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ABSTRACT

JESSICA MCMILLAN. Exploring the Immune System Using Hybrid Cube Nanoparticles

(Under the direction of DR. IAN MARRIOTT)

Nano-sized cubes made from nucleic acid material (NANPs) are ideal scaffolds for therapeutic
nucleic acids (TNAs). Both utilize sequence specificity through base-pairing, providing
controlled strand interaction, stability, and targeted targeting delivery. However, there is a lack
of research concerning nucleic acid compositions as therapeutic carrier agents and cytokine
production. Exogenous NANPs and TNAs are subject to detection by immune cell receptors that
can initiate undesired immune responses, threatening therapeutic reliability. The present research
explores interferon-beta and interleukin-6 production induced by NANPs in human microglial
cells based on nucleic acid composition and provides insight into hybrid NANPs as therapeutic
drug carriers. IL-6 and IFN-f capture-specific ELISAs were used to assess immune response
protein levels when cells were exposed to a 64-hybrid cube panel of 3-dimensional, six-stranded
NANPs. Select hybrid NANP cubes with three RNA strands provoked significant I[L-6 levels
compared to carrier alone, and IFN-f production was significant for cubes NANPs with more
than two RNA strands. Surprisingly, our results indicated only moderate cytokine production

with increased RNA strands, an effect that was not statistically significant.
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CHAPTER 1. INTRODUCTION

1.1 Nucleic acids

Nucleic acids are biopolymers that play a critical role in all life forms because they possess
genetic and regulatory instructions for biological pathways and gene expression.
Nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), composed of one
(RNA) or two (DNA) polynucleotide coils made from a negatively charged phosphate backbone,
a puckering ribose sugar, and four nucleotide bases, maintain and regulate the codified flow of
genetic information aligned with the central dogma of biology (Figure 1.1). The dysregulation of
such biological processes engenders disease states on a local and systemic level. Because RNA
has emerged as a significant factor in regulating gene flow (replication, transcription, and
translation), RNA-mediated therapies are now at the forefront of new therapeutic

nanotechnological and biomedical applications.'
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Figure 1.1 The central dogma of biology with an emphasis on RNA activity. RNA primes the replication of DNA in

the nucleus. DNA is then transcribed into mRNA, and numerous RNA motifs regulate protein expression via mRNA
translation.

1.2 Therapeutic nucleic acids (TNAs)

The completion of the human genome project and gene sequencing advancements makes
TNAs a sensible option for directed gene therapy by thwarting protein production of problematic
or targeted genes.’ TNA oligonucleotides serving as small interfering RNAs (siRNAs), antisense
oligonucleotides (ASOs), microRNAs, and aptamers, some of which are approved by the U.S.

Food and Drug Administration (FDA), make up a unique group of drugs that differ in therapeutic



action due to organic chemical characteristics.® Aptamers designed to prevent angiogenesis
(Pegaptanib) are oligomers specifically selected and enriched in vitro to recognize and bind to
specific molecules as an agonist or antagonist with high affinity.! Additionally, there are three
ASOs with RNase-H dependent binding sites and splice-switching abilities which bind to target
RNAs as primers to direct strand deterioration, cleavage, or steric hindrance via RNase-H.”3

Another form of TNA is siRNA, which are short sequences that interfere with RNA
translation in an enzyme-mediated fashion. There are two siRNA approved drugs, Patisiran and
Givosiran. Patisiran is used to treat polyneuropathy in patients with hereditary transthyretin-
mediated amyloidosis and, Givosiran addresses acute hepatic porphyria.” '° More recently,
mRNA TNAs, such as BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna), have been
broadly distributed as vaccines for SARS-CoV-2.'1: 12

Two organic chemistry themes govern the mechanism of action of TNA’s: 1) the kinetics
between the ribose pucker and negatively charged phosphate backbone, termed dianophore,
determines the movement of drugs throughout the body and its delivery properties, or
pharmacokinetics; 2) the nucleotide sequence or pharmacophore which determines the body’s
biological response and pharmacodynamics.'! > Because the dianophore can undergo
modifications without changing the pharmacophore’s sequence in versatile oligonucleotides,
pharmacokinetic properties such as absorption, distribution, metabolism, and excretion (ADME)
can be altered without changing its pharmacodynamic properties; this is in contrast to traditional
and information-encoded small drugs'4, in which the pharmacore and dianophore properties are
dependent on one another'! 13 restricting dynamic activity by binding pharmacokinetic properties
with pharmacodynamic ones. Put more simply, if the dianophore of a small molecule drug is

altered to distribute to a novel target, the body’s pharmacokinetic response will also be changed



despite an unchanged pharmacophore rendering the molecular drug imprecise and unreliable. For
this reason, providing independence between pharmacokinetic features (distribution and
delivery) and pharmacodynamic properties (the ability to affect target cells) is a gateway to
controllable and personalized medicine, starting with diversified, tissue-specific delivery of
TNAs with a consistently specific function and effect.

While versatile oligonucleotides can offer more independence from base sequence and
backbone modifications, they are still subject to slight alterations'> and there is increasing
proficiency in optimizing one function, such as targeted drug delivery, while preserving the
subsequent pharmacodynamic effects on the target.'?

