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ABSTRACT

YELIXZA IDALYSS AVILA. Exploring Carrier Impact on Immune Response to Nucleic Acid
Nanoparticles and Providing Insights into Conditionally Activated Therapeutic Nucleic Acids.

(Under the direction of DR. KIRILL AFONIN)

In this work, the in vitro characterization profiles of delivery vehicles, specifically
polyamidoamine (PAMAM) dendrimers, are assessed to investigate their impact on pre-established
immune responses to immunostimulatory and immunoquiescent nucleic acid nanoparticles (NANPS).
Isolated human peripheral blood mononuclear cells (PBMCs) were used as the universal model
system for these investigations, providing a detailed understanding of the impact delivery vehicles
play on NANP recognition. Additionally, to further identify mechanisms of immune recognition of
these novel formulations, several engineered reporter cell lines were employed to understand the

involvement of pattern recognition receptors relevant to nucleic acid detections in human cells.

Furthermore, we explore the design and in vitro assessment of conditionally activated
reconfigurable nucleic acid nanoparticles (recNANPSs). By further investigating dynamic recNANPs
and their interactions with delivery vehicles and the immune system, we aim to gain deeper insights
into these systems. This innovative platform will enable the development of refined design principles
for therapeutic systems incorporating NANPs, allowing for the creation of more precise and

optimized options.
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1 CHAPTER 1: INTRODUCTION

The field of nucleic acid nanotechnology is rapidly expanding, promising profound implications across a
spectrum of applications, encompassing biological and computational fields*“. Nucleic acids are a set of
biological materials that possess inherent versatility, rendering them indispensable in a diverse range of
applications. As such, the field of nucleic acid nanotechnology is endeavoring to capitalize on the
functional and structural characteristics of nucleic acids to harness and unlock the potential of these

natural biopolymers®®,

1.1. EXPLORING THERAPEUTIC POTENTIAL: NUCLEIC ACID NANOTECHNOLOGY IN

BIOMEDICINE

Nanotechnologies are being explored across various biomedical domains such as diagnostics,
therapeutics, immunotherapies, and vaccine development. Various subclasses of nanoscale technologies
are under development for therapeutic interventions, including metallic nanoparticles, polymeric
nanoparticles, and biologically inspired nanoparticles®*2. Their integration as novel therapeutics is
attributed to the unique phenomena that occur at the nanoscale, ensuring a high payload when utilizing
nanomaterials!® Applicable treatment avenues include cancer therapeutics, immune-oncology, antibiotics,

vaccines, cardiovascular disease, imaging, and diagnostics. (Figure 1).
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Figure 1. Therapeutic landscape of nanomedicines. Nanomedicines are being explored for various therapeutic fields, including
chemotherapy, immunotherapy, nucleic acid therapy, radiation therapy, photothermal therapies, and postoperative treatments®®.



Nucleic acid nanoparticles (NANPS) represent a promising frontier in biomedical research, owing to their
biocompatibility and customizable attributes derived from the programmability of nucleic acids and their
sequences. This programmability enables precise control over the structure and function of NANPs,

making them highly adaptable for various biomedical applications® 1>,

The chemical structure of nucleic acids -— Sugar-phosphate Rase pairs Sugar-phosphate
backbone bé backbone
deoxyribose and ribonucleic acids - is categorized 5 o 3
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vehicles. For example, the 2’-hydroxyl group iS Figure 2. Structure and connectivity of nucleic acids (made
in Biorender).

polar and contributes to RNA’s reactivity being

higher than that of DNA. Furthermore, these 2’-hydroxyl groups also contribute to the orientation of

RNA, resulting in a different helical structure than DNA. The different shape and twist of the helical

structure impacts the secondary structure of RNA.

Nucleic acid nanoparticles take shape from the exploitation of naturally occurring building materials
found in cells, the nucleotides. Wherein each nucleotide has a cognate pair that it builds a bond that is
complimentary, and if we combine such nucleotides in a sequence that form through phosphate linkages
in the backbone of the nucleotide. Then in turn, we design a sequence of base pairs that naturally prefer

specific orientations depending on the order of the sequence. Furthermore, studies have shown that there



are naturally occurring structural moieties that correspond to the sequences and can be replicated in the
lab!8-2t, As such, nucleic acid nanoparticles are programmed to utilize specific structural components to

make intentional scaffolds?-26,

Different therapeutic applications that harness the use of nucleic acid nanoparticles include RNA
interference, gene therapy, antisense oligonucleotide (ASO) therapy, mRNA delivery, and CRISPR/Cas9
systems. Each system listed utilizes and targets the machinery found in cells to enforce and carry out the
intended result. An example of cellular machinery that can be harnessed through nucleic acid
nanotechnology is RNA interference (RNAI). RNAI is a naturally cellular mechanism that results in the
down regulation of a targeted protein, and it is being harbored by scientists for the development of
therapeutic approaches and platforms?’%°. The mechanism calls for the use of an activating modality
referred to as short interfering RNA (siRNA) that is complimentary to the protein of interest that will then
get processed by the RNA induced silencing complex (RISC), resulting in down regulation of the protein.
Since the discovery of this mechanism, great strides have been taken in utilizing the process to develop
clinical level siRNAs. As such there have been a total of four clinically approved siRNA platforms since
2018: Onpattros®, Givosiran®, Lumasiran®, and Inclisiran®. Although the previously listed platforms are
all composed of nucleic acids, the ways in which they enact their therapeutic functions are unique.
Researchers can design and incorporate these functions into nucleic acid nanoparticle scaffolds to target

different mechanistic pathways contributing to diseased states.

1.2. IDENTIFYING CHALLENGES AND OPPORTUNITIES: BRIDGING THE GAP IN NUCLEIC

ACID THERAPIES AND TECHNOLOGIES

Some of the primary challenges associated with nucleic acid therapies stem from their limited ability to
enter cells without a delivery vehicle, resulting in off-target effects and the potential for immune system

activation upon introduction into biological systems? 3 3¢,



Furthermore, achieving efficient and targeted delivery of nanoparticles is hindered by the need to
overcome biological barriers such as the cellular membrane®-*°, Optimization of specificity is essential to
minimize undesired effects in off-target cells or tissues. Moreover, nucleic acids can elicit immune
responses in the body, potentially leading to side effects such as inflammation or reduced effectiveness.

Addressing these challenges is critical for enhancing the safety and efficacy of nucleic acid therapies.

1.3. NAVIGATING DELIVERY CHALLENGES: STRATEGIES FOR EFFICIENT NUCLEIC ACID

NANOPARTICLE TRANSPORT INTO CELLS

The field of nucleic acid nanoparticle delivery represents a critical area of research due to the pressing
need for effective solutions to enable the utilization of these platforms. Delivery systems encompass a
diverse range of carriers, including polymeric, inorganic, lipid, and viral vectors (Figure 3). Researchers
often engineer hybrid particles that integrate multiple strategies to create efficient and multifunctional

platforms38 41-51,
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Figure 3. Delivery Vehicle/carrier candidates for nucleic acids and their desired properties.

The literature underscores the multifaceted nature of factors influencing the biological fate of
nanoparticles. Effective delivery vehicles must prioritize biocompatibility, ensuring efficient particle
delivery characterized by high carrying capacity and stability pre- and post-conjugation or complexation
with nucleic acid counterparts. Moreover, delivery systems should minimize immune responses while
facilitating targeted delivery of therapeutic nucleic acids. Size, charge, and morphology emerge as critical
determinants impacting nanoparticle cellular uptake, emphasizing the need to carefully consider these

attributes to optimize the performance and efficacy of nucleic acid nanoparticle delivery systems3® 40 43. 46.

51-58



1.4. MITIGATING UNINTENDED CONSEQUENCES: UNDERSTANDING OFF-TARGET EFFECTS

IN NUCLEIC ACID THERAPIES

Off-target effects are a significant concern in the use of therapeutic nucleic acids, referring to unintended
consequences resulting from their introduction. These effects may occur if the therapeutic is delivered
into unintended cells, exhibits toxicity, disrupts natural signaling pathways, or activates unintended
biological mechanisms, potentially leading to adverse outcomes. To address these challenges, researchers
employ various strategies such as optimizing delivery systems to enhance targeting specificity, designing
nucleic acid sequences with improved selectivity, and utilizing advanced screening methods to identify
potential off-target interactions early in the development process. Despite these efforts, off-target effects
remain a complex and multifaceted issue, highlighting the ongoing need for rigorous investigation and

refinement of nucleic acid therapeutics to ensure their safety and efficacy in clinical applications.

1.5. UNDERSTANDING THE IMMUNOLOGICAL LANDSCAPE: IMMUNE RECOGNITION OF

NUCLEIC ACID NANOPARTICLES

The immune response to nucleic acid nanoparticles is an ongoing area of investigation, crucial for
understanding the immune response elicited by therapeutic nucleic acids and their delivery vehicles.
Activation of the immune system in response to foreign substances presents significant implications for
therapeutic efficacy and patient safety. The immune system has evolved to respond to specific danger or
pathogenic molecular patterns, termed pathogen or danger-associated molecular patterns (PAMPs or
DAMPs)®. By pattern recognition receptors (PRRs), activation by foreign nucleic acids can trigger
interferon responses and the release of proinflammatory cytokines, potentially leading to inflammatory

reactions and adverse effects (Figure 4).

Immunotoxicity remains a significant consideration in the development of nucleic acid therapeutics,

especially as researchers continue to explore new delivery systems and formulations.



However, it's important to recognize that advancements in the field have led to the development of more
sophisticated delivery strategies and better understanding of immune responses to nucleic acids. While
immunotoxicity remains a consideration, researchers are actively working to mitigate these risks through
improved design of nucleic acid therapeutics, such as the use of modified nucleic acid sequences, targeted

delivery systems, and immune evasion strategies.

Managing immunogenicity is paramount in optimizing the biocompatibility and therapeutic potential of
nucleic acid nanoparticles. Ongoing research endeavors focus on developing strategies to mitigate
immunogenic  responses, such as modifying nanoparticle formulations or incorporating
immunomodulatory agents, to enhance the safety and efficacy of nucleic acid-based therapeutics. As the
field progresses, continuous efforts in understanding the immune response to nucleic acid nanoparticles

and refining delivery approaches will be crucial for realizing their full therapeutic potential.
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Figure 4. lllustration depicting the activation of immune outputs after recognition of a pathogen (made in Biorender).

