyPrep 2-D Cleanup Kit, 12% Mini-PROTEAN TGX Precast Protein Gels, 2x Laemmli
Buffer, 10x Tris/Glycine/SDS, nitrocellulose membrane, 10X Tris buffered saline, precision
protein dual standards were purchased from Bio-Rad. Innovative Grade US Origin Mouse
Plasma KD EDTA, Novus Biologicals Recombinant Human ApoE4 Protein, and O.C.T.
compound for embedding frozen tissue samples was purchased from Fisher Scientific. The
antibodies utilized can be found in the supporting information and were purchased from

Biolegend, Genetex, SantaCruz, and Bio-Rad.

3.3.2 Nucleic Acids Used

1. siFVII (siRNA against FVII) (Sigma Aldrich). 2’-Fluoro modified nucleotides are
lower case.
sense: 5’-GGAucAucucAAGucuuAc[dT][dT]-3’
antisense: 3’-GuAAGAcuuGAGAuGAucc[dT][dT]-5’

2. siFVII-Cy5.5 (Sigma-Aldrich):
sense: 5°- Cy5.5 GGAUCAUCUCAAGUCUUAC[AT][dT]-3’
antisense: 3’-GUAAGACUUGAGAUGAUCCI[AT][dT]-5’

3. siNegative Control: (Sigma-Aldrich )MISSION siRNA Universal Negative Control #1

(catalog number: SIC001) was used as a non-targeted siRNA in control experiments.
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4. siNegative control Cy5: (Sigma-Aldrich) MISSION siRNA Universal Negative

Control #1 Cy 5 (catalog number: SIC005) was used as a non-targeted siRNA in control
experiments.

5. siLuc (siRNA against Luciferase). (Sigma Aldrich)
sense: 5’-GAUUAUGUCCGGUUAUGUA[AT][dT]-3’
antisense: 3’-UACAUAACCGGACAUAAUC[AT][dT]-5°

6. Let-7g miRNA: (Thermofisher, Ambion) mirVana miRNA mimic (catalog number:
4464070, Assay ID: MC11758, name: hsa-let-7g). Exact sequence and modifications
not disclosed by Ambion. Mimics mature human Let-7g.

7. Luciferase mRNA was purchased from TriLink BioTechnologies

3.3.3 Reagents Used for Biological Assays
A) The QUANT-IT Ribogreen reagent was purchased from ThermoFisher Scientific.
B) The One-Glo + Tox assay kit was purchased from Promega.

C) The FVII assay was purchased from Hypen Biomed.

3.3.4 Antibodies Used
A) Purified anti-ApoE Antibody (Biolegend)
B) Albumin Antibody (Genetex)
C) Secondary Goat anit-rat I[g (H+L) HRP (SantaCruz)
D) Secondary Goat-anti-rabbit IgG (H+L) (Biorad)

E) F4/80 (BMS8.1) primary rat monoclonal antibody (Cell Signaling)
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F) Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa 488

(Thermofisher)

3.3.5 Instrumentation

a) Nanoparticle size and surface charge: Dynamic light scattering (DLS) was utilized
to measure the nanoparticle size and Zeta Potential (surface charge) using a Malvern
Zetasizer Nano ZS (He-Ne laser, A = 632 nm). For both size and zeta potential, three
measurements were taken at settings of 11 runs for a duration of 10 seconds per run.

b) Confocal laser scanning microscopy: A Zeiss LSM-700 confocal laser scanning
microscope was used to image liver tissue sections. Images were processed using
ImageJ (NIH) and Zen 2.6 Blue Edition (Zeiss) Software.

c) Tissue sectioning: Liver tissues were sectioned using a Leica CM1950 Cryostat.

d) Exvivo animal imaging: All ex vivo imaging of organs was taken using a Perkin Elmer
IVIS Lumina system and images were processed using Living Image analysis software
(Perkin Elmer).

e) In vitro luminescence and fluorescence assays: Luminescence assays and

fluorescence assays were performed using a Tecan Infinite M200 Pro plate reader.