1.3 Nucleic acid nanoparticles (NANPs)

Increased novelty and improvement of such therapeutics are significant because current
clinical TNAs are costly, given in periodic doses, and promise only a single function.'!> 16
Luckily, 2D and 3D structures made from nucleic acid nanoparticles (NANPs) can be modified
for simultaneous delivery. 3 1722 Several TNA designs and assemblies have been explored
wherein two- and three-dimensional scaffolds are built using nucleic acids as building blocks.
The benefits of using nucleic acids extend beyond their inherent regulatory duties to their
conventional and unconventional tenants in forming Watson-Crick (e.g., G—C and A—U (A—T
for DNA)) base pairs because reproducible and unique NANPs?*-27 are capable of being
functionalized with therapeutic cargo.?®

Using nucleic acids as a starting material for bottom-up assembly of NANPs embraces
endorses well-developed RNA nanotechnology that addresses biomedical hurdles by employing
RNA for its innate biological functions and DNA for its stability.>>* NANPs have shown to

elicit sustained control when functionalized with therapeutic or biosensing structures (e.g.,



aptamers, proteins, and fluorescent dyes) and can deliver multiple siRNA cargoes that
simultaneously target multiple pathways.? 2>2° Some therapeutic NANPs have advanced to
animal trials.!®- 30-32
1.4 NANP-assisted organization of TNAs

Programmable NANPs can be designed and assembled into various shapes, sizes, and
compositions using DNA, RNA, or chemical analogs, to mimic naturally occurring motifs.>’ In
several studies, such biocompatible structures have been demonstrated for applications in

33,34 molecular devices®, and drug delivery.*® Thanks to their engineered design,

biosensing
NANPs can self-assemble under biological conditions with batch-to-batch consistency, providing
thermodynamic stability and delivering multiple, different TNAs simultaneously, preserving
functionality.? 2!- 28, 37-40

TNA-NANP design promotes the specific binding of TNA oligomers to NANP monomers,
preserving controlling stoichiometric control, composition, and the spatial organization of each.!
TNA oligomers*? bind to “sticky-ends” on the extensions of NANP monomer strands with an
excess in un-paired bases that form a TNA sticky-end with specificity for an intracellular target
protein. For example, in dicer substrate (DS) siRNA delivery, TNA DS antisense strands bind to
NANP sense strands for simultaneous delivery. After delivery, intracellular DS antisense RNA
interacts with the dicer substrate enzyme and is spliced, leading to the release of functional
siRNAs. Following this approach, six DS RNAs have been documented to be successfully
delivered by RNA NANP rings (Figure 1.2B) and released upon interacting with the dicer

enzyme dicer®, activating six different siRNA functions."”

1.5 Design principles for NANPs
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Figure 1.2 Intermolecular and intramolecular design principles for NANPs. (A) Cube NANPs have six strands that
interact via intermolecular Watson-Crick base-pairing, forming a duplex around the edge sides and eight corners
made with three noncomplementary thymine (DNA) or uracil (RNA) bases. (B) RNA ring NANPs are examples of
both intra- and intermolecular interactions.

All NANPs can be formed using two design strategies: inter- (between) and intra- (within),
molecular interactions, and Watson-crick base pairing.’® * Intermolecular hydrogen bonding
(Fig. 1.2A) occurs between separate RNA and DNA strands?® * 4, and are typically used in
DNA origami and other nanotechnology structures.*®#® Intramolecular interactions, exampled in
RNA rings (Fig. 1.2B) and paranemic structures®’, consist of self-strand interaction, similar to
long-range interacting motifs (e.g., kissing loops in RNA rings) primarily used in RNA
nanotechnology.3® 43 39-35 Taking advantage of naturally occurring and functional RNA motifs,
ring NANPs utilize both folding strategies: First, intramolecular bonding occurs with a single
RNA strand, then intramolecular base-pairing between strands completes bottom-up NANP
assembly.'® Conveniently, both design strategies can utilize chemically modified
oligonucleotides, fluorophores, and small ligands to improve stability or targeting and tracking,

respectively.?®



While NANPs provide cargo support and delivery, their contribution to cargo therapy-
induced immune response is critical for the pharmacologic results.
1.6 Immunorecognition of NANPs

Foreign nucleic acids are considered pathogen-associated molecular patterns (PAMPs)
originating from various microbes such as fungi, parasites, bacteria, and viruses. To prevent the
distribution of pathogens upon infection, pattern recognition receptors (PRRs), expressed by
immune cells, can recognize nucleic acid PAMPs based on nucleic acid ligand characteristics,
and elicit both protective host responses and potentially detrimental inflammation.

Endosomal toll-like receptors (TLRs) can recognize many double-stranded (ds) or single-
stranded (ss) nucleic acid sequences that are natural or artificial.’® For instance, TLR7 and 8
recognize single-stranded RNA with uridine and guanine-rich regions. TLR9 recognizes
unmethylated CpG DNA of more than 20 base pairs in length (Figure 1.3).°” To prevent the
detection of self-nucleic acids, endosomal TLRs follow a strict localization channel, one that
bypasses the Golgi apparatus. For example, TLR-9 moves from the endoplasmic reticulum (ER)
directly to an endosomal compartment after synthesis, while TLRs 3, 7, and 8 are trafficked from

the ER to the Golgi and then on to lysosomal or endosomal chambers.*3: >
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Figure 1.3 Illustration of ligand characteristics of endosomal and cytosolic Pattern Recognition Receptors (PRRs).
PRRs detect nucleic acids signatures such as nucleic acid composition, strand length, and base analogs. Endosomal
receptors are translocated to the lipid bilayer and are invaginated when nucleic acids are phagocytosed by cells,
becoming endosomes, while cytosolic receptors are localized within the cytoplasm.