As previously mentioned, pattern recognition receptors (PRRs) are types of receptors that recognize
specific molecular structures on the surface of pathogens. PRRs are responsible for the production of
nonspecific anti-infection, antitumor, and other immunoprotective responses®. Upon recognition of
specific ligands, PRRs will initiate downstream signaling pathways to enact their immunological effects.
Immunological effects come in the form of recruiting and releasing cytokines, hormones, chemokines,
growth factors, and result in the induction of inflammation, formation of an inflammatory

microenvironment, and initiation of immune Kkilling®:. Interestingly, PRRs are widely distributed



throughout intracellular compartments, endosomal membranes, in the cytoplasm, and the cell

membrane®? 63,

Toll like receptors (TLRs) are one of the earliest discovered PRRs of innate immune system and are
shown to play a significant role in inflammatory response. TLRs are comprised of three main regions —
extracellular, transmembrane, and intracellular®. Each region is responsible for different functions in
relation to recognition and resulting immune response. The extracellular region of the receptors contains
leucine-rich repeats that contribute to the recognition of the specific ligands, the intracellular regions
contribute signal transduction by binding to different receptor proteins in the cytoplasm®. The
corresponding signal transduction amplifies anti-pathogen infection by the transcription of genes that

produce and secrete a variety of pro-inflammatory and antiviral factors.

Notably, another PRR, RIG-I-like receptors (RLRs), are intracellular and cytoplasmic, responsible for the
recognition and response to viral nucleic acids to activate an antiviral response. RIG-1 mediates an

antiviral response to double stranded RNA, as well as to 5°-triphophate RNA of viruses®.

Peripheral blood mononuclear cells (PBMCs) serve as pivotal components of the immune system, playing
a crucial role in alerting the body to potential threats. Comprising various cell populations such as
lymphocytes, monocytes, natural killer cells, dendritic cells, neutrophils, basophils, and eosinophils,
PBMCs are obtained from blood samples and offer a comprehensive view of the body's immune response.
Upon activation, PBMCs produce cytokines, which can be analyzed using enzyme-linked immunosorbent
assay (ELISA) to generate an immunological profile. Leveraging PBMCs as a model provides several

advantages, including easy accessibility via blood samples.

Numerous studies have utilized PBMCs to investigate the immune responses elicited by nucleic acid
nanoparticles (NANPS). This wealth of research has laid the foundation for the development of predictive
tools employing artificial intelligence, which can anticipate cytokine and chemokine production based on

the sequences of nucleic acid structures!” 24 26.3%. 677 pBMCs offer valuable insights into the type of



immune response induced upon transfection or treatment with NANP/carrier complexes, as illustrated in

Figure 5.
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Figure 5. PBMCs > treatment - cytokines produced and released = immune response data (made in Biorender).

Cytokines and chemokines are the output signals that are responsible for pro-inflammatory responses by
the immune system and are a result of activation by PAMPs and DAMPs (Figure 5). Chemokines are a
part of the immune surveillance system in place by the immune system. Interferons are released in
response to pathogens and tumor cells. Interferons (IFNs) are grouped into three main groups — Type |
(IFN-a, IFN-R), type 1l (IFN- vy), and type Il (IFN-A). Type | IFNs are biomarkers that get released to
interfere with viral replication and are expressed in response to microbial products™. Type Il IFNs are
also involved in the action of killing pathogens. Interleukins promote inflammation and an increase in

body temperature to inhibit the proliferation and growth of pathogens”.

1.6. ADVANCING NUCLEIC ACID THERAPEUTICS: STRATEGIES FOR ENHANCED PRECISION,

EFFICACY, AND OVERCOMING CHALLENGES

The work presented here investigates the feasibility of influencing biological responses, including
immune reactions, and uptake into cells, by modifying the nanoparticle carriers used for nucleic acid
nanoparticles. By tailoring the physicochemical properties of carriers (size, shape, and charge), we seek to
understand their influence on the modulation of their interaction with the immune system, potentially
attenuating or augmenting immune responses as desired. Furthermore, therapeutic specificity with our

nucleic acid nanoparticles was endeavored by engineering nanoparticles with dynamic reconfiguration



capabilities. This approach aims to introduce conditional activation to the therapeutic platform,
introducing specific targeting mechanisms. The goal of this work was to increase the precision and

efficacy in therapeutic delivery, paving the way for more effective biomedical applications.

The following works aim to expand on the themes introduced in the preceding sections, addressing key
aspects such as delivery and specificity. Through in-depth exploration and analysis, these works will
contribute to a comprehensive understanding of the impact of delivery vehicles and application of

conditionally activated nucleic acid nanoparticles.

Chapter Two explores the use of two different carriers for nucleic acid nanoparticles and investigates their
impact on nanoparticle uptake into cells, as well as their influence on immune responses using human
peripheral blood mononuclear cells. The carriers examined in this section include NH2-terminated
polyamidoamine dendrimers and lipofectamine 2000. Polyamidoamine dendrimers are cationic,
hyperbranched polymeric nanoparticles, while lipofectamine 2000 is a lipid nanoparticle commonly

employed for nucleic acid transfection into cells.

This research significantly contributes to the field by elucidating the differential effects of carrier type on
immune responses to nucleic acid nanoparticles, which had been previously characterized for their
immune recognition properties. Our findings reveal distinct immunological responses when employing
dendrimers as carriers compared to lipofectamine 2000. These observations highlight the importance of
carrier selection in modulating immune responses to nucleic acid nanoparticles and underscore the

potential impact of carrier properties on therapeutic outcomes.

Chapter Three further investigates and expands upon the research presented in Chapter Two by
incorporating additional generations of dendrimers to elucidate their impact on immune responses to
cubic nucleic acid nanoparticles. The study systematically varies the size, shape, and charge of carriers
across dendrimer generations three through seven, spanning sizes from 2 to 100 nm. Notably, the research

reveals that higher generations of dendrimers appear to suppress immune responses to nucleic acid
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nanoparticles, suggesting a potential mechanism for immune evasion. These findings shed light on the
complex interplay between carrier characteristics and immune responses, offering insights into strategies

for optimizing nanoparticle design in biomedical applications.

By demonstrating the influence of carrier type and generation on immune responses, this study provides
valuable insights into the design and optimization of nanoparticle-based therapeutics. Understanding how
carrier characteristics affect immune interactions is critical for enhancing the efficacy and safety of
nucleic acid nanoparticle delivery systems. Moving forward, further investigation into the underlying
mechanisms driving these differential immune responses will be essential for advancing the development

of targeted and immunocompatible nanoparticle therapies.

Chapter Four presents the design and validation of a novel modular hybrid nucleic acid nanoparticle
(NANP) for conditional activation, aimed at precise therapeutic targeting. This four-component particle
incorporates a molecular beacon (MB) that specifically recognizes an oncogenic mutation, serving as the
recognition step. Upon recognition of the target mutation, a conformational change is triggered, leading to
the release of the therapeutic component, dicer substrate (DS) RNAs, facilitating the therapeutic step.
Specifically, our construct targets mutated KRAS oncogenes in pancreatic cancer cells, enabling selective

activation in diseased states.

Our study demonstrates the efficacy of our NANP in downregulating Survivin, an inhibitor of apoptosis,
associated with cancer cell survival. Moreover, our modular design allows for customization with
different triggers, targets, and therapeutic moieties, rendering the NANP versatile and adaptable to diverse
therapeutic applications. For instance, by extending the molecular beacon, multiple DS RNAs targeting
distinct cellular mechanisms can be incorporated, enhancing the therapeutic potential against various

diseases.

Chapter Five concludes with a discussion of the overarching findings and implications of the research

presented in the thesis. The discussion synthesizes the key insights obtained from the work presented,
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providing a comprehensive understanding of the influence of carrier characteristics on immune responses
to nucleic acid nanoparticles. Moreover, the discussion explores potential avenues for future research and
the translational potential of the findings for developing targeted and immunocompatible nanoparticle-
based therapies. By summarizing the main findings and their broader implications, Chapter Five offers

valuable insights for researchers and practitioners in the field of nucleic acid nanotechnology.
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2 CHAPTER 2: INDUCTION OF CYTOKINES BY NUCLEIC ACID NANOPARTICLES

(NANPS) DEPENDS ON THE TYPE OF DELIVERY CARRIER

2.1. INTRODUCTION

The field of RNA and DNA nanotechnology is rapidly growing. In the past decade, researchers have
established various approaches to synthesize RNA and DNA nanoassemblies of different sizes, shapes,
and compositions and generated proof-of-concept data intended for the use of these materials in biology
and medicine 242 >3 7682 A growing library of nucleic acid nanoparticles (NANPS), the design of which
takes advantage of natural RNA (and DNA) motifs and canonical Watson—Crick base pairings, have been
demonstrated to assemble into precise nanoscaffolds exemplified by hexagonal rings®, various
polygons®, and fibrous structures®, to name a few*. A variety of NANPs are now being investigated for
broad applications in detection and diagnostics®®®, targeting specific disease sites®®, and as therapeutic
approaches®® %92 for various illnesses. As the technology approaches the stage of preclinical development
and clinical translations, many researchers in the field have consolidated their efforts to overcome
translational gaps and accelerate the transition of DNA and RNA nanoassemblies from bench to clinic® *”-
939 Among these efforts is the understanding of the immunological properties of NANPs as a new class

of therapeutic nucleic acids.

Our group has recently reported that biomarkers for NANP immunorecognition are type | and type 11
interferons (IFNs), which are produced by human primary blood cells only after NANPs are delivered
with a widely used lipid-based carrier (Lipofectamine 2000 or L2K); otherwise, without a delivery agent,
NANPs are not efficiently internalized and do not induce an IFN response®. Among other structure—
activity relationships, we demonstrated that the IFN-inducing capability of NANPs depends on their
composition (RNA-based NANPs are more potent than their DNA counterparts), shape (globular
structures are more potent than planar particles, which in turn are more potent than fibrous NANPs), and

size®. This relationship is well-exemplified by DNA and RNA cubes, which are both six-stranded 3D
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NANPs similar in size, shape, and sequence. While both DNA and RNA cubes have been demonstrated to
serve as nanoscaffolds for carrying therapeutic nucleic acids into cells, the difference in their DNA versus
RNA composition has been shown to yield greater IFN induction for RNA cubes when compared to their
DNA analogs®”. The most remarkable finding of our earlier studies was that despite general knowledge
regarding the involvement of toll-like receptors (TLRs) in the recognition of DNA and RNA, TLR7,
known as a receptor for single-stranded RNA, played a key role in the immune recognition of both DNA
and RNA cubes. Altogether, the results of our studies allowed us to hypothesize that both the quality (i.e.,
the repertoire of cytokines) and quantity (i.e., the magnitude of the cytokine response) of the immune
response to NANPs can be manipulated not only by changing NANPs’ physicochemical properties and