3.3.6 Cell Culture Materials. Dulbecco’s Modified Eagle Medium (DMEM) was purchased
from Thermo Fisher Scientific containing high glucose, sodium pyruvate, L-glutamine, and
phenol red. Penicillin Streptomycin (PS) (10,000 U/mL) was purchased from Fisher Scientific.

Dulbecco’s modified phosphate buffered saline (PBS), Trypsin-EDTA (0.25%) and fetal
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bovine serum (FBS) were purchased from Sigma-Aldrich. RPMI-1640 was purchased from

Sigma Aldrich. HeLa-Luc, Hep G2, HuH 7, and RAW264.7 cells were cultured in DMEM
containing 10% FBS and 1% penicillin-streptomycin. Primary Kupffer cells were cultured in

RPMI-1640 containing 10% FBS and 1% PS.

3.3.7 Experimental Procedures

3.3.7.1 Formulation and Characterization of 54A2-SC8 and 345-SC14 LNPs. 5A2-SC8 or
3A5-SC14, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and PEG-DMG-
2000 were dissolved in ethanol (molar ratio of 50:10:38:2) and all RNAs were dissolved in
citrate buffer (10 mM citrate buffer at a pH 3.9). A 3:1 ratio of the aqueous solution to the
EtOH solution (by volume) was used. Under vortex mixing, the ethanol solutions (40 pL) were
added into the RNA solution (120 pL). The weight ratio of 5A2-SC8 or 3A5-SC14 amino lipid
to RNA was set to 25:1 for all LNP formulations. The formulated 5A2-SC8 and 3A5-SC14
LNPs were incubated for 15 minutes at room temperature and then diluted with 1X PBS for in
vitro studies. For in vivo studies, the LNPs were purified by dialysis in sterile 1X PBS with
3.5kD cut-off dialysis tubes for 2 hours. 5A2-SC8 and 3A5-SC14 LNPs containing luciferase
mRNA were prepared using the same conditions as above. 5A2-SC8 and 3A5-SC14 LNPs
were diluted to a concentration of 0.1mg/mL using 1X PBS prior to measuring size, and LNPs
were diluted further to a volume of 800 pL using 1X PBS for Zeta potential measurements.
The LNP size and zeta potentials were measured by Dynamic Light Scattering (DLS) using a

Malvern Zetasizer Nano ZS (He-Ne laser, A = 632 nm) prior to in vivo studies. Nucleic acid
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binding was determined using the Quant-iT Ribogreen assay (Fisher Scientific) following the
recommended protocol and additional details can be found in the supporting information.
Following a reported procedure, the TNS assay was used to determine the pKa of 5SA2-SC8
and 3A5-SC14 siRNA LNPs comprised of dendrimer/DMG PEG-Lipid/ DSPC/Cholesterol
(50/2/10/38 mol%) in PBS at a concentration of 100 uM total lipid.!** Briefly, the formulated
LNPs were diluted to 60 uM total lipid in 100 pL volume per well in 96-well plates with a
series of 10 mM HEPS/10 mM MES/10 mM ammonium acetate/130 mM NaCl buffer solution,
where the pH values ranged from 2.5 to 11. The TNS buffer was diluted to 50 mM. The same
volume (4 pL) of TNS stock solution was added into each well to give a final concentration of
2 uM. The plate was read with InfiniTe F/M200 Pro microplate reader (Tecan) using excitation
and emission wavelength of 321 and 445nm shaking for 200 seconds. Four replicates were
used for each data point. The data was normalized to the values at pH 2.5, and the data was
analyzed using GraphPad Prism. A non-linear fit analysis of log (inhibitor) vs response was
applied to the fluorescence data, and the pKa was measured as the pH value where the

fluorescence intensity is half-maximum fluorescence (inflection point).