Cytosolic pattern recognition receptors like retinoic acid-inducible gene I (RIG-I) and
cyclic GMP-AMP synthase (cGAS) recognize PAMPs and subsequently activate caspase
activation and recruitment domains (CARD), and can recognize nucleic acids that vary in length
and size, allowing for ligand-receptor specificity. For instance, the cGAS receptor recognizes
dsDNA of more than 40 bp (Figure 1.3). In contrast, MDAS (melanoma differentiation-
associated protein; not pictured) recognizes long, viral dsSDNA or ssRNA that are more than
1000 bp long, while RIG-I detects viral 5 tri-phosphorylated dsRNA 6962

PRRs mark the beginning of a cascade of molecular interactions between receptors,
adapter molecules, signaling components, and inhibitory or activating enzymes that modify the

expression of immune mediators such as cytokines (Figure 1.4). For example, receptors TLRs 7,



8, and 9 interact with the adapter protein, MyD88, which creates a downstream signal to nuclear
factor-kappa B (NF«x-B), inhibitor motif, liberating the p50/p60 heterodimer that translocates to
the nucleus and initiates the production of inflammatory cytokines such as IL-6.9 For cGAS, the
detection of dsDNA initiates the synthesis of cyclic GMP-AMP (¢cGAMP), which binds to

stimulator of interferon genes (STING) precipitating type I interferon expression.
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Figure 1.4 Examples of nucleic acid receptor-mediated pathways. (A) Negatively charged NANPs require a lipid
carrier for entry to cells. (B) dsSRNA detected by endosomal TLR 3 leads to type I IFN expression by the TRIF-
mediated pathway, and (C) ssRNA and ssDNA detected by endosomal TLR7 and TLR9 are assumed to produce



pro-inflammatory cytokines via the MyD88 pathway. (D) cGAS, after detecting B-DNA and hybrid NAs, produces
pro-inflammatory cytokines and type I [FNs after STING activation. (E) Pro-inflammatory NF-kB and type I I[FN
IRFs are expressed after RIG-1 detects dsRNA.
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Figure 1.5 NANP carrier, nucleic acid composition, sequence, and modifications affect receptor detection.

1) NANPs must use carriers to gain entry to cells. 2) The nucleic acid composition determines the level of IFN
response. 3) TLRs depend on ligand characteristics such as sequence, composition, and length of NANPs for
detection. 4) Modifications to NANPs can alter the stability and TLR detection. NANPs are detected by PRRs and
ultimately alter the expression of inflammatory cytokines and interferons.

RNA polymerase III transcribes AT-rich dsDNA sequences to 5’tri-phosphorylated
dsRNA, which is detected by RIG-I (Figure 1.5). RIG-I is complexed with the adapter protein
MAYVS (mitochondrial antiviral signaling) that provides energy for the phosphorylation of IRF3

(IFN regulatory transcription factor 3) and subsequent production of type I IFNs.%* Because the

10



cGAS-STING complex also activates IRF3; it too can elicit the production of type I IFNs such as
IFN-B.65 66
Specific interferon and interleukin production are dependent on the immune cell type as

each expresses distinct PRRs. Furthermore, the activation status of such cells will also dictate
PRR expression leading to variations in the threshold detection levels.* ¢” Also, endosomal TLRs
are mainly found in immune cells, while cytosolic receptors are more widely expressed and can
be found in most cells. Furthermore, plasmacytoid dendritic cells (PDCs) and B-cells express
higher levels of TLR7, while other immune cells such as monocytes, macrophages, and myeloid
dendritic cells, minimally express TLR7 but have higher levels of TLR8.# This is underscored by
the recent demonstration that PDCs produce the highest levels of IFN production amongst all
peripheral blood mononuclear cells (PBMCs) in responses to NANPs. ¢

Furthermore, endosomal and cytosolic receptors appear to have different detection
thresholds®® in that endosomal receptors can detect lower ligand concentrations than cytosolic
receptors. This is mainly due to the three-fold difference in size between endosomal and
cytosolic spaces. Hence, the target location area directly affects the concentration and should be
considered when determining pharmacodynamic and pharmacokinetic properties. Ligands, such
as NANPs, can elicit immune responses based on the abundance of expressed receptors and their
ability to recognize NANPs. Immune receptors are responsible for creating a cascade of events
that directs the production of pro-inflammatory or modulatory cytokines. Cytokines, which
encompass pro-inflammatory mediators and IFNs, are expressed by immune cells and can
initiate or modulate protective or potentially damaging host responses and are discussed in the

following sections.

11



Type I interferons (IFNs) are polypeptides expressed by pathogen-infected cells and carry out
three main functions: (i) initiate inter-cell antimicrobial states in compromised cells and in
neighboring cells, which prevent the infection of surrounding cells; (i1) alter innate immune
responses in a modulatory way that encourages the presentation of antigens and natural killer cell
functions but simultaneously hinders pro-inflammatory cytokine expression; (iii) commence the
production of antigen-specific B and T cells by activating the adaptive immune system.®

For many innate immune system cells, the primary type I IFN pathway is activated by
cytosolic receptors that recognize double-stranded RNA, such as RIG-1 and MDAS5.7% As an
example, RIG-I induced IFNs can act in an autocrine or paracrine manner to stimulate the
expression of IFN stimulating genes (ISGs), which upregulate the expression of PRRs in defense
against pathogens.”! IFN-B expression is regulated by a single gene which simplifies its
activation and makes it a reliable candidate for combinatorial studies as they are extensively
expressed and well characterized.”> 73

Cytokines are also potent regulators of inflammation. Such pro-inflammatory cytokines
include IL-1beta, IL-6, and TNF and are mainly produced by activated myeloid cells such as
macrophages. Such pro-inflammatory chemical signals are secreted by these leukocytes and
stimulate surrounding cells.”