composition, but also by using different types of carriers 74,

As a candidate for such a delivery platform, polyamidoamine (PAMAM) dendrimers are cationic,
hyperbranched, globular structures. Amine-terminated PAMAM dendrimers, like the ones used in this
study, have been proposed as an effective delivery platform for gene therapy by complexation with
siRNAs, biological molecules, and drugs*- 4+ 49 98100 Dijfferent generations of the PAMAM dendrimers
have been shown to successfully carry nucleic acids such as plasmids, siRNAs, and miRNAs into
different cancer cell lines!?*-% Once inside the cells, the siRNAs were able to activate RNA interference
and silence their specific target mMRNAs in both in vitro and in vivo proof-of-concept models*®. The
dendrimer—nucleic acid complexes form through electrostatic interactions between the positively charged
amine group terminals of the dendrimers and the negatively charged phosphate groups of the nucleic

acids®4,

Herein, we present the results confirming the hypothesis that immunostimulation by NANPs can also be
manipulated by the type of carrier. Specifically, we compared the cytokine induction by DNA and RNA
cubes delivered to human peripheral blood mononuclear cells (PBMCs) using either L2K (the carrier used
in our previous studies) or generation 5 amine-terminated (G5-NH2) polyamidoamine (PAMAM)

dendrimers. The results of DNA and RNA cubes’ physicochemical characterization, complexation with
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G5-NH2 PAMAM dendrimers, resistance to nucleases, and delivery to cancer cells and PBMCs are also

presented.
2.2. RESULTS
2.2.1. Physicochemical Characterization of Dendrimers

Hydrodynamic sizes were measured by dynamic light scattering (DLS) for the dendrimer as is (no
filtering) and after filtration through a 0.02 pm filter. The intensity, volume distribution, and zeta potential
plots are shown in Figure 6 and summarized in Table 1. Before filtration, several peaks are observed in
the intensity-weighted distribution plot (Figure 6A), with the most dominant size population being ~7 nm,
as determined by the volume-weighted distribution plot (Figure 6B). After filtration, these larger size
populations (consisting of aggregates) are removed and a monomodal size distribution centered at 7 nm

(Int-Peak) is observed.

Native pH=10.5
——— Before filtering C Adjusted pH= 7.4
A After filtering (0.02 ym) ota Poorial Detrbuton

Figure 6. Physicochemical characterization of the G5-NH2 PAMAM dendrimers. The averaged intensity (A) and volume (B)
distribution plots as measured by dynamic light scattering and the averaged zeta potential distribution (C). The hydrodynamic
size was measured before and after filtration through a 0.02 um filter. Zeta potential was measured both at its native pH and after
adjustment to neutrality.

Table 1. Summary of the hydrodynamic diameters for G5-NH2 PAMAM dendrimers.

Sample Z-Avg, nm PdI Int-Peak, nm  %Int Vol-Peak, nm %Vol
Before filtering 30.4 + 11.0  0.759 + 0.188 156.5 + 11.4 59.7 £2.05.7 0.1 1000
After filtering 6.3 +0.1 0.143 +0.022 7.0 £ 0.1 99.1 +1.15.1+0.1 1000
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The zeta potential distributions for the dendrimer are shown in Figure 6C and summarized in Table 2.
Zeta potential was measured both at its native pH and after adjustment to neutrality (Figure 6C). At its
native pH (10.5), the dendrimer is neutral (+4.6 mV) due to the surface primary amines existing as NH2.
Note, zeta potentials from —10 to +10 mV are generally considered neutral. The zeta potential becomes
highly cationic (+48.2 mV) after pH adjustment to 7.4 as the surface primary amines are protonated and

exist as NH3+.

Table 2. Summary of the zeta potentials for G5-NH2 PAMAM dendrimers.

Sample pH ZP, mV
G5-NH: 10.5 (Native) +4.6+0.9
G5-NH: 74 +48.2+3.4

2.2.1. NANP Synthesis and Characterization

To demonstrate the ability of G5-NH2 dendrimers to serve as a carrier of NANPs, representative DNA
and RNA cubic NANPs were chosen as a proof of concept for all experiments. These NANPs have been
previously characterized and have been demonstrated to be delivered into cells using a variety of delivery
platforms. While both exhibit the same globular shape and relative size, their difference in composition in
terms of being made of either DNA or RNA makes for a noticeable divergence in their
immunostimulation, with RNA cubes serving as potent stimulators of IFNs. DNA and RNA cubes were
assembled in endotoxin-free conditions and were visualized via non-denaturing polyacrylamide gel
electrophoresis (native-PAGE) to verify their assembly and additionally visualized via atomic force

microscopy (AFM) to ensure sample uniformity (Figure 7).

DNA Cube

ad -

0 01 02 03 04 05 0 01 02 03 04 05
Image dimensions (um) Image dimensions (um)

Figure 7. DNA and RNA cube characterization. 3D models, native-PAGE results, and representative AFM images of (A)
DNA cubes and (B) RNA cubes.
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2.2.3. NANP Complexation with G5-NH2 Dendrimers

The electrostatically-driven complexation of G5-NH2 dendrimers to NANPs was assessed using the
number of primary amines available per dendrimer (N) and the number of phosphates available on the
backbone of a DNA duplex (P) to calculate complexation at the N/P ratio. Once DNA duplexes were
complexed to G5-NH2 dendrimers at different N/P ratios and incubated for 30 min, the samples were
visualized via agarose gel electrophoresis (supporting Figure 13) to determine the ratio at which the DNA
duplex migration was impeded. This ratio was then used to determine the amounts of G5-NH2 needed to

bind NANPs.

L2K and G5-NH2 dendrimers were visualized individually with transmission electron microscopy (TEM)
and then again with the addition of cubic NANPs (Figure 8A). To investigate whether NANPs could be
complexed to and protected by the G5-NH2 dendrimers, a nuclease resistance assay was conducted. To
run this assay, a DNA duplex, decorated with a fluorophore/quencher pair, was complexed to G5-NH2
dendrimers and treated with DNase. The change in fluorescence over time for the G5-NH2-complexed
dendrimers was compared to uncomplexed duplexes (Figure 8B). Contrarily to the uncomplexed
duplexes, G5-NH2-complexed duplexes were protected from nuclease digestion for an extended period of
time (one hour). The delay in fluorescence increase of the G5-NH2-complexed duplexes indicated that the
dendrimers protected the duplexes from nuclease degradation, thus again confirming the complexation

between nucleic acid constructs and dendrimers.
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Figure 8. NANPs complexed with G5-NH2 dendrimers. (A) Transmission electron microscopy images of Lipofectamine 2000
(L2K), G5-NH2 dendrimers, and DNA and RNA cubes complexed to either L2K or G5-NH2 dendrimers. (B) Resulting
fluorescence profiles from nuclease resistance assays. (C) Mean fluorescence intensity associated with the in vitro uptake of
Alexa 488-labeled DNA and RNA cubes in MDA-MB-231 cells. Each bar shows the mean response and standard deviation (N =
3). Statistical significance between the DNA and RNA cubes delivered with G5-NH2 versus all other treatments is denoted by
**** where p < 0.0001. (D) Brightfield and GFP microscopy images of MDA-MB-231 cells transfected with DNA cubes
complexed to G5-NH2 dendrimers and RNA cubes complexed to G5-NH2 dendrimers.

To evaluate DNA and RNA cubes’ uptake efficiency by a cancer cell line when complexed to either
dendrimers or L2K, Alexa 488-labeled cubes were used to track the complexes introduced into the human

breast cancer cell line MDA-MB-231 (Figure 8C, D). The uptake results provided information on the
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overall general uptake of the G5-NH2 cubes in an adherent cell line that is customarily used to assess
NANP uptake with other carriers. The cells appeared to uptake the G5-NH2-complexed cubic NANPs
significantly more than those observed for the L2K-complexed NANPs. Uptake of the complexes was

observed through the increase in mean fluorescence intensity of the treated cells.

2.2.4. Cytokine Response in PBMCs Depends on the Type of Carrier and Correlates with NANP Uptake

by the Cells

To understand whether the spectrum and the magnitude of the cytokine response to DNA and RNA cubes
depend on the type of carrier, we conducted experiments using human PBMCs (Figure 9). NANPs were
added to PBMC cultures either without a carrier or after complexation with either L2K or G5-NH2
dendrimers, and the supernatants were analyzed for the presence of 29 cytokines. Owing to the pleiotropic
function of cytokines, we used the broadest panel available; and for the purpose of this manuscript, when
analyzing the results, we grouped cytokines based on their known roles in various biological responses as
will be detailed below. Analysis of culture supernatants revealed that NANPs used without a carrier and

G5-NH2 dendrimers alone did not induce any cytokines (Figure 10 and Figure 15).

Sample Preparation Experimental Scheme
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Figure 9. Experimental flow of the complexation of DNA and RNA cubes with either G5-NH2 dendrimers or L2K and
their further analysis in PBMCs.
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After the complexation with L2K, both DNA and RNA cubes induced type | and type Il interferons,
known for their role in anti-viral and anti-tumor effects; these responses were stronger in the RNA cube-
treated group than in the DNA cube-treated group (Figure 10A). Unlike L2K-complexed NANPs,
particles complexed with amine-terminated dendrimers did not induce type | and type Il IFNs (Figure

10A).

A striking difference, however, was observed for cytokines that are known as danger signals (IL-1a) and
those commonly associated with stress, trauma, and cytokine storm (IL-1 B, IL-6, TNFa). In this case,
L2K-complexed NANPs did not produce a response, whereas dendrimer-delivered NANPs induced the
aforementioned stress and danger-related cytokine biomarkers (Figure 10B). Similar to the effect on type
I and type 111 IFNs observed in the L2K-delivered NANPs, RNA cubes delivered using dendrimers were
more potent in inducing stress-related cytokines than DNA cubes; no cytokines were detected in the
samples treated with DNA or RNA cubes without a carrier (Figure 10A, B). Interestingly, L2K alone
induced IL-1a and IL-1B and, in PBMCs from one donor, low levels of TNFa and IL-6; however, this

effect was neutralized by the complexation with RNA and DNA cubes (Figure 10B).

Low levels of type II interferon (IFNy), known for its role in T cell-mediated immunity, were observed in
the L2K-delivered NANP group and similar between DNA cubes and RNA cubes (Figure 10C). IFNy-
induced protein (IP-10), however, was detected only in the L2K-delivered NANP group (Figure 10C).
Similar to the data with other cytokines, DNA and RNA cubes used without a carrier did not induce type

IT TFN and IFNy-induced protein (Figure 10C).