3.3.7.2 Nanoparticle size and surface charge measurement. The size and zeta potential of
5A2-SC8 and 3A5-SC14 LNPs were measured using the Malvern Zetasizer Nano ZS (He-Ne
laser, A = 632 nm). 5A2-SC8 and 3A5-SC14 LNPs were diluted to a concentration of
0.Img/mL using 1x PBS prior to measuring the size by Dynamic Light Scattering. Next, the
LNPs were diluted further to a volume of 800 pL using 1x PBS for Zeta potential

measurements.
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3.3.7.3 RNA binding Ribogreen Assay. A 96-well black opaque polystyrene microplate was

utilized for this assay (Corning-Fisher Scientific). Briefly, LNPs and a standard of appropriate
nucleic acid solutions ranging with RNA concentrations of 0-10 ng/uL were prepared. 5 pL of
standard solution of LNPs were added per well (n=4). To measure free/unbound RNA, 50 pL
of diluted Ribogreen solution (1:200 ) were added to each well using a multi-channel
micropipette. Using an orbital shaker, the plate was shaken for 5 minutes at room temperature
while covered to protect from the light. Each well was then measured in the InfiniTe F/M200
Pro microplate reader (Tecan) for fluorescence using an excitation of 485nm and an emission
535nm. The amount of free siRNA was assessed once fitted to the standard curve. Free siRNA
was used to determined encapsulated siRNA percentage using the following formula: total
nucleic acid added — free nucleic acid /(total nucleic acid added). To measure total RNA, 50
pL of 0.5% Triton X-100 was added to each well. The plate was incubated under constant
shaking for 5 min and fluorescence was measured. The percentage of encapsulated RNA was

calculated as 100*(ng of total RNA-ng of free RNA)/ng of total RNA.

3.3.7.4 Evaluation of in vitro Luciferase delivery of 54A2-SC8 and 345-SC14 LNPs.

RAW 264.7, HuH-7, or Hep G2 cells were seeded into white-bottom 96-well plates at a density
0f 10,000 cells per well in 100 pL final volume and incubated at 37 °C overnight with DMEM
medium (10% FBS, 1% PenStep). After 24 hours, the old media was replaced with 100 pL of
fresh media. 5SA2-SC8 and 3A5-SC14 LNP formulations containing firefly luciferase (FLuc)
mRNA were added with fixed 25 ng mRNA per well (n=4). After 24 hours on LNP incubation,

ONE-Glo + Tox (Promega) were used to detect Luciferase expression and cell viability using
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Promega’s recommended protocol. For the evaluation of in vitro luciferase delivery of LNPS
in serum free HuH-7 cells, the cells were instead washed with PBS and then replaced with 100
uL serum free media for LNP incubation. After 6 hours, the serum free media was removed

and replaced with regular media for the remainder of 24 hours.

3.3.7.5 Luciferase mRNA delivery assay with and without protein incubation to primary
Kupffer cells and Hepatocytes: 25 ng of firefly luciferase mRNA (mFLuc) inside 5SA2-SC8
and 3A5-SC14 LNPs was added into a white-bottom 96 well plate. Afterwards, 10,000 cells in
100 uL volume per well was added and mixed with LNPs. 5A2-SC8 and 3A5-SC14 LNPs
incubated with either no serum protein, ApoE, or Albumin at a ratio of 0.1 g protein / 0.1 g
total lipid, 0.2 g protein / 0.2 g total lipid, 0.3 g protein / 0.3 g total lipid, 0.4 g protein/ 0.4 g
total lipid, 0.5 g protein / 0.5 g total lipid, or 1 g protein / 1 g total lipid. The next day (24 hours
later), a One-Glo+ Tox assay was performed according to the manufacturer’s directions
(Promega). All the data was normalized to cell viability. Cell culture conditions can be found

in the supporting information.