During inflammation, interleukins modulate three essential functions: growth, differentiation,
and activation in target cells.” 7® For example, IL-6 is involved in the activation of brain cells
such as astrocytic and microglia.”” Furthermore, both of these resident brain cell types can
produce IL-6 following bacterial infection with N. meningitidis or S. aureus, or intracellular
challenge with 5’tri-phosphorylated ssSRNA.% 787 Many of the following experiments in the

present study feature the analysis of pro-inflammatory cytokine and IFN expression to determine

12



the relationship between NANP design and immunostimulatory activity as essential criteria to
advance the clinical use of TNA-NANPs for diverse and programmable drug delivery.

In short, when triggered by ligands such as nucleic acids, receptor-mediated pathways lead
to the expression of pro-inflammatory cytokines and IFN genes, modulated by ligand-specific
characteristics including length, composition, modifications, and carriers. While the exploration
of NANPs has shown promise for programmable therapeutic control, there are still hurdles to
overcome before their use clinically.

1.7 Hurdles to the therapeutic use of NANPs

Hurdles to the clinical use of NANPs include maintaining NANP stability versus nuclease
degradation, their delivery via carrier molecules, and off-target immunorecognition that can
occur once therapeutic functional groups dissociate, but such roadblocks could not be overcome
by determining the relationship of their structure with the induction of cellular responses.

The stability of TNAs is critical for their delivery and medicinal use. TNAs must maintain
their integrity when complexed with carriers and while they traverse the bloodstream before
arriving at target tissues. However, blood serum contains many enzymes that degrade foreign
material such as nucleases®’, which immediately jeopardize functional biomolecules. A prior
study has shown that DNA in the absence of protein and is less stable and is degraded faster than
DNA complexed with protein in blood serum and saliva, suggesting NANP-protein complexes
may provide serum longevity. ' Thus, efforts to hybridize RNA using complementary
biomolecules to increase TNA stability are warranted. Studies involving aptamers and split
functionality hybrids have been discussed!®- 3% 33 and some have explored RNA alone for its
stability and capacity to activate PRRs using an increased number of strands, strands of various

lengths, and 2°-OH modifications. 43 82-34
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Because RNAI activity does not require RNA oligomers to possess the conventional 2’-
hydroxy group®’, NANP modifications to specific nucleotide regions have shown increased

3,82, 84,86 and modified levels of

thermal stability along with blood serum stability
immunogenicity.>” 87-°° In one study, it was found that chemical modifications to the ribose or
nucleobase residues such as substituting 2’deoxyuridine or thymidine rather than uridine
decreased type I interferon expression in human PBMCs.% In addition, dendritic cells (DCs)
exposed to modified nucleosides on RNA exhibited a much lower cytokine response than those
challenged with unmodified RNA.%’

Apart from chemical stability, delivery mechanisms are often unpredictable and can cause
cytotoxicity or off-target effects. Some researchers have found success with immune-silent
delivery by modifying RNA®!, while others have manipulated the type of cationic or lipid-based
carrier used, such as dendrimers, amphiphilic co-polymers, and exosomes.*>"%

Bulky and negatively charged NANPs must be delivered to cells using liposomes, dendrimers,
exosomes, or inorganic carriers, which can also affect cell immune responses.?! 92939798 For
instance, NANPs complexed with cationic dendrimers elicit the expression of danger signaling
cytokines (e.g., IL-1a) rather than those associated with stress and trauma (IL-1p, IL-6, and
TNF) and DNA NANPs delivered using dendrimers have a less potent immune response via
stress-related cytokines than did RNA cubes.”?

Boloamphiphiles, enhanced with stabilizing cholesterol constituents, increase the binding
affinity, stability, and protection of siRNA cargo from nuclease activity, along with increased
transfection efficiency and delivery across the blood-brain barrier (BBB).**

In exosomes, NANPs maintained their integrity for at least 60 minutes before

degradation, and the delivery of NANPs was confirmed via fluorescent internalization into
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human breast cancer (MDA-MB-231) cells. Furthermore, RNA NANPs designed to target GFP
and complexed with exosomes elicited a marked decrease in GFP expression in MDA-MB-231-
GFP cells supporting the conservation of functionality when exosomes were used as a carrier.”
Surprisingly, the use of exosomes to deliver RNA cubes, which are known to possess potent
immunostimulatory activity, failed to elicit an immune response. This makes exosomes a
primary candidate for “stealth-like” delivery of therapeutic NANPs, but a less appropriate carrier
for uses where immune response modulation is required. Lipofectamine, a liposomal delivery
reagent, is widely used for nucleic acid transfection and delivery into many cell types for protein
expression induction, functional modification, or gene silencing, with minimal cytotoxicity.”®-!%?
As such, these results using lipofectamine bode well for its use in limiting off-target immune
system activation, enabling sustained NANP functionality in cells, and the induction of ligand-
specific receptor-mediated immune responses.

NANP size, shape, and surface characteristics enable many therapeutic applications.'??
Globular shapes are responsible for cell immune stimulation compared to planar and fiber
NANPs. %4

While NANP delivery alone is generally immunoquiescent, synergistic immune-
stimulation can occur when NANP-TNA complexes target receptor-mediated pathways in
immune cells, and some therapeutics could trigger a robust immune response that is detrimental
to the host. Clinical symptoms such as tachypnea, tachycardia, hypotension, fever, and liver or
spleen distension, to name a few, are common in deregulated inflammation due to excessive

cytokine expression,'03-108

15



For NANP-TNA advancement, it is crucial to explore how composition, orientation, shape,
and size affect immune cell recognition to understand the specific receptor-mediated pathways
that prime immune stimulation and inflammation.