Analysis of chemokines (IL-8, MIP-1a, MIP-153, MCP-1, MCP-2, and RANTES) revealed that L2K alone
induced all chemokines except for MCP-2, and this effect was neutralized by complexation with NANPS;
dendrimers alone did not induce any of these chemokines (Figure 10D). Interestingly, induction of IL-8,
MIP-10, MCP-1, and RANTES was similar between L2K- and dendrimer-delivered NANPs and was
stronger in RNA cubes than in DNA cubes (Figure 10D). In contrast, the induction of MCP-2 was

observed only in L2K-complexed NANPs, but not in dendrimer-complexed NANPs and was again higher
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with RNA cubes than with DNA cubes (Figure 10D). The pattern of MCP-2 induction (Figure 10D)
matched closely with that of type | and type Il IFNs (Figure 10A). Other cytokines (IL-2, 1L4, IL-5, IL-
22, 1L-10, IL-12, and IL-21) were also detected; the induction of some of these biomarkers (e.g., IL-2 and

IL-15) was donor-dependent (Figure 15).
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Figure 10. Cytokine induction by DNA and RNA cubes as a function of the delivery carrier. PBMC from three healthy
human donor volunteers (F425, G2K9, and M9K?9) were treated with negative control (NC), positive control (PC), DNA cubes,
or RNA cubes for 24 h. Prior to the addition to PBMC cultures, DNA cubes and RNA cubes were complexed with lipofectamine
2000 (L2K), G5 amine-terminated PAMAM dendrimers (G5-NH2) or used without complexation (no carrier). Culture
supernatants were analyzed for the presence of cytokines, chemokines, and interferons using multiplex ELISA as described in the
Materials and Methods. The data are presented based on the function of cytokines, including (A) type | and type Il interferons,
(B) danger signals and cytokines commonly associated with trauma and cytokine storm, (C) type Il interferon and type Il
interferon-inducible protein, and (D) chemokines. Each bar shows the mean response and standard deviation (N = 2). Other
cytokines from this study are presented on Figure 15.
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To understand whether detected cytokines provide positive or negative regulation loops that influence
their expression, we conducted a correlation analysis. Since the number of donors was limited, we applied
two matrices—the Pearson matrix, which assumes a Gaussian distribution (Figure 11A), and the
Spearman matrix, which assumes a non-Gaussian distribution (Figure 11B). With L2K-delivered DNA
cubes, a positive correlation was observed between type II IFN (IFNy) and cytokines and chemokines IL-
6, IL-8, MCP-1, MCP-2, and IL-2, and between type I and type III IFNs (IFNa, IFNp, IFNwo, IFN)A) and
cytokines and chemokines MCP-1, MCP-2, TNFa, IL-4, and IL-22 (Figure 11A, DNA cubes-L2K). A
negative correlation in the same group was detected between type | and type 111 IFNs and chemokine
RANTES (Figure 11A, DNA cubes-L2K). With L2K-delivered RNA cubes, a positive correlation was
observed between individual cytokines IL-1a, IL-1p, IL-6, IL-8, and IL-2; IFNy and chemokines MCP-1,
MCP-2, MIP-1a, and MIP-1B; type I and type Il IFNs; chemokines MCP-1, MCP-2, MIP-1a, and MIP-
1B and type I and type III IFNs; and between IL-4 and 1L-22 (Figure 11A, RNA cubes L2K). A negative
correlation was observed between cytokines IL-1a, IL-1p, IL-6, and IL-8 and all IFNs, IL-4, and IL-22
(Figure 11A, RNA cubes-L2K). With dendrimer-delivered DNA cubes, a positive correlation was
observed between individual cytokines IL-1a, IL-1pB, IL-6, and 1L-8; between individual type | and type
[l IFNs; IL-4, IL-15, and IL-22; and between IFNy and MCP-1, MCP-2, type | and type 111 IFNSs, IL-4,
IL-15, IL-22, IL-12, and IP-10 (Figure 11A, DNA cubes-G5-NH2). Negative correlation in the same
treatment group was observed between IL-1a, IL-1p, IL-6, IL-8, and all IFNs, IL-12, IL-21, IP-10, IL-4,
IL-15, IL-22, MCP-1, MCP-2, and RANTES; and between individual cytokines IL-4, IL-15, and 1L-22
(Figure 11A, DNA cubes-G5-NH2). With dendrimer-delivered RNA cubes, a positive correlation was
observed between IFNy and IL-12, MCP-1, type | and type 11l IFNs, IL-4, IL-14, and I1L-22; between IL-
6, IL-1a, IL-1pB, and IL-8; MIP-1a, MIP-1B, RANTES, and TNFa; between type I and type III IFNs and
IL-4, IL-15, and IL-22; and between individual type | and type Il IFNs (Figure 11A, RNA cubes-G5-
NH2). Negative correlation in this treatment group was observed between IL-1a, IL-1f, IL-6, and IL-8,
and MIP-1a, MIP-18, IL-4, IL-15, and IL-22; between TNFa and IFNy, IP-10, MCP-1, MCP-2, MIP-1a,

MIP-1, and type I and type III IFNs; between IL-2 and IL-4, IL-15, and IL-22 (Figure 11A, RNA cubes-
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G5-NH2). While the correlation indices for individual cytokines were different in the Spearman matrix,

the overall conclusions about negative and positive correlation did not change (Figure 11B).
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Figure 11. Correlation analysis of cytokine response. The data from the multiplex cytokine analysis including those presented
in Figure 10 were analyzed using the GraphPad Prism software to determine a correlation or lack thereof between individual
cytokines. (A) The Pearson correlation matrix assumes a Gaussian distribution (parametric analysis). In this analysis, values
between +0.5 and +1 refer to a high degree of correlation, whereas values close to +1 mean perfect correlation; negative values
(in red) refer to the negative correlation, whereas positive values (in blue) mean positive correlation. (B) The Spearman
correlation matrix assumes no Gaussian distribution (non-parametric analysis). In this analysis, values of +1 mean perfect
correlation; the closer the value is to zero, the weaker the association is; negative values (in red) and positive values (in blue)
refer to the negative and positive correlation, respectively.

Next, we tested NANP uptake by blood cells. PBMCs from the same donors as those used for cytokine
analysis were exposed to carriers alone (L2K or G5-NH2 dendrimers), DNA cubes or RNA cubes without
a carrier, or DNA cubes or RNA cubes complexed with either L2K or with dendrimers (Figure 12). The
NANPs used in this study contained a green fluorescent label (Alexa 488) covalently attached to one
oligonucleotide of each six-stranded assembly of the DNA and RNA cubes. Percent of positive cells
shows the proportions of cells in the analyzed population of lymphocytes or monocytes that were

associated with green fluorescence, which, in turn, is indicative of the particle uptake and/or association
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with the cellular membrane. When L2K or dendrimers were used as delivery carriers for NANPs, between
40 and 90% of monocytes demonstrated a greater fluorescent signal as opposed to 10-30% of
lymphocytes (Figure 12A). The uptake of NANPs in L2K and dendrimer-complexed groups was
comparable in both monocytes and lymphocytes; a greater uptake of DNA cubes vs. RNA cubes
complexed with L2K was noticed (Figure 12A, lymphocytes). No uptake of RNA and DNA cubes
delivered without a carrier was seen in lymphocytes and monocytes treated with RNA cubes, while about
40% of the monocytes exposed to DNA cubes without a carrier demonstrated green fluorescence (Figure

12A, monocytes).

When geometric mean fluorescent intensity (GMFI), indicative of the magnitude of NANP uptake by
individual cells, was measured, no significant uptake of naked RNA and DNA cubes was noticed in either
lymphocytes or monocytes (Figure 12B). No or very low levels of uptake were registered for both DNA
and RNA cubes complexed with L2K in lymphocytes (Figure 12B, lymphocytes). The lymphocyte uptake
of RNA and DNA cubes complexed with dendrimers was greater than that after the complexation with
L2K, and the uptake of DNA cubes complexed with dendrimers was greater than that of the RNA cubes
delivered using dendrimers (Figure 12B, lymphocytes). The uptake of both DNA and RNA cubes by
monocytes was also greater in the dendrimer group than in the L2K group; in both groups, the uptake of
DNA cubes was higher than that of the RNA cubes (Figure 12B, monocytes). In all groups where the
uptake was registered, the signal was an order of magnitude higher in monocytes than in lymphocytes

(Figure 12B).
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Figure 12. Uptake of fluorescently labeled DNA and RNA cubes by peripheral blood cells. PBMCs from three healthy
human donor volunteers (F4Z5, G2K9, and M9K?9) were either left untreated or incubated with Alexa 488-labeled DNA cubes or
RNA cubes for 24 h. Prior to the addition to PBMC cultures, DNA cubes and RNA cubes were complexed with Lipofectamine
2000 (L2K), G5 amine-terminated PAMAM dendrimers (G5-NH2) or used without complexation (no carrier). After a wash to
remove excess particles, the cells were analyzed by flow cytometry as described in the Materials and Methods. (A) Analysis of
the percentage of positive cells indicates the overall proportion of the cells in either the lymphocyte or monocyte population
associated with the fluorescent signal that is greater than that in the carrier alone or untreated cells. (B) Analysis of geometric
mean fluorescent intensity (GMFI) reveals the degree of a fluorescent signal associated with the individual cells in the
lymphocyte or monocyte populations. Green fluorescence is delivered to the cells by DNA and RNA oligonucleotides labeled
with Alexa 488 prior to their assembly into DNA and RNA cubes, respectively. Each bar shows the mean response and standard
deviation (N =2).

2.3. DISCUSSION

Physicochemical properties of PAMAM dendrimers used in this study were consistent with those
described earlier'®7, The DNA and RNA cubes are complexed to G5-NH2 dendrimers through
electrostatic interactions between the negatively charged phosphate groups of the nucleic acid cubes and
the positively charged amine surface groups from the dendrimers. The N/P ratio of cubes to G5-NH2
dendrimers was determined by using a gel retardation assay showing that complete binding occurs ata 1.5
N/1 P ratio. This was shown by the neutralization of the nucleic acids on the gel through the decrease in
migration along the gel. A nuclease resistance assay was also used to determine the ability of dendrimers

to protect NANPs from nuclease degradation. The results in Figure 8B show that when DNA and RNA
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cubes are complexed to G5-NH2 dendrimers, the rate of digestion by nucleases is lowered and prolonged

for up to 60 min.