3.3.7.6 Evaluation of in vivo toxicity of siFVII 542-SC8 and 345-SC14 LNPs at varying
doses. C57BL/6 mice, with weights of 20g, were divided into four groups: n=3 per group. We
selected four doses of siFVII, 1.5 mg/kg, 1.0mg/kg. 0.5 mg/kg, and 0.25 mg/kg. Two different
LNP formulations were used SA2-SC8 LNP and 3A5-SC14 LNP. Non-treated mice served as
the negative control. At each time point (24 hours, 48hours, 72 hours), whole blood was

collected into BD microtainer tubes. Serum was separated by centrifuging the tubes at 13,000
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rpm for 10 minutes. Then, blood urea nitrogen (BUN), Creatinine (CREA) Alanine

aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured using the

UTSW metabolic phenotyping core.

3.3.7.7 Evaluation of Luciferase mRNA delivery in vivo. C57BL/6 mice weighing
approximately 20 g (6-8 weeks of age) were i.v. injected with LNPs containing firefly
luciferase mRNA at dose of 0.1 mg/kg. After 6 hours, mice were euthanized and major organs
were removed (heart, lung, spleen, kidney, and liver) from each set. Luciferin was injected 10
minutes prior to Ex vivo Bioluminescence measurements. Organs were analyzed using IVIS
Lumina Imaging technique (Caliper Life Sciences). Data analysis was done on IVIS Lumina
software. Total luminescence of the heart, lungs, liver, spleen, and kidneys were measured

using Living Image Software (PerkinElmer) by drawing regions of interest around each organ.

3.3.7.8 Evaluation of in vitro siRNA delivery of 54A2-SC8 and 345-SC14 LNPs. HeLa-Luc
cells were seeded into white 96-well plates at a density of 10,000 cells per well 24 hours before
transfection and cells were incubated with DMEM medium (10% FBS, 1% PenStep). The next
day, 5SA2-SC8 and 3A5-SC14 LNP formulations containing anti-luciferase siRNAs (siLuc)
were added with fixed 24 nM siLuc per well. After incubation of 24 hours, ONE-Glo + Tox
kits were used to detect luciferase expression and cytotoxicity based on Promega’s
recommended protocol. Cell viability was measured using the CellTiter-Glo Luminescent Cell

Viability Assay following Promega’s recommended protocol.
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3.3.7.9 Animal Related Studies

All experiments were approved by the Institutional Animal Care and Use Committees
(IACUC) of The University of Texas Southwestern Medical Center and were consistent with
local, state, and federal regulations as application. Female C57BL/6 mice were used around 6-
8 weeks of age. Transgenic mice bearing MY C-driven liver tumors were generated by crossing
the TRE-MYC stain with LAP-tTA strain. ¢! 192 Mice bearing the LAP-tTa and TRE-MYC

genotype were maintained on 1 mg/mL of dox, and MYC was induced by withdrawing dox at

birth.

3.3.7.10 Evaluation of in vivo RNA delivery of 542-SC8 and 3A5-SC14 LNPs to hepatocytes.
For in vivo small RNA delivery to hepatocytes, C57BL/6 mice received i.v. injections of PBS
(negative control, n=3), 5SA2-SC8 LNPs containing anti-Factor VII siRNA (siFVII) diluted in
PBS (200 pL, 0.5 mg/kg of siFVII) or 3A5-SC14 LNPs containing siFVII diluted in PBS (200
puL, 0.5 mg/kg of siFVII). After 72 h mice were anaesthetized by isoflurane inhalation for
blood sample collection by cheek puncture. Serum was isolated with serum separation tubes
(Becton Dickinson) and Factor VII protein levels were analyzed by a Biophen FVII
chromogenic assay (Hyphen Biomed, Aniara Corporation) following the recommended
protocol. A standard curve was constructed using samples from a PBS-injected mice and

relative Factor VII expression was determined by comparing treated groups to an untreated

PBS control.
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3.3.7.11 Analysis of siFVII-Cy5.5 Biodistribution of 5A42-SC8 and 3A5-SCI14 LNPs.