1.8 Quantitative Structure-Analysis Relationship (QSAR) studies of NANP immunorecognition

Cytokine production is dependent on overall NANP structures, including shape,
orientation, and composition. Of these, composition is the most relevant to the present work.
Specifically, DNA/RNA hybrid NANPs are of great interest due to the preservation of functional
RNA and the chemical stability of DNA. To better understand this balance, immunoquiescent
DNA and immunostimulatory RNA NANPs were studied by their composition to define the
modulatory ranges of DNA and RNA cube immunorecognition.

Previous compositional studies focused on 2D polymers using DNA for the center and
surrounding strands (D), two hybrid polygons (RcD or DcR), or RNA for the center strand and
surrounding strands (R). The results report a 10- to 40-fold upregulation for IFN-3 expression

from polygons assembled with RNA compared to lipofectamine alone.
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Figure 1.6 Hybrid polygon panel from quantitative structure-activity relationship (QSAR) studies. The polygon
panel has 16 combinations, including four-strand triangles, five-strand tetragons, six-strand pentagons, and seven-
strand hexagons. Eight polygons have hybrid compositions.

Human PBMCs with silenced TLR7 expression significantly decreased IFN response
when transfected with RNA cubes and RNA rings, but not RNA fibers and DNA cubes.>® These,
and other studies, support the notion that RNA composition leads to higher immune responses to
NANPs than those composed of DNA 2 11,21, 28,37, 40,56, 109-112

Additionally, preliminary studies in PBMCs support the idea that NANP composition
determines cytokine responses to a partial panel of hybrid DNA/RNA cubes. These cubes
contain five or six RNA strands, and are regarded as immunostimulatory compared to other
NANPs based on type I IFN and inflammatory cytokine responses. Still, their activity does not
rise to the level of eliciting a potentially fatal “cytokine storm.”'!? Interestingly, IL-8 and
macrophage inflammatory protein (MIP)-1a cytokine levels did not increase with additional

17



RNA components. Together, this data illustrates the degree to which NANP immune-stimulating
properties can be controlled by mere strand composition. However, the current data do not
address the full scope of composition-dependent immunostimulatory activity that could be
achieved by the extensive library of hybrid nanocubes. Because of these apparent differences in
cytokine production based on NANP composition, exploring all possible immune system
outcomes between the two nucleic acid forms is essential.

This modular flexibility will manifest as immune regulation, thus indicating that
composition directly affects cytokine production. However, the immunostimulatory activity of
such NANPs must first be thoroughly characterized for us to predict the magnitude of cytokine

responses for future TNA use.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Hybrid cube NANP design, synthesis, and self-assembly
Computer programs NUPACK and MFold were used to ensure optimal design and

assembly of NANPs and predict optimal and suboptimal secondary structures of nucleic acid
molecules, respectively. Computational predictions of melting temperatures (Tm) were achieved
for all RNA and DNA strands using HyperFold.

All DNA starting material, including DNA cube strands, RNA cube template strands, and
primers, were purchased from Integrated DNA Technologies (IDT), Inc., Coralville, IA.
DNA template strands were amplified by polymerase chain reaction (PCR) using MyTaq™ mix
DNA polymerase (Meridian Bioscience, Cincinnati, OH), endotoxin-free water (HyClone
Laboratory, Inc., Logan, UT), and in-house buffers. Samples were annealed for 3.5 hin a
T100™ Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) with controlled cooling from 72
to 4°C.

Amplified DNA strands were purified using Quick DNA Kit reagents (Zymo Research,
Irvine, CA) and were centrifuged for 30 seconds between washes at 10,000 rpm using an
Eppendorf centrifuge 5415 D (Eppendorf, Hamburg, Germany) and evaluated using agarose gel
electrophoresis dyed with ethidium bromide (EtBr) for nucleic acid visualization.

Purified DNA was transcribed with in-vitro run-off transcription (IVT) using home-made T7
RNA polymerase, rNTPs, and other necessary reagents such as 300 mM DTT, 400 mM HEPES-
KOH, 10 mM spermidine, and 120 mM MgCl; at 37°C using a VWR™ Mini Block Heater
(VWR International, Radnor, PA) overnight. Transcription was stopped with the addition of RQ1

RNase-free DNase (Promega Bio Sciences LLC, San Luis Obispo, CA).
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Transcribed RNA and unpurified DNA strands were purified by 8M urea denaturing
polyacrylamide gel electrophoresis (PAGE) using in-house ingredients. Samples were eluted in a
buffer solution (300 mM NacCl and Tris-borate-EDTA) overnight at 4°C, and were added to a
1.5X volume of 100% ethanol and tempered to —20°C for 3.5 h. RNA and DNA sequences were
precipitated in 2.5 volumes of 100% ethanol by centrifugation (Sorvall™ Legend™ Micro 21R
Microcentrifuge, Thermo Fisher Scientific, Waltham, MA) and rinsed with 90% ethanol.

Samples were vacuum-dried using a CentriVap micro IR Vacuum Concentrator (Labconco
Corporation, Kansas City, MO), dissolved in HyClone™ Water, endotoxin-free (Thermo Fisher
Scientific, Waltham, MA). Cube strand absorbances were determined using the NanoDrop™
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA).

Hybrid cubes were assembled in one pot by combining equimolar concentrations (1 uM) of
six DNA strands for Group 1, five DNA strands and one RNA strand for Group 2, four DNA
strands and two RNA strands for Group 3, three DNA strands and three RNA strands for Group
4, two DNA strands and four RNA strands for Group 5, one DNA strand and five RNA strands
for Group 6, and six RNA strands for Group 7 in 1x TB buffer (89 mM TRIS pH 8.2, 2 mM
MgCl, and 50 mM KCI). Samples were annealed overnight at 37°C using a VWR™ Mini Block
heater (VWR International, Radnor, PA) and snap-cooled (4°C) on ice before evaluation on 8%
native PAGE at 4°C.