The observed induction of type I (IFNa and IFNp) and type III IFNs (IFNA) by DNA and RNA cubes
complexed with L2K but not by those used without any carrier, the higher potency of IFN induction by
RNA cubes vs. DNA cubes (Figure 10A), and the correlation with the uptake by monocytes (Figure 7) are
in agreement with our earlier studies® 7%, Since type I IFNs’ main function is to prevent viral replication
in cells and that of type Il IFNs is to support anticancer immunity, the data point to the potential utility of
L2K-mediated delivery of NANPs in stimulating anti-viral and anti-tumor immune responses. Our
hypothesis that by changing the carrier used to deliver NANPs to the blood cells one may control the
spectrum and the magnitude of the cytokine responses was verified in the present study. The induction of
type I and type Il IFNs and proinflammatory cytokines associated with stress and damage are in direct
contrast between NANPs delivered using L2K and those complexed with dendrimers (compare DNA
cubes and RNA cubes complexed with L2K to those complexed with dendrimers in Figure 10A,B).
Cationic dendrimers were shown in multiple studies to affect the integrity of cellular membranes %111,
We also reported earlier that many nanoparticles are immunomodulatory in that a combination of
otherwise non-reactive particles produces a detectable biological response 3¢ 1% 113, Qur results, therefore,
suggest that NANPs delivered by cationic dendrimers are perceived by immune cells as danger signals,
hence the induction of IL-10, IL-6, and IL-8 . Cationic nanoparticles activate the inflammasome,
thereby contributing to the secretion of mature IL-1pB, expression of which is induced by other stimuli *+
116, The induction of IL-1B observed in supernatants from cells treated with NANP—dendrimer complexes
is consistent with this knowledge; the data suggest that NANPs induce IL-1f expression whereas cationic
dendrimers activate the inflammasome to produce mature IL-1 proteins. The induction of type II IFN
(IFNy) by L2K- and dendrimer-complexed NANPs (Figure 10C) is new data; to our knowledge, this
phenomenon has not been previously reported. IFNy is produced by activated T cells and its main

function is to activate macrophages and various other cell types and to coordinate a cooperation between
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activated T cells and other host cells. Therefore, these data point to the potential utility of NANPs for
controlling adaptive immunity. The induction of chemokines by L2K alone (Figure 10D) is not
unexpected; we reported earlier that lipid-based nanoparticles commonly induce chemokines via a
mechanism involving oxidative stress 3¢ 112 113 117 ‘\Whijle this induction complicates the interpretation of
chemokine results in the NANPs-L2K group, the data suggest that complexation with DNA and RNA
cubes neutralizes this effect (Figure 9D), which is consistent with the expected change in the L2K’s
overall charge after its electrostatic complexation with NANPs. The induction of other cytokines (IL-2,
IL-4, IL-15, IL-22, IL-10, IL-12, and IL-21) was also observed (Figure S15); in some cases (e.g., IL-2
and IL-15), the induction was donor-dependent suggesting that individual variability in NANP-mediated
cytokine signaling including the expression of receptors involved in NANP recognition exists. Such
interindividual variability is not surprising since both qualitative and quantitative variations in

individuals’ immune responses have been described before 18122,

Correlation analysis revealed the complexity of the cytokine network in that both positive and negative
correlation was observed between type |, type Il, and type Il IFNs, chemokines, and various interleukins
and TNFa (Figure 11). These observations are consistent with the current knowledge of the cytokines’
pleiotropic function and their ability to regulate their expression via both homo- and hetero-stimulatory
mechanisms. Cytokine-mediated refractory states have also been reported !, and it is possible that
NANP delivery using different carriers can induce different refractory states, and NANPs’
physicochemical properties can further contribute to these effects. It is important to note that the
correlation analysis reveals the strength of the relationship between individual cytokines and is helpful in
guiding the mechanistic studies; it is not meant to analyze a quantitative difference between study
samples. Furthermore, due to the limited number of donors used in our study, the current correlation
analysis should be considered preliminary and used to generate ideas for subsequent mechanistic studies

involving PBMC from a greater number of donors.
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These data also point to communication between different cell types such as monocytes (the main
producers of TNFa, IL-1, IL-6, IL-8, and MIP-1), plasmacytoid dendritic cells (the main source of type |
and type Il IFNs), and T lymphocytes (the main producers of chemokines MCP and RANTES, type Il
IFN, and IL-2). Most importantly, the negative and positive correlation patterns differ between DNA and
RNA cubes and between L2K- and dendrimer-delivered NANPs. These data further support the original
hypothesis about the NANPs’ ability to stimulate immune responses that might differ both quantitatively
and qualitatively depending on the type of carrier used to deliver these particles to the immune cells. It
would be interesting to compare routes of uptake and molecular pathways induced by the same types of

NANPs after complexation with different carriers; this is the focus of the future research in this field.

The cytokine data (Figure 10 and Figure 11) correlate with NANP uptake by immune cells, which was
studied by flow cytometry (Figure 12). The greater rates of NANP uptake by monocytes are consistent
with the well-known phagocytic function of these cells *2*. The uptake of naked NANPs is negligible,
which explains the lack of cytokine induction by RNA and DNA cubes used without a carrier. Since the
melting temperature of DNA cubes is about 37 °C, an increase in the percentage of positive monocytes
observed after the exposure to naked DNA cubes is likely due to the disassembly of these particles in the

culture medium followed by an interaction of individual DNA oligonucleotides with cells.
2.4. MATERIALS AND METHODS

2.4.1. Materials

Generation 5 amine-terminated PAMAM dendrimers were purchased from Dendritech (Midland, MI,
USA). Lipofectamine 2000 and all cell culture reagents were from Invitrogen (Carlsbad, CA, USA).

Reagents for the preparation of buffers were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.4.2. Physicocheimcal Characterization of Dendrimers

A Malvern Zetasizer Nano ZS instrument (Southborough, MA, USA) with a back-scattering detector

(173°) was used for measuring the hydrodynamic size (diameter) in the batch mode. NIST-NCL joint
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protocol PCC-1 was followed (https://ncl.cancer.gov/resources/assay-cascade-protocols). Samples were
prepared at a concentration of 3 mg/mL in 10 mM NaCl. Samples were measured as is (no filtering) and
after filtration through a 0.02 um filter. Samples were measured at 25 °C in a quartz microcuvette. Traces
in the figures represent the average of ten measurements. Hydrodynamic diameters are reported as the
intensity-weighted average and as the volume-weighted average over a particular range of size
populations corresponding to the most prominent peak. The Int-Peak value is used as the hydrodynamic
diameter of a particular species. The Vol-Peak and %\ol values are used to approximate relative amounts
of various species in the formulation. A Malvern Zetasizer Nano ZS instrument (Southborough, MA,
USA) was used to measure zeta potentials at 25 °C for all samples. NCL protocol PCC-2 was followed
(https://ncl.cancer.gov/resources/assay-cascade-protocols). Samples were prepared at a concentration of 3
mg/mL in 10 mM NaCl. Sample pH was measured before loading into a pre-rinsed folded capillary cell.
Measurements were made at both native pH and after adjustment to near neutral pH using 1 N
standardized HCI. An applied voltage of 151 V was used. Traces in the figures represent the average of

three measurements.

2.4.3. Preparation of NANPs

All sequences are available in the Supporting Information. The strands of DNA for DNA cubes or the
DNA templates to produce RNA cubes were purchased from Integrated DNA Technologies (Coralville,
IA, USA). RNA cube templates were then PCR-amplified using MyTagq™ Mix from Bioline (London,
UK). Purification of the PCR products was done by using a DNA Clean and Concentrator™ kit from
Zymo Research (Irving, CA, USA). T7 RNA polymerase promoters from the PCR products were used to
produce RNAs through in vitro run-off transcription with T7 RNA polymerase (80 mM HEPES-KOH (pH
7.5), 2.5 mM spermidine, 50 mM DTT, 25 mM MgCI2, 5 mM rNTP). The reaction was incubated at 37
°C for 3.5 h when RQ1 RNase-free DNase (Promega, Madison, WI, USA) was added. Denaturing 8 M
urea polyacrylamide gel electrophoresis (PAGE 15%) was used to purify the reactions. RNA bands were

visualized under short wavelength UV, cut, and eluted in a crush and soak buffer (300 mM NaCl, 89 mM
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tris-borate (pH 8.2), 2 mM EDTA) overnight. RNA was precipitated in 2x volume of 100% ethanol for 3
h at =20 °C. 90% ethanol was used to wash the samples after centrifugation at 14,000 RCF for 30 min and
twice for 10 min. The supernatant was disposed of and samples were then vacuum-dried and dissolved in
double-deionized water (17.8 MQ*cm). DNA and RNA cubes were each assembled using a one-pot
assembly by combining each of the purified monomers at equimolar concentrations in double-deionized
and endotoxin-free water. Solutions were then heated to 95 °C and cooled to 45 °C where assembly buffer
(89 mM tris-borate (pH 8.2), 2 mM MgCl2, 50 mM KCI) was added after 2 min. DNA and RNA cubes

were heated at 45 °C for an additional 20 min prior to storage at 4 °C throughout all experiments.

2.4.4. Physicochemical Characterization of NANPs

To analyze the DNA and RNA cube assemblies, 8% non-denaturing native-PAGE (37.5:1) was used in the
presence of 89 mM tris-borate (pH 8.2) and 2 mM MgCI2. The gels were run for 20 min (Mini-
PROTEAN® Tetra system Bio-Rad, Hercules, CA, USA) at 4 °C and 300 V. Gels were washed with
double-deionized water and stained for 5 min with ethidium bromide for visualization using a ChemiDoc
MP system (Bio-Rad) (Hercules, CA, USA). The resulting single bands for each cubic NANP
demonstrate its complete assembly. Atomic force microscopy (AFM) of DNA and RNA cubes was
performed on a freshly cleaved 1-(3-aminopropyl)silatrane-modified mica surface using a MultiMode

AFM Nanoscope IV system (Bruker Instruments, Santa Barbara, CA, USA) in tapping mode.

2.4.5. Complexing NANPs and Dendrimers

Gel retardation assays were performed to assess the level at which the positively charged G5-NH2
dendrimers could neutralize the negative charge of Alexa 488-labeled DNA duplexes. DNA duplexes and
G5-NH2 dendrimers were complexed at various N/P ratios and incubated for 30 min at room temperature
before being run on a 2% agarose gel for 30 min at 75 V. The gel was imaged using a ChemiDoc MP
system (Bio-Rad). To determine the G5-NH2 dendrimers’ ability to protect nucleic acids from nuclease

degradation, a double-stranded DNA carrying Alexa 488 (5') and an lTowa Black Quencher (3') on



31

complementary strands was complexed to the G5-NH2 dendrimers at the 1.5 N/1 P ratio. When samples
were treated with DNase, digested DNA would result in separation of the fluorophore and quencher and
subsequent increase in detection of fluorescence. DNAs were incubated with the G5-NH2 dendrimer for
30 min at room temperature. The complexes were then treated with 3 uL of RQ1 RNase-Free DNase
(Promega, Madison, WI, USA) and immediately placed into a Bio-Rad C1000 Touch Thermal Cycler
with a CFX96 Real-Time System (Hercules, CA, USA) Fluorescence was read every 30 s and the

resulting curves were normalized to changes from the baseline fluorescence of the non-treated controls.

2.4.6. Transmission Electron Microscopy

After complexation, 5 pL of each sample was dropped onto a carbon-coated 400 mesh Cu/Rh grid (Ted
Pella, Redding, CA, USA) and stained with 5 pL of 1% uranyl acetate (Polysciences, Warrington, PA,
USA) which was prepared in filtered distilled water. A FEI Talos L120C TEM with a Gatan 4 k x 4 k

OneView camera was used to image the grids.