C57BL/6 mice weighing approximately 20 g (6-8 weeks of age) were administered i.v. SA2-
SC8 and 3A5-SC14 LNPs containing siFVII-Cy5.5 at dose of 0.5 mg/kg. After 6 hours, mice
were euthanized and major organs were removed (heart, lung, spleen, kidney, and liver) from
each set of mice. Ex vivo imaging (Cy5.5 filter setting) was done 6 hours post injection. Organs
were analyzed using IVIS Lumina Imaging technique (Caliper Life Sciences). Data analysis
was done on IVIS Lumina software and normalized to a PBS control. Total fluorescence of the
heart, lungs, liver, spleen and kidneys were measured using Living Image Software

(PerkinElmer) by drawing regions of interest around each organ.

3.3.7.12 Kupffer cell depletion and in vivo RNA delivery of 542-SC8 and 345-SC14 LNPs
to hepatocytes. C57BL/6 mice (6-8 weeks of age) were 1.v. injected with Clodronate liposomes
or PBS liposome controls purchased from Liposoma at dosage of 0.05 mg/mL (n=3). At 24
hours post injection, SA2-SC8 or 3A5-SC14 LNPs containing siFVII were i.v. administered to
the groups of mice. The dosages used were 0.25, 0.5 and 1 mg/kg of RNA. After 72 hours post
LNP injection, blood was collected via cheek for FVII silencing following the Biophen FVII
assay (Hyphen Biomed) above. In order to confirm Kupffer cell depletion was successful, after
24 hour of PBS liposome and clodronate liposome treatment, livers were removed and
embedded in O.C.T to prepare frozen tissue sections. For confocal imaging, the tissue was
cryo-sectioned (10 um) and fixed using 4% paraformaldehyde (PFA) at room temperature for
20 min. The slides were washed three times with PBS and blocked for 30 min in PBS with 2%

BSA. Sections were then incubated overnight with F4/80 primary antibody (Cell Signaling,
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1:300), Alexa 488 secondary (Thermofisher, 1:200) in 2% BSA in PBS. The next day, slides

were washed three times with PBS and stained with their secondary antibody for 1 hour.
Afterwards, slides were washed and mounted using ProLong Gold Antifade (Life
Technologies). Sections were imaged using an LSM 700 point scanning confocal microscope

(Zeiss) equipped with a 20X objective.

3.3.7.13 Isolation of plasma proteins absorbed to 54A2-SC8 and 345-SC14 LNPs. 5A2-SC8
and 3A5-SC14 LNPs were prepared according to the previously described protocol and were
diluted to a final lipid concentration of 1 g/L with 1X PBS.!”® The plasma proteins absorbed
onto the LNPs were isolated following our reported methods.”® Briefly, equal volume of 5A2-
SC8 and 3A5-SC14 LNPs (at concentration of 1 mg/mL total lipid) were incubated in equal
volumes mouse plasma (Innovative Grade US Origin Mouse Plasma KD EDTA purchased
from Fisher Scientific) at a 1:1 ratio at 37°C for 15 minutes. Each sample was prepared in
triplicates. A 0.7M sucrose gradient was prepared by dissolving solid sucrose in MilliQ water.
The LNP and plasma solution were added to tubes containing a 0.7M sucrose gradient. The
sucrose gradient tubes were prepared in advance by diluting 2M sucrose in MilliQ water.
Samples were centrifuged at a speed of 25,000 G for 1 hour at 4°C. The supernatant was
removed carefully and discarded. The samples were washed with 1X PBS 3 times at speed of
25,000 for 5 minutes. After 3 washes, samples were resuspended in 50 puL. of a buffer
comprised of Laemli sample buffer with 50% BME. Next, excess lipids were removed using
the ReadyPrep 2D Clean up kit (Bio-Rad) following steps provided by the manufacturer.