2.2 Cell cultures

Human microglial (hHp) adherent cells were grown using Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco®, Waltham, MA) supplemented with 5% fetal bovine serum and 1%
penicillin and streptomycin (Pen/Strep) antibiotic solution in a 5% CO> pressure-controlled

incubator (37°C). Cells were suspended in a 5% Trypsin-EDTA (Gibco®, Waltham, MA) and
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1X PBS buffer solution, plated at 5 x 10* cells per ml in a 12-well plate, and cultured overnight
to allow cell adherence and growth.

Hybrid nanocubes were complexed with lipofectamine™ 2000 (L2K) transfection
reagent in Opti-MEM™ media (Invitrogen™, Waltham, MA) and added to the cells. The cells
were incubated at 37°C for 24 h, and the cell culture supernatant was collected and stored at -
80°C for further analysis.

2.3 Cytokine secretion from hHp C20 cells

The concentration of IL-6 and INF-J in the supernatant were revealed by enzyme-linked
immunosorbent assay (ELISA) using paired reagents such as purified rat anti-human IL-6 (0.5
mg/ml) capture antibody, biotin rat anti-human IL-6 (0.5 mg/ml) detection antibody, and
recombinant human IL-6 (4000 pg/ml) standard (BD Biosciences Pharmingen™, San Diego,
California), and anti-interferon beta antibody (0.5 mg/ml) capture antibody, biotinylated IFN-f3
detection antibody (0.5 pg/ml), and recombinant human interferon-beta (2000 pg/ml) standard
(Abcam®, Cambridge, UK) following the manufacturer provided protocols.

Streptavidin-HRP (horseradish peroxidase) (R&D Systems®, Minneapolis, MN),
BioFX® TMB One Component HRP Microwell substrate (Avantor, Inc., Radnor, PA)
complexes produced a colorimetric reaction that provided a graded visual stopping point at
which sulfuric acid (H2SO4) was added. The optical density was evaluated using a Tecan
Magellan™ microplate reader (Tecan US, Inc., Morrisville, NC).

2.4 Statistics
One-way ANOVA followed by Tukey’s and Dunnett’s multiple comparisons tests were
conducted using GraphPad Prism version 8.0.0 for Windows (GraphPad Software, San Diego,

CA, www.graphpad.com). A p-value of less than 0.05 was considered statistically significant.
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CHAPTER 3. MANUFACTURE AND IMMUNOGENICITY CHARACTERIZATION OF A
PANEL OF HYBRID NANOCUBES

As previous work!9% 110114 gygoests, NANP characteristics such as composition,
orientation, and size, contribute to the specificity and magnitude of immune cell activation. For
example, the production of pro-inflammatory and immune-modulating mediators by
homogenous cells correlates to nucleic acid composition as demonstrated by prior studies in
which hybrid NANPs containing more RNA elicited higher levels of IFN and interleukin
production than those with more DNA.!% 110

Because mRNA is a flexible and functional molecule carrying sequence-specific codes
that regulate protein synthesis, it is a prime target for hijacking by pathogens. Thus, non-self
RNA is a common ligand for pathogen motif-detecting receptors in immune cells and has the
potential to serve as an immune system adjuvant, while DNA may be relatively
immunoquiescent. Hybrid cubes conserve the flexibility of RNA, maintain DNA stability, and
provide a platform to study immunostimulation and nucleic acid composition.
The study objectives in the present investigation of the relationship between NANP cube
composition and human microglial immune cell activation were as follows:

1) To optimize a one-pot assembly method to anneal cubes with various melting
temperatures.

2) Using an appropriate carrier, to transfect human microglial cells with hybrid NANP
cubes and conduct specific-capture enzyme-linked immunosorbent assays to assess
their immune responses.

3) To analyze and interpret the data, and to report statistically significant findings and

identify trends.
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A panel of 64 DNA/RNA hybrid NANP cubes (including DNA and RNA only cubes) was
assembled using a one-pot method (Figure 3.1) in which cubes were assembled using six strands
of 52 base-pair polynucleotides forming a “hollowed” cube-like scaffold made of DNA, RNA, or
both. The cubes were organized by their DNA to RNA strand ratio: (i) six DNA strands to zero
RNA strands (6D:0R) are referred to as “group 17, or “DNA cubes”; (i1) five DNA strands to
one RNA strand (5D:1R) is referred to as “group 2”; (ii1) four DNA strands to two RNA strands
(4D:2R) are “group 3”; (iv) three DNA strands and three RNA strands (3D:3R) referred to as,
“group 4”’; (v) two DNA strands and four RNA strands (2D:4R) is “group 5”; (vi) one DNA
strand with five RNA strands (1D:5R) is referred to as “group 6’; and (vii) zero DNA strands to

six RNA strands (0D:6R) are “RNA cubes” or “group 7” (Figure 3.1).
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Figure 3.1 Schematic display of a truncated panel of hybrid cubes. For this project, blue indicates DNA strands, and
red signifies RNA strands. From left to the right the groups and the number of cubes per group: group 1 (DNA cube,
n=1), group 2 (n=6), group 3 (n=15), group 4 (n=20), group 5 (n=15), group 6 (n=6), group 7 (RNA cube, n=1).