2.4.7. Uptake by Cancer Cell Line MDA-MB-231

To assess uptake of the complexed cubes and dendrimers by a cancer cell line, MDA-MB-231 cells were
used. The cells were cultured in DMEM containing 10% heat-inactivated FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin at a density of 40,000 cells per well in a 24-well plate and incubated at 37 °C
and 5% CO2 in a humidified incubator. After 24 h, the cells were transfected with Alexa 488-labeled
cubes and the dendrimer complex at a final concentration of 50 nM of cubes for a period of 24 h. To
compare, Alexa 488-labeled cubes were alternatively complexed with L2K (0.5 pL per well) for 30 min at
room temperature and transfected into cells at a final concentration of 50 nM of cubes. After the
incubation period, the cells were imaged with an EVOS FL Auto Imaging System (Thermo Fisher
Scientific) (Carlsbad, CA, USA). The cells were then washed with phosphate buffered saline (PBS) and
detached with 0.25% trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA). The detached cells

were replenished with media, centrifuged for 5 min at 300x g, and the cell pellet was resuspended in PBS.
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The cells were analyzed with flow cytometry (BD Accuri C6). Cell viability of the MDA-MB-231 cells
post-transfection with the cubes and G5-NH2 dendrimers was measured using an MTS assay (Cell Titer
96® AQueous One Solution Cell Proliferation Assay from Promega, Madison, WI, USA). MDA-MB-231
cells were plated in a 96-well plate and then transfected with cube—dendrimer complexes at
concentrations of 5, 10, 20, 50, and 100 nM. Cell viability was assessed by measuring the relative
absorbance of the transfected cells with respect to the non-transfected cells at 490 nm using a Tecan

ULTRA microplate reader.

2.4.8. Research Donor Blood

Blood was collected from healthy donor volunteers under NCI-Frederick protocol OH9-C-N046. Each
donor was assigned a random number. Blood was collected into vacutainers containing Li-heparin as an

anticoagulant and processed to isolate PBMC within 2 h after donation.

2.4.9. In Vitro Cytokine Release

PBMC isolation and cytokine analysis were performed as described previously [66]. Briefly, NANPs
alone, NANPs after complexation with Lipofectamine 2000 or generation 5 amine-terminated PAMAM
dendrimers, and positive or negative controls were added to PBMC cultures, and the incubation continued
overnight at 37 °C in an incubator with 5% CO2. Complexation with Lipofectamine was done using the
protocol described by us earlier [66]. For complexation with dendrimers, stocks of NANPs and
dendrimers were incubated at room temperature for 30 min, then diluted in the complete cell culture
medium (RPMI supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/mL penicillin,
and 100 pg/mL streptomycin). The final concentration of NANPs in the culture was 10 nM for all tested
conditions (without a carrier, complexed with L2K, and complexed with dendrimers). After the
incubation, the culture supernatants were collected and centrifuged at 18,000x g for 5 min. The
supernatants were then analyzed by multiplex ELISA (Quansys Biosciences, Logan, UT, USA) to

determine levels of individual cytokines.
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2.4.10. Uptake by Flow Cytometry

PBMCs were either left untreated or incubated in the presence of DNA and RNA cubes alone, complexed
with Lipofectamine, or complexed with G5 amine-terminated dendrimers. After 24 h of incubation, the
cells were washed to remove the excess particles, reconstituted in the flow cytometry buffer, and analyzed
using a Novocyte cytometer (ACEA Biosciences, San Diego, CA, USA). All cubes used for experiments
were labeled with Alexa 488 (Integrated DNA technologies, Coralville, 1A, USA ). The final particle
concentration was 10 nM, the same as was used in the cytokine experiments. The cells were separated
according to their forward and side scatter, and the live populations of lymphocytes and monocytes were
gated into the green fluorescent channel for the detection of particle uptake. The data analysis was

performed using the FCS Express software (DeNovo Software Inc., Pasadena, CA, USA).

2.4.11. Statistical Analysis

Data are presented as the means + standard deviation (SD) in all studies. For statistical analysis, a one-
way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was performed using
GraphPad Prism version 9.0.0 for Windows, GraphPad Software, San Diego, CA, USA,

www.graphpad.com. A p-value of less than 0.05 was considered statistically significant.

2.5. CONCLUSIONS

This study demonstrates that amine-terminated PAMAM dendrimers can be used as delivery carriers for
nucleic acid nanoparticles. As a proof of concept, the uptake of two representative NANPs (DNA and
RNA cubes) was demonstrated in a human cancer cell line prior to in human PBMCs. Most importantly,
the uptake by different immune cells present in the peripheral blood and subsequent cytokine responses
differ both quantitatively and qualitatively when NANPs are delivered to the blood cells using different

carriers such as L2K and dendrimers.
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Sequences used in this work.

One strand per NANP was modified with an Alexa 488 label to assess uptake by fluorescence.

Six-stranded DNA cube:

5’- GGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTCTCCCACACTTTCACG

5’- GGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCTACGATTACTTTGGTC

5’- GGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGCGGATTGTATTTTAGG

5’- GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC

5’- GGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGTAATCGTAGTTTGTGT

5’- GGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGCAGAAGGTCTTTCCGA

Fluorescently labeled DNA cube strand:

5’- GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC/3AlexF488N/

Six-stranded RNA cube:

5’- GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACG

5’- GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUC

5’- GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGG

5’- GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC
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5’- GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGU

5’- GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGA

Fluorescently labeled RNA cube strand:

5’-
GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC/3AlexF488N

/

DNA duplex used in DNase protection assays:

5’- I5IABKFQ/TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC

5’- GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCATT/3AlexF488N/
DNA duplex used in complexation to determine N/P ratio:

5’- TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC

5’- GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCATT/3AlexF488N/

0.2:1
1.5:1

14:1
7:1
3:1
1.9:%
DNA Duplex (1 uM)
G5-NH, (0.1 mg/mL)

DNA Duplex (1 uM)
G5-NH, (0.1 mg/mL)

N @ B -
o e Q& g
& O o

Figure 13. Complexation of DNA duplex with G5-NH2 dendrimers at various N/P ratios. DNA duplexes labeled with Alexa
488 (labeled in green font) were combined with G5-NH22 dendrimers (labeled in blue font) at different negative charge (N) to
positive charge (P) ratios as shown above. The samples were then analyzed by agarose gel electrophoresis.
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Figure 14. Cell viability assay of MDA-MB-231 cells treated with NANPs and G5 NH2 dendrimers. Viability of MDA-MB-
231 cells after being exposed to DNA cube G5-NH2 dendrimer complexes which was evaluated at 72 hours. All samples

remained above an 80% viability.
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Figure 15. Cytokine induction by DNA and RNA cubes as a function of the delivery carrier. PBMC from three healthy
human donor volunteers (F425, G2K9, and M9K?9) were treated with negative control (NC), positive control (PC), DNA cubes,
or RNA cubes for 24 hours. Prior to the addition to PBMC cultures, DNA cubes and RNA cubes were complexed with
lipofectamine 2000 L2K), G5 amine-terminated PAMAM dendrimers (G5-NH2) or used without complexation (no carrier).
Culture supernatants were analyzed for the presence of cytokines, chemokines, and interferons using multiplex ELISA as
described in Materials and Methods. The data for other cytokines grouped based on their function (i.e., type | and type Il
interferons, danger signals and cytokines commonly associated with trauma and cytokine storm, type Il interferon and type Il
interferon inducible protein, and chemokines are presented on Figure 5. Each bar shows the mean response and standard

deviation (N = 2).
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3 CHAPTER 3: EXPLORING DENDRIMER-NUCLEIC ACID NANOPARTICLE
INTERACTIONS: IMPACT ON IMMUNE RECOGNITION AND DIFFERENTIAL

COMPLEXING OF DNAAND RNA
3.1. INTRODUCTION

Immunological profiling is emerging as a crucial approach for the advancement of therapeutic nucleic
acids. The mRNA vaccine has underscored the significance of understanding the body’s natural defense
mechanisms, particularly in response to non-self-nucleic acids. It has become evident that many
individuals exhibit robust immune responses to foreign nucleic acids, which can elicit a spectrum of
immunological mechanisms leading to inflammation, stress, and other undesirable phenotypes. These
responses are shaped by the prolonged exposure to various microorganisms, which educate the immune
system to exhibit appropriate responses and prevent infections from causing harm. The immune system
and its responses to therapeutic platforms play a pivotal role that considered for future designs™ 7% 125126,
The choice of delivery vehicles for nucleic acids and other nanotechnologies is paramount, as it
significantly influences the biological fate of the cargo. Effective delivery vehicles must not only
facilitate cellular uptake but also shield the cargo from degradation and immune recognition, ensuring
optimal therapeutic outcomes® 6 70. 7394125 ' Moreover, shielding the cargo from immune recognition
helps minimize unwanted immune responses, thereby enhancing the safety and efficacy of the therapy.
Overall, the selection of delivery vehicles is a critical consideration in the design of nanotherapeutic
platforms, as it directly impacts the efficacy, safety, and success of the treatment strategy.
Polyamidoamine (PAMAM) dendrimers are synthetic polymeric nanoparticles that possess chemical
modifications that facilitate interactions with therapeutic nucleic acids!?’. Amine-terminated PAMAM
dendrimers, are synthesized to have positively charged surface groups that can bind to nucleic acid
nanoparticles (NANPs) through electrostatic interactions®. Upon binding with dendrimers, the NANPs

will have a higher delivery efficiency into cells'?,



38

Dendrimers, as polymeric nanoparticles, undergo growth during their synthesis, resulting in distinct
generations. For example, generation zero is the dendrimer’s core, which serves as the starting point. With
each subsequent synthesis step, the dendrimer branches out from its surface terminal groups. This
branching process results in a doubling of surface groups and overall size, defining a new generation of
dendrimers. With the increase generation also comes an increase in carrying capacity and charge. In
previous reports, the most clinically relevant generations are 3-5% 129132, However, recent studies have
been revealing that the higher generations, 6 and 7, have the benefit of multivalency by providing the
capability of binding more than one therapeutic payload to a single dendrimer because of their larger size
and carrying capacity'*>*_ Furthermore, it has also been elucidated that higher generations of dendrimers
provide protection from immune cell detection®*’ by hindering recognition by the receptors of the immune
system.

In this report, the use of PAMAM dendrimers is being investigated for their use as a delivery vehicle for
nucleic acid nanoparticles to develop an understanding of the role that different dendrimer generations
play in the delivery efficiency and immune responses of NANPs. In doing so, we aim to develop a
repository of information on how size, shape, and charge influence the in vitro characterization profiles
when reporting uptake efficiency and immune response using both immune reporter cell lines and
peripheral blood mononuclear cells.