Samples were then stored at -20°C prior to processing.
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3.3.7.14 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

characterization of plasma proteins adsorbed onto 5A2-SC8 and 3A45-SC14 LNPs. The
plasma proteins isolated from the surface of SA2-SC8 and 3A5-SC14 LNPs were heated to
95°C for 5 minutes. 10 pL. of sample in triplicates were loaded into the wells of 12 % mini-
PROTEAN TGX precast gels (Bio-Rad). Mouse plasma was loaded as a control (1:100
dilution). The gel was run starting at 90V and then changed to 200 V and monitored regularly.
Afterwards, the gel was washed 3 times in MilliQ water for 5 minutes per wash. The gel was
stained with SimplyBlue Safe Stain (Bio-Rad) for 1 hour at room temperature gently shaking
to visualize the protein bands. The gel was destained overnight using deionized water (DI) and

imaged with a Licor Scanner the following day.

3.3.7.15 Validation of ApoE and Albumin adsorption on LNPs using Western Blot. The SDS
PAGE gel used for the characterization of plasma proteins adsorbed onto the surface of 5SA2-
SC8 and 3A5-SC14 LNPs mentioned above was rinsed in 1X transfer buffer. After rinsing, the
SDS gel was transferred using a nitrocellulose membrane via the Bio-Rad Trans-Blot transfer
system according to Bio-Rad’s recommended protocol. Next, the membrane was cut into two
sections based on the molecular weight of ApoE and Albumin. The sample was blocked using
a 5% dry milk solution (5% dry milk in 1X Tris-Buffered Saline and 0.1% Tween 20, TBST)
for 1 hour. The samples were incubated overnight at 4°C with primary antibody ApoE
(Biolegend, 1:500) and Albumin Antibody (Genetex,1:1000) in 3% BSA in TBST overnight.
After an overnight incubation, samples were washed 3X for 5 minutes each with TBST at room

temperature while shaking. The samples were then cultured with secondary antibody goat-
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anti-rabbit IgG (H+L) (Biorad, 1:3000) and secondary antibody goat anit-rat Ig (H+L) HRP

(SantaCruz, 1:8000). The secondary antibodies were incubated for 1 hour at room temperature
while gently shaking. Next, the substrate of HRP (Bio-rad) (1:1) was prepared. The protein

was detected using the chemiluminescent method.

3.3.7.16 Preparation of plasma protein samples for mass spectrometry proteomics. Plasma
proteins isolated from the surface of SA2-SC8 or 3A5-SC14 LNPs were loaded onto a 12%
mini PROTEAM TGX Precast Protein Gel at a volume of 10 pL and run into the gel at 1 cm
at 90V. Once the samples created an even line, the gel was removed and stained with
SimplyBlue Safe Stain for 1 hour to fix and visualize the protein bands. After destaining for 1
hour, the protein bands were excised using a sterile razor blade and sliced into 1mm cubes.
Next, the gel cubes were added to a 1.5 mL tube that had been rinsed with a 1:1 MilliQ water:
Ethanol solution and stored at 4°C until being submitted to the UTSW Proteomics Core for
mass spectrometry analysis. Data was analyzed via Microsoft excel and plotted using

GraphPad Prism.

3.3.7.17 Luciferase mRNA delivery assay with and without protein incubation to cell lines.
10,000 cells per well were plated into a white-bottom 96 well plate. After 24 hours, the media
was replaced with 100 pL of fresh media and cells were treated with 25 ng of firefly luciferase
mRNA (mFLuc) inside 5A2-SC8 and 3A5-SC14 LNPs incubated with either no serum protein,
ApoE, or Albumin at a ratio of 0.1 g protein / 0.1 g total lipid, 0.2 g protein / 0.2 g total lipid,

0.3 g protein / 0.3 g total lipid, 0.4 g protein / 0.4 g total lipid, 0.5 g protein / 0.5 g total lipid,
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or 1 g protein / 1 g total lipid. The next day, a One-Glo+ Tox assay was performed according

to the manufacturer’s directions (Promega). All the data was normalized to cell viability. The
cell lines that were utilized in this experiment were HuH-7 cells, Hep G2, and RAW264.6 cells.
Cell culture conditions and primary cell isolation details can be found in the supporting

information.