Each cube was assembled using equimolar amounts of six out of twelve possible
monomer strands such as “A” strand DNA named “dA-dF” for DNA strands and “rA-rF” for
RNA strands; cubes were ultimately evaluated by the distance traveled, during gel
electrophoresis using a non-denaturing gel, compared to cubes that were verified by electron
microscopy. Figure 3.3 illustrates the verification process in which all cubes were analyzed
against verified DNA and RNA cubes, left-most and right-most wells, respectively. Cubes with a
single bold band in the appropriate region on the gel are considered assembled, while gel lanes
with “streaks” or multiple bands indicate non-homogenous cube assemblies composed of five or

fewer strands of nucleic acid (Figure 3.3).
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Once verified, hybrid cubes were transfected into human microglial cells using
lipofectamine as a carrier. The negatively charged phosphate backbone of the cube strands
prevents passive entrance across the lipid bilayer to mammalian cells. A schematic describing the

manufacture and cellular introduction of these cubes is shown in Figure 3.2.

DNA Amplification Transcription Nucleic Acikd Quantification

A

) Nowwe PAGE
B
A

ceeeee

Figure 3.2 Schematic of hybrid cube manufacture and cellular introduction and evaluation. 1) DNA was amplified
using polymerase chain reaction (PCR) and 2) transcribed in-vitro at 37°C. 3) Nucleic acids were quantified via
spectrophotometry to ensure equimolar assembly ratios, and 4) purified strands were assembled in a one-pot method
overnight (37°C). 5) NANP assemblies were verified using 8% Native PAGE and 6) transfected into cultured hHp
cells with lipofectamine (L2K) as a carrier. 7) Sample supernatant was removed in cell culture and assessed for IL-6
and IFN-B cytokine production using capture-specific ELISAs. 8) Optical density was determined using cytokine
levels for respective ELISAs. 9) Data was analyzed using GraphPad Prism software.

Human microglial cells were used in these studies as they are myeloid sentinel cells of
the central nervous system and express an array of PRRs that can detect single-stranded and

double-stranded exogenous nucleic acids, such as NANPs, and elicit immune responses via
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signaling pathways that include the MyD88 pathway.''> Common immune system pathways lead
to the production of IFN-f, a type I interferon and interleukin 6 (IL-6), a key pro-inflammatory
cytokine, and hybrid cube NANPs contain many ligand characteristics for upstream PRRs that
initiate the production of IFN-f and IL-6 and that are abundantly expressed in human microglial
cells. After hybrid cube transfection and cell collection, hybrid cube immune responses were
analyzed by IL-6 and IFN-J specific capture ELISAs.

Previous studies showed hybrid polygons (Figure 1.6) elicit more IFN than both DNA
and RNA polygons; thus, it was expected that DNA/RNA hybrid cubes would have higher levels
of IFN-B, compared to RNA and DNA cubes, and RNA only cubes would elicit the highest

levels of IL-6 production compared to all samples.
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CHAPTER 4. RESULTS AND DISCUSSION
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Figure 4.1 Hybrid cubes assembly verification on 8% non-denaturing gels. Ethidium Bromide staining provided a
UV shadow for visualization. DNA and RNA strands “A-F” are listed in blue for DNA and red for RNA. Un-
assembled cubes will have more than one band and will lack a predominant band at the appropriate distance from
the wells located at the top of the gel.
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Figure 4.2 Microglial immune mediator release in response to NANPs. Human microglia cell lines were transfected

with cubes using Lipofectamine 2000 (L2K) at a final concentration of 5 x 10" M. After 24-hour transfection,
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supernatants were collected, and A) IL-6 and B) IFN-f induction levels from each cube C were compared against all
controls and compared against each cube. Cytokine precursor expression in human microglial cells is measured in
ng/ml. One way ANOVA and Dunnett tests compared cubes to “control,” “L2K”, and against all other cubes. One-
way ANOVA and Tukey tests compared each cube to other cubes. Statistically significant results were found for
select cubes compared to L2K, C1, and C2. Pictured, are the results normalized to the transfection reagent only
control (L2K) presented as the mean + SEM. Listed here and in the figure legend, there are 3 forms of statistically
significant results: * = significantly different from L2K (p-value < 0.05), = significantly different from C1 (p-
value < 0.05), = significantly different from C2 (p-value < 0.05).
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Figure 4.3 Heatmap comparison of IL-6 production between the hybrid cube panel and the L2K carrier control.
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A) Average mean distance between hybrid cube-ratio groups and the L2K control. B) Average mean distance
between hybrid cubes and the L2K control. Redder blocks indicate a significant difference in IL-6 production
compared to the L2K control group, and greener blocks indicate IL-6 similar output compared to the L2K control
group.
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Figure 4.4 Heatmap comparison of IFN-f production between the hybrid cube panel and the L2K carrier control.
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A) Average mean distance between hybrid cube-ratio groups and the L2K control. B) Average mean distance
between hybrid cubes and the L2K control. The reddest blocks indicate a significant difference in IFN-3 production
compared to the L2K control group, and greener blocks show IFN-f similar output compared to the L2K control

group.

Select hybrid cubes composed of three DNA and three RNA strands were found to
produce statistically significant levels of IL-6 when compared to the L2K control (Figure 3.4).
Due to the need for L2K to introduce the NANPs intracellularly, it was logical to compare the
NANP-induced responses to the L2K-only treated control cells to assess their
immunostimulatory activity. Hybrid cubes responsible for IL-6 production that were
significantly different from cells transfected with the L2K control were only found in the three-
to-three ratio group, and over 50 percent of that same group had statistically significant [L-6
levels when compared to cells transfected with L2K alone by one-way ANOVA, (p<0.05).

The increased levels of IFN production from cells transfected with C43, composed of two
DNA strands and four RNA strands, were consistent with previous results that showed increased
RNA composition positively correlates with IFN yield. However, in a multiple comparison
analysis, C43 produced higher IFN levels than C64 and showed significantly more robust IFN-f3
production when compared to C1 and C2 (p<0.05). Further studies will be required to determine
whether the immunomodulatory properties of C43 differ significantly from those of c64 and
other cube compositions.