Moreover, the representative NANPs employed in these investigations are cubic in structure and are
fabricated using either DNA or RNA. While each cube maintains the same structural framework, they
exhibit variations in composition attributed to the distinct nucleotides utilized for DNA versus RNA
assembly. Comprising six strands, these NANPs consist of a total of 120 intermolecular base pairs per
cube. The connectivity between monomers is facilitated by the inclusion of eight three-way junctions
(3WJ), each composed of nine single-stranded nucleotides® %, The cubic NANPs have 312 phosphate
groups to make up the backbone of each strand; the negatively charged phosphate backbone will
electrostatically interact with the positively charged amine-terminated dendrimers. Furthermore, different

ratios of amine to phosphate (N/P) groups will be evaluated within this work.
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Many of our previous works have investigated the immune recognition and responses to the cubes,
consistently revealing that RNA cubes elicit significantly higher immunostimulatory effects compared to
their DNA counterparts®® 67 % In the current study, we aim to investigate how the complexation of
these cubes with amine-terminated PAMAM dendrimers will influence cellular uptake and immune
recognition of these well-characterized structures. By exploring the interplay between NANPs and
dendrimers, we seek to reveal how their interaction modulates immune responses, furthering our

understanding of their potential as therapeutic platforms and delivery vehicles.

A. Complexing Optimization B. Physicochemical Characterization

EMSA
Y
\
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DNase

’ Alexadss 3
lowa Black Quencher e -«
«
DNA (blue) —OName RERY
or RNA Cube (red) Dendrimers Generations 3 - 7 A

\

C. Invitro Analysis D. Data Collection and Library Creation
) ' ?
—
n ‘ [
In vitro Assays Fluorescent Microscopy Data for Dendrimers as Data for Dendrimers as
Carriers for DNA Cubes Carriers for RNA cubes
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Flow Cytometry PBMCs Data for DN{’\ Cubes Wlth_d\ffﬁferlt Data for RNA Cubes with‘d‘\ﬁerem
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Figure 16. Experimental workflow of NANPs and dendrimer complexing and in vitro assessment. A) DNA or RNA cubes
will be complex to each dendrimer generation. B) Binding will be characterized by electromobility shift assays, and nuclease
protection assays. C) Complexed NANPs and dendrimers will be run through in vitro characterization profiles of uptake and
immune activation. D) Acquired data will be assessed and analyzed.

The dendrimer generations investigated in this study were generations 3-7. Within this subset of

dendrimers we investigated carriers ranging in size ranges from 3.6 to 8.1 nm and the number of surface
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amine groups ranged from 32 to 512. The characteristics of the included dendrimers are shown in Figure
17. When compared to the cubic NANPs at 10 nm, each of the dendrimer generations is smaller. At 312
phosphates on the cubic DNA NANP, generations 6 and 7 are the only comparable generations in the
number of surface groups.

3.2. RESULTS AND DISCUSSION

Binding assessment was determined by complexing dendrimers and DNA duplexes tagged with Al488
fluorophore. Formation of complexes (Figure 17) was found by using a constant concentration of
fluorescently tagged duplex and varying the amount of dendrimer that was added to test various N/P
ratios. Samples were then run through a 1.5% (w/v) agarose gel. Duplexes not complexed with
dendrimers traveled freely through the gels, while the mobility of duplexes that were electrostatically
complexed with dendrimers was limited and trapped in the wells. Complete hinderance for each

generation was observed to vary at different N/P ratios across generations.

NP: 0 025 050 075 10 125 15 175 20 225 NP: 0 025 050 075 10 125 15 175 20 225

Gen 3
Gen 6

Gen 4
Gen 7

Molecular Weight

Generation Diameter (nm) Amines

(g/mol)
3 6,909 3.6 32
w
= 4 14,215 4.5 64
8 5 28,826 5.4 128
6 58,048 6.7 256
7 116,493 8.1 512

Figure 17. Binding assays of DNA duplexes to dendrimers at increasing N/P ratios — from left to right. Table with dendrimer
characteristics for each generation.
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To evaluate the efficacy of different generations of dendrimers in protecting nucleic acids from enzymatic
degradation, double-stranded DNA duplexes carrying an Alexa Fluor 488 (Al488) fluorophore (5' sense)
and an lowa Black Quencher (3' anti-sense) were complexed with each dendrimer generation at a N/P
ratio of either 1 or 2. Subsequently, the complexes were treated with RQ1 DNase, and the fluorescence

resulting from DNA digestion was measured at 60-second intervals (Figure 18).

A Ah.’:xiﬂnuck Quencher B
M kY G3N/P G4 N/P
DNase i“% G5 N/P -2 G6 N/P

_—

m q\f.a’;‘ -+ G7N/P —#— Duplex + DNase
a

Figure 18. Nuclease protection assay of each generation of dendrimer. A) Schematic representation of the nuclease protection
assay experiment. B) The legend for each of the generations and controls. C) Nuclease protection results for dendrimers plus
duplex at an N/P of 1. D) Nuclease protection results for dendrimers plus duplex at an N/P of 2.

In uncomplexed samples, enzymatic digestion of the DNA duplex led to the separation of the fluorophore
and quencher, resulting in increased fluorescence over time. Conversely, in samples complexed with
dendrimers at an NP ratio of 2, no significant increase in fluorescence was observed, indicating effective

shielding of the duplexes from enzymatic degradation by the dendrimers.

Notably, at an NP ratio of 1, only generation 6 dendrimers provided protection against enzymatic
degradation. This observation underscores the generation-specific variations in the ability of dendrimers

to protect nucleic acids from enzymatic attack.
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Figure 19. Comparison of DNA and RNA Cube Uptake in HEK-293FT Cells Across Dendrimer Generations. A)
Microscopy images: Images depict uptake of DNA and RNA cubes labeled with Al488 fluorophore in HEK-293FT cells. B) Flow
cytometry data: Percentage of HEK-293FT cells positive for Al488 fluorescence at each dendrimer generation is presented,
indicating uptake efficiency.

To validate the intracellular uptake of our dendriplexes, dendrimers from each generation were complexed
with either Alexa 488-labeled DNA or RNA cubes and subsequently introduced into human embryonic
kidney (HEK-293FT) cells (Figure 19A). This cell line was chosen as a representative model to assess
transfection efficiency in subsequent experiments involving human toll-like receptor cell lines (hTLRs).

By employing HEK-293FT cells, we aimed to gain insights into the cellular uptake dynamics of our

dendriplexes, laying the groundwork for evaluating their performance in immune cell lines. The uptake
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efficiency of dendrimers complexed to cubes was assessed using fluorescence microscopy, followed by
flow cytometry analysis. The percentage of cells positive for Al488, the tag used on our DNA or RNA
cubes complexed to dendrimers at an N/P of 2, was determined by flow cytometry. The uptake studies
revealed slight variation in the percent positive cells for generations 5, 6, and 7, observed across both
DNA and RNA cubes. Interestingly, the uptake efficiencies of these generations were comparable to those
observed with lipofectamine 2000 (L2K) as a carrier. However, lower generations (3 and 4) exhibited
reduced efficiency for both cube types. Notably, DNA cubes in generations 3 and 4 displayed higher
uptake efficiency compared to RNA cubes (Figure 19B). Furthermore, when testing an N/P ratio of 1
(Figure 22) across the different generations, there was variability in transfection efficiency when
compared to N/P of 2. Also tested was the cell viability of the HEK-293FT cells when transfected with
either cube complexed to each generation at N/P of 1 and 2. Figure 23 shows that there is no significant
decrease in cell viability in any of the combinations. However, notably, for each generation, the N/P of 2

samples showed a slightly less viability than N/P of 1.
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Figure 20. Using human reporter cell lines to investigate immune response of dendriplexes at the endosomal and cytosolic
level. A) hTLR3 cells were transfected at a final concentration of 10 nM cube construct complexed to each dendrimer generation
at N/P of 2. B) hTLRY cells were transfected at a final concentration of 10 nM cube construct complexed to each dendrimer
generation at N/P of 2. C) hTLR9 cells were transfected at a final concentration of 10 nM cube construct complexed to each
dendrimer generation at N/P of 2. D) RIG-I cells were transfected at a final concentration of 10 nM cube construct complexed to
each dendrimer generation at N/P of 2.
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Immune recognition in human reporter cell lines: Toll-like receptors (TLRs) are specific pattern
recognition receptors that have evolved to respond to distinct molecular patterns that can be associated
with either danger or pathogen associated molecular patterns. Upon activation of TLRs, an intracellular
signaling cascade is triggered, resulting in the activation of immune responses. TLRs are a key
component of the innate immune system’s ability to detect and respond to potential threats. We used
HEK-293FT cells over-expressing human endosomal TLR 3, 7, 9, and cytosolic RIG-I to investigate the
activation in response to our cubic NANPs when complexed to dendrimer generations 3-7, (Figure 20).
The cells used are engineered to contain secreted embryonic alkaline phosphatase (SEAP) gene that is
under the control of the IFN-B promoter fused to NF-kB and AP-1 binding sites®®. SEAP can be easily
detected and quantified using QUANTI-Blue™. RIG-1 expressing cells will be reporting activity of the

IRF pathway through the detection of luciferase which can be quantified as well, using QUANTI-Luc™.

TLR 3 detects double-stranded RNA, TLR7 recognizes single-stranded RNA, and TLR9 recognizes
unmethylated CpG DNA motifs. Meanwhile, RIG-I detects double-stranded RNA with 5’ triphosphate

end.

Each of these pattern recognition receptors when tested against our DNA and RNA cubes did not show a
significant response or activation after treatment with the dendriplexes (Figure 20). Most surprisingly,
was the RIG-I results. The same RNA cube that was complexed to the dendrimers, was used as a positive
control using lipofectamine 2000 (L2K) as the carrier, and the immune activation was significant.
However, the dendrimers seem to hinder this response from taking place. A reason for the lack of immune
response can be attributed to the dendrimer’s impact on the molecular signature of the nucleic acids.
Upon binding, it is possible that the surface groups of the dendrimers are blocking the TLR’s ability to
detect the nucleic acids. This phenomenon has been previously reported when using amine-terminated
dendrimers at generations 3-5, wherein the dendrimers evaded complement activation by blocking pattern

recognition’,
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We found that the immune reporting cell lines were not suitable for accurately depicting the immune
response observed when testing peripheral blood mononuclear cells (PBMCs) with the same samples.
This discrepancy can be attributed to the dendrimers utilizing another form up uptake into cells other than
endocytosis, bypassing recognition in the endosomal TLRs. More mechanistic studies should be explored
to reveal the mechanisms that are employed for uptake with each of the dendrimer generations when
being used to deliver nucleic acid nanoparticles. The lack of responses from TLRs underscores the
importance of utilizing physiologically relevant models, such as PBMCs, to assess the immune response
more accurately to dendriplexes. Additionally, literature suggests that TLRs are not the sole source of
immune activation, indicating that further mechanistic studies can be used to elucidate the pathways
involved in cytokine and chemokines being released*?. Furthermore, Figure 24 summarizes cell viability
in each of the reporter cell lines, showing no significant impact or toxicity in any of the cell lines, for any

of the combinations.
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Figure 21. PBMC results of interferon response to DNA vs RNA cubes complexed to dendrimers generations 3-7. From top
to bottom: Type | IFNs (IFN-a and IFN-pB), Type II IFN-A, and Type III IFN-y. From left to right: Donors 1 through 3, showing
the concentration of each IFN produced in response to treatment.