3.3.7.18 Luciferase mRNA delivery assay with and without protein incubation to primary
cells. 25 ng of firefly luciferase mRNA (mFLuc) inside 5SA2-SC8 and 3A5-SC14 LNPs were
incubated with either no serum protein, ApoE, or Albumin at a ratio of 0.1 g protein / 0.1 g
total lipid, 0.2 g protein / 0.2 g total lipid, 0.3 g protein / 0.3 g total lipid, 0.4 g protein/ 0.4 g
total lipid, 0.5 g protein / 0.5 g total lipid, or 1 g protein / 1 g total lipid. The following LNPs
were directly added into 96-well plates. 10,000 cells per well were plated into a white-bottom
96 well plate and mixed with the according LNPs. The next day, a One-Glo+ Tox assay was
performed according to the manufacturer’s directions (Promega). All the data was normalized
to cell viability. The cells that were utilized in this experiment were primary Kupffer cells and
primary Hepatocytes. Cell culture conditions and primary cell isolation details can be found in

the supporting information.

3.3.7.19 Generation of MYC-driven aggressive cancer mouse model. Transgenic mice
bearing MY C-driven liver tumors were generated by crossing the TRE-MYC stain with the
LAP-tTA stain as reported in our previous publication.!*® Briefly, MYC was induced by

withdrawing doxycycline (dox) water. For the therapy study, pups were removed from dox
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water after birth (Day 0). Starting at Day 21, mice were divided into treatment groups. The

groups consisted of non-treatment, SA2-SC8 LNPs containing no miRNA, 5A2-SC8 LNPs
containing 0.5mg/kg Let-7g miRNA and 3A5-SC14 LNPs containing 0.5 mg/kg Let-7g

miRNA. The LNPs were administered i.v. twice a week.

3.3.7.20 In vivo let-7g miRNA therapeutic study in aggressive liver cancer mouse model
using 542-SC8 and 345-SC14 LNPs. 21-day old male transgenic c-MYC mice bearing liver
tumors were randomly divided into different treatment groups of non-treatment (n=9), SA2-
SC8 and 3A5-SC14 LNPs containing no miRNA (n=5) or 5A2-SC8 and 3A5-SC14 LNPs
containing 0.5 mg/kg of let-7g miRNA (n=5). The groups received i.v. injections twice a week
starting at day 21 and continuing until day 55. Their body weight, abdomen circumference,

and survival were carefully monitored.

3.3.7.21 Immunohistochemistry and histological tissue analysis. Liver tissues from c-MYC
mice were collected at 21 days, 26 days, 30 days, 45 days, and 55 days and placed in 10%
formalin (Sigma Aldrich) for 72 hours for fixation. After 72-hour fixation, the formalin was
replaced with PBS and the samples were sent to the UTSW tissue management shared resource

core facility to perform Hematoxylin and Eosin (H&E) staining.



CHAPTER FOUR

CONCLUSIONS AND FUTURE DIRECTIONS

Understanding the chemistry behind individual LNP components and the cellular fate
of LNPs is important in the context of disease therapy because delivery to an unexpected cell
type could result in lack of efficacy and in adverse events. It has been shown that drugs have
failed in clinical trials for these reasons. This dissertation highlights contributions towards
understanding how the chemistry of the PEG lipid and the chemistry of the ionizable cationic
lipid impact not only LNP formulation but RNA delivery and therapeutic efficacy.

In chapter two, a series of linear-dendritic poly(ethylene glycol) (PEG) lipids (PEG-
GnCm) were synthesized through sequential aza- and sulfa-Michael additions to investigate
the effect of the lipid tail dendritic chemical structures on the in vitro and in vivo siRNA
delivery of our previously established 5SA2-SC8 dendrimer-based lipid nanoparticles (DLNPs).
The tail chemical structure of PEG-GnCm was modulated with different lipid length and
different generations. It was found that the tail chemical structure of PEG-GnCm did not affect
the formulation of 5A2-SC8 DLNPs including the nanoparticle size, RNA encapsulation, and
stability. However, the tail chemical structure did dramatically affect RNA delivery efficacy
of 5A2-SC8 DLNPs. First generation PEG lipids (PEG-G1C8, PEG-G1C12, and PEG-G1C16)
and second-generation PEG lipid (PEG-G2C8) were able to yield SA2-SC8 DLNPs that could
deliver siRNAs effectively in vitro and in vivo. 5SA2-SC8 DLNPs formulated with second
generation PEG lipids (PEG-G2C12 and PEG-G2C16) and all three third generation PEG