C42 and C43 from group 5 (2D:4R) and C64 (group 7) produced significantly higher
levels of IFN-3 compared to the group 1 DNA cube. The ability of these group 5 cubes and C64
(1D:5R) to produce significantly higher amounts of IFN- was anticipated because C1 consists
of only DNA strands. Additionally, when all cubes were compared to C2, C43 produced
significantly higher levels of IFN-p, likely due to the increased RNA composition of C43 relative

to C2, which only contains one RNA strand and five DNA strands.
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For IL-6, human microglial cells transfected with group 4 hybrid cubes produced the
highest levels compared to all other groups, and more than 50% of the four-stranded RNA and
two-stranded DNA assemblies elicited statistically elevated levels of IL-6 when compared to
L2K only treated cells as determined by Dunnett multiple comparison analysis.

Despite the expected positive correlation between RNA composition and cytokine
production, hybrid cubes with three RNA strands produced the highest average of IL-6
production compared to the other NANPs, including those with more RNA strands. However,
further studies will be required to determine whether RNA cubes are less immunostimulatory
than hybrid cubes with fewer RNA components.

Hybrid cubes composed mainly of DNA failed to elicit statistically significant IL-6
responses compared to controls or other cubes compositions. Thus, such compositions may be
well suited for use when immunoquiescence is desired.

While not statistically significant, hybrid DNA and RNA cubes with at least two RNA
components averaged more IL-6 production than those composed of RNA or DNA cubes alone,
and group 4 hybrid cubes with equal amounts of DNA and RNA strands jointly induced the
highest IL-6 levels among the other hybrid groups. While the reason for these findings is
presently unclear, it is possible that hybrid-specific nucleic acid receptors exist in microglia and
that their engagement precipitates higher immune mediator production.

Moreover, reciprocal hybrid cubes (identical strand orientation, but inverse composition) C22
and C43, C23 and C42, and C32 and C33 induce statistically significant [IFN-3 production
compared to L2K, and, despite different RNA ratios, there was no significant difference between
cubes. These data suggest that DNA and RNA composition differences may be less significant

than previously projected for IFN-f§ production.
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The results from the present study will direct future studies that will expand our knowledge
of the receptor-specific ligand characteristics that underlie cellular responses to NANPs and will
determine the relative importance of each PRR type in the production of pro-inflammatory and

immunomodulatory proteins by mammalian cells in response to these novel delivery agents.
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CHAPTER 5. CONCLUSIONS

The present study found correlations between group 4 hybrid cube NANPs and IL-6
production, suggesting that hybrid cube NANPs that contain three RNA and three DNA strands
elicit higher levels of pro-inflammatory molecules relative to other DNA and RNA cubes when
compared to L2K controls. The cube NANPs that elicited the highest levels of IL-6 when
compared to the transfection reagent alone were in the 3D:3R DNA to RNA group (Figure 3.4).
A possible explanation for this finding may lie in the number of hybrid duplex edges within each
hybrid ratio group. An example of this is seen in the 3D:3R hybrid cubes, in which some cubes
have three DNA duplexes, three RNA duplexes, and six hybrid duplexes, or two DNA duplexes,
two RNA duplexes, and eight hybrid duplexes.

Microglial possess at least two receptors for dSRNA, TLR 3 and RIG-I. Furthermore,
cGAS can recognize the DNA/RNA hybrid cube sides. When one considers the PRRs that can
detect foreign nucleic acids, such as these nanocubes, it is logical that those possessing more
varied ligands that can be detected will elicit a greater response. For instance, the cGAS
cytosolic receptor recognizes RNA and DNA duplexes. Thus, cGAS activation may elicit a
different cytokine response than that induced by those that detect only DNA or RNA of a hybrid
NANP. This could explain why RNA-only NANPs elicit lower responses than hybrid cubes.

In the present study, nanocubes composed of both DNA and RNA strands cause hHp
microglial cells to express higher cytokine levels than those made of DNA or RNA only, but it
should be noted that, while IFN-f production appears to correlate well with RNA composition,
IL-6 responses showed less sensitivity to NANP composition. It is, therefore, apparent that,

while hybrid nanoparticles are a promising way to alter the expression of pro-inflammatory and
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modulatory immune molecules, a significant knowledge gap remains in our understanding of the
effects of DNA and RNA composition on NANP immunostimulatory activity.

The present analysis of a 64-cube hybrid NANP panel provides evidence that such
NANPs can serve as ligands for multiple PRRs, with specific conformations eliciting statistically
significant cytokine responses compared to controls. However, there is much more to learn about
NANP characteristics that determine immune cell response, and determining the receptor-

specific mechanisms that underlie their detection remains of critical importance.
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APPENDIX A

A.1 DNA cube sequences, A-F

DNA

Sequence (5°—3”)

GGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTCTCCCACACTTTCACG

GGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCTACGATTACTTTGGTC

GGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGCGGATTGTATTTTAGG

GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC

GGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGTAATCGTAGTTTGTGT

o) Ol Q) W) >

GGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGCAGAAGGTCTTTCCGA

A.2 RNA cube sequences, A-F

RNA

Sequence (5°—3’)

GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACG

GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUC

GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGG

GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC

GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGU

| | Il O @] >

GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGA

A.3 A hybrid panel chart lists the properties for each cube organized by cube number and mixed ratio groups. Light
red cells within the table represent samples with statistically significant IL-6 values compared to controls (p<0.05).
Dark red cells located on the outer edges of the table indicate cubes that elicited statistically significant IFN-f levels
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compared to controls (p<0.05).
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