lipids (PEG-G3C8, PEG-G3C12 and PEG-G3C16) lost the ability to deliver siRNA in vitro
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and in vivo. Through the studies reported in chapter two, a structure activity relationship was
identified with respect to PEG lipids utilized in DLNPs and siRNA delivery efficacy. It was
found the tail chemical structure of PEG lipids impacted the escape of SA2-SC8 DLNPs from
the endosomes at the early cell incubation time. The reports published in chapter two will
provide new insights on formulation of lipid nanoparticles for delivering RNA therapeutics in
vitro and in vivo.

In the nanomedicine delivery field, emphasis has focused on organ level delivery. Cell
specific delivery has been underappreciated and not understood. Chapter three provides
insights into cell specificity of LNP delivery and resulting anti-cancer potential.
Understanding the cellular fate of LNPs within the liver is important in the context of cancer
therapy because delivery to an unexpected cell type could result in lack of efficacy and even
in adverse events. Here two LNPs, 5SA2-SC8 and 3A5-SC14, that accumulate in the liver and
share similar physical properties were studied. It was found that altering the chemistry of the
amino lipid can affect protein corona formation, which then likely drives uptake into
hepatocytes or Kupffer cells. It was identified ApoE and Albumin as key mediators of this
difference between SA2-SC8 and 3A5-SC14 LNPs. 3A5-SC14 LNPs were only able to silence
gene expression in hepatocytes after Kupffer cells were depleted. Consequently, in a liver
cancer model dependent on hepatocyte and cancer cell delivery, only 5A2-SC8 LNPs carrying
let-7g miRNA provided a therapeutic benefit. Overall, these results in chapter three illustrate
the importance of understanding the sub-organ cellular destination of RNA delivery and

incorporating further checkpoints when choosing nanoparticles beyond biochemical and
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physical characterization. The results from this body of research can help guide others in the

future selection of nanoparticles for specific disease.
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APPENDIX A

Supplementary Figures

Hemolysis of PEG-G1-C16 NPs Hemolysis of PEG-G2-C12 NPs Hemolysis of PEG-G3-C12 NPs
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Figure A1l. Hemolysis of PEG-G1C16, PEG-G2C12 and PEG-G3C12 5A2-SC8 DLNPs at

different nanoparticle concentrations and pH values.
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Figure A2. Dose-dependent (A) gene silencing and (B) cell viability of cells treated with SA2-
SC8 DLNPs formulated with PEG-G2-C12 linear dendritic PEG lipid. A control siRNA was
encapsulated in the DLNPs (Sigma-Aldrich MISSION siRNA Universal Negative Control #1).
Delivery of control siRNA in PEG-G2-C12 5A2-SC8 DLNPs did not lead to gene silencing

and did not affect cell viability.
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in vivo mRNA LNP bioluminesence in the liver
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Figure A3.5A2-SC8 and 3A5-SC14 LNPs deliver functional mRNA to the liver. (A) Organ
biodistribution via IVIS Lumina Imaging for 6 hours biodistribution of 0.1 mg/kg Luciferase
mRNA 5A2-SC8 and 3A5-SC14 LNP. (B) Quantification of total luminescence for 6 hours
biodistribution of 0.1 mg/kg Luciferase mRNA 5A2-SC8 and 3A5-SC14 LNPs. Data are

shown as mean +/- SEM. Statistical significance was determined using a student’s t-test, where

p=0.3134.
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