To investigate the NANP-dendrimer complex induced immune activation, we evaluated the cytokine and

interferon induction using human peripheral blood mononuclear cells (PBMCs). The cells were incubated

for 24 hours at a final NANP concentration of 10 nM. After incubation, the immunostimulatory activity of

each dendriplex complex was assessed and quantified using multiplexed enzyme-linked immunosorbent
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assays (ELISAs) to determine the concentration of interferons (a, B, y) and pro-inflammatory cytokines
known for being expressed after exposed to nucleic acids (Figure 21). Consistent with previous studies,
RNA cubes continued to have a higher activation than that of DNA cubes when delivered using L2K.
However, when looking at the dendriplexes, for both DNA and RNA cubes, every generation had much
less of an immune response than that of L2K. Figure 25 shows the heat map of the more expansive results

resulting from the multiplex ELISAs.

3.3. METHODS

3.3.1. Preparation of NANPs

All sequences are available in the Supporting Information. The DNA strands for DNA cubes and the DNA
templates to synthesize RNA cubes were purchased from Integrated DNA Technologies (Coralville, 1A,
USA). RNA cube templates were then PCR-amplified using MyTag™ Mix from Bioline (London, UK).
Purification of the PCR products was done by using a DNA Clean and Concentrator™ kit from Zymo
Research (Irvine, CA, USA). T7 RNA polymerase promoters from the PCR products were used to
produce RNAs through in vitro run-off transcription with T7 RNA polymerase (80 mM HEPES-KOH (pH
7.5), 2.5 mM spermidine, 50 mM DTT, 25 mM MgCI2, 5 mM rNTP). The reaction was incubated at 37
°C for 3.5 h when RQ1 RNase-free DNase (Promega, Madison, W1, USA) was added. Denaturing 8 M
urea polyacrylamide gel electrophoresis (PAGE 15%) was used to purify the reactions. RNA bands were
visualized under short wavelength UV, cut, and eluted in a crush and soak buffer (300 mM NacCl, 89 mM
tris-borate (pH 8.2), 2 mM EDTA) overnight. RNA was precipitated in 2x volume of 100% ethanol for 3h
at —20 °C. 90% ethanol was used to wash the samples after centrifugation at 14,000 RCF for 30 min and
twice for 10 min. The supernatant was disposed of, and samples were then vacuum-dried and dissolved in
double-deionized water (17.8 MQ*cm). The DNA and RNA cubes were each assembled using a one-pot
assembly by combining each of the purified monomers at equimolar concentrations in double-deionized

and endotoxin-free water. Solutions were then heated to 95 °C and cooled to 45 °C where assembly buffer
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(89 mM tris-borate (pH 8.2), 2 mM MgCI2, 50 mM KCI) was added after 2 min. DNA and RNA cubes

were heated at 45 °C for an additional 20 min prior to storage at 4 °C throughout all experiments.

3.3.2. Physicochemical Characterization of NANPs

To analyze the DNA and RNA cube assemblies, 8% non-denaturing native-PAGE (37.5:1) was used in the
presence of 89 mM tris-borate (pH 8.2) and 2 mM MgCI2. The gels were run for 20 min (Mini-
PROTEAN® Tetra system Bio-Rad, Hercules, CA, USA) at 4 °C and 300 V. Gels were washed with
double-deionized water and stained for 5 min with ethidium bromide for visualization using a ChemiDoc
MP system (Bio-Rad) (Hercules, CA, USA). The resulting single bands for each cubic NANP
demonstrate its complete assembly. Atomic force microscopy (AFM) of DNA and RNA cubes was
performed on a freshly cleaved 1-(3-aminopropyl)silatrane-modified mica surface using a MultiMode

AFM Nanoscope IV system (Bruker Instruments, Santa Barbara, CA, USA) in tapping mode.
3.3.3. Preparation of dendrimers

Amine-terminated PAMAM dendrimers were purchased from Dendritech, Inc. The stocks from
Dendritech were dried overnight using SpeedVac at 30°C and then rehydrated at a stock concentration of
1 mg/mL using ET-Free H20O. For all following experiments, dendrimers were further diluted to a

working stock of 0.1 mg/mL.
3.3.4 Calculating N/P Binding ratios

Amine to phosphate (N/P) ratios were found by using the known number of amine groups from each
generation of dendrimers, which changed with each dendrimer, and the known number of phosphate

groups in the DNA backbone of the duplex sequence used, 51. In equation 1, P is the number of variable

phosphate groups. N: P = 5?1
Equation 1 can be manipulated to find the concentration of dendrimer needed to get to the desired N:P

ratio, when the duplex concentration is set, as shown in Equation 2.
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51 x x uM of duplex
P * desired N: P

uM of dendrimer =

To calculate the volume of DNA duplex needed based on the desired N:P ratio, equation 3 was used.

desired N: P * P x ulL of dendrimer
51

ulL of duplex =

3.3.5. Complexing NANPs and Dendrimers

Binding assays were performed to assess the level at which the positively charged G5-NH2 dendrimers
could neutralize the negative charge of Alexa 488-labeled DNA duplexes. DNA duplexes and G5-NH2
dendrimers were complexed at various N/P ratios and incubated for 30 min at room temperature before
being run on a 1.5% agarose gel for 20 min at 250 V. The gel was imaged using a ChemiDoc MP system

(Bio-Rad).

To determine the dendrimers’ ability to protect nucleic acids from nuclease degradation, a double-
stranded DNA carrying Alexa 488 (5") and an Iowa Black Quencher (3’) on complementary strands was
complexed to the dendrimers at N/P ratios of 1 and 2. DNA was incubated with the dendrimer for 30 min
at room temperature. When samples were treated with DNase, digested DNA would result in the
separation of the fluorophore and quencher and a subsequent increase in the detection of fluorescence.
The complexes were then treated with 2 pL of RQ1 RNase-Free DNase (Promega, Madison, WI, USA)
and immediately placed into the Tecan SPARK plate reader holding a constant temperature of 37°C.
Fluorescence was read every 30 s, and the resulting curves were normalized to changes from the baseline

fluorescence of the non-treated controls.

3.3.6. Uptake by HEK-293FT cells

To assess the uptake of the complexed cubes and dendrimers, HEK-293FT cells were used. The cells were
cultured in DMEM containing 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 pg/mL

streptomycin at a density of 40,000 cells per well in a 24-well plate and incubated at 37 °C and 5% CO in
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a humidified incubator. After 24 h, the cells were transfected with Alexa 488-labeled cubes and the
dendrimer complexes at a final concentration of 20 nM of cubes for a period of 24 h. To compare, Alexa
488-labeled cubes were alternatively complexed with L2K (2 pL per well) for 30 min at room
temperature and transfected into cells at a final concentration of 20 nM of cubes. After the incubation
period, the cells were imaged with an EVOS FL Auto Imaging System (Thermo Fisher Scientific)
(Carlsbad, CA, USA). The cells were then washed with phosphate buffered saline (PBS) and detached
with 0.25% trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA). The detached cells were
replenished with media, centrifuged for 5 min at 300x g, and the cell pellet was resuspended in PBS. The

cells were analyzed with flow cytometry (Attune NXT).

Cell viability of the by HEK-293FT cells post-transfection with the cubes and G5-NH2 dendrimers was
measured using an MTS assay (Cell Titer 96® AQueous One Solution Cell Proliferation Assay from
Promega, Madison, WI, USA). MDA-MB-231 cells were plated in a 96-well plate and then transfected
with cube—dendrimer complexes at N/Ps of 1 and 2 with a final concentration of 20 nM cube. Cell
viability was assessed by measuring the relative absorbance of the transfected cells with respect to the

non-transfected cells at 490 nm using a Tecan® SPARK microplate reader.

3.3.7. Research Donor Blood

Blood was collected from healthy donor volunteers under NCI-Frederick protocol OH9-C-N046. Each
donor was assigned a random number. Blood was collected into vacutainers containing Li-heparin as an

anticoagulant and processed to isolate PBMC within 2 h after donation.

3.3.8. In Vitro Cytokine Release

PBMC isolation and cytokine analysis were performed as described previously. Briefly, NANPs alone,
NANPs after complexation with Lipofectamine 2000 or PAMAM dendrimers, and positive or negative
controls were added to PBMC cultures, and the incubation continued overnight at 37 °C in an incubator

with 5% CO,. Complexation with Lipofectamine was done using the protocol described by us earlier. For
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complexation with dendrimers, stocks of NANPs and dendrimers were incubated at room temperature for
30 min, then diluted in the complete cell culture medium (RPMI supplemented with 10% heat-inactivated
FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin). The final concentration of
NANPs in the culture was 10 nM for all tested conditions (without a carrier, complexed with L2K, and
complexed with dendrimers). After the incubation, the culture supernatants were collected and centrifuged
at 18,000x g for 5 min. The supernatants were then analyzed by multiplex ELISA (Quansys Biosciences,

Logan, UT, USA) to determine levels of individual cytokines.
3.3.9. Toll-Like Reporter Cell Lines

In adherence to InvivoGen™ protocols, HEK-Blue™ hTLR3, HEK-Blue™ hTLR7, HEK-Blue™
hTLR9, and HEK-Lucia™ RIG-I cell lines were maintained at 37°C with 5% CO°2. Following the
manufacture’s guidelines, the seeding process involved using a 96-well flat-bottom Greiner plate.
Specifically, HEK-Blue™ hTLR3, HEK-Blue™ hTLR7, and HEK-Lucia™ RIG-I cells were seeded at
approximately 50,000 cells per well, while HEK-Blue™ hTLR9 cells were seeded at approximately
80,000 cells per well. All cell lines underwent same-day transfection with the respective dendrimer
generation carrier treatment for RNA cube or DNA cube and positive control. Positive controls for each
cell line included Poly I:C (2 pg/mL), R848 (5 ug/mL), and RNA cube (10 nM). The RNA cube used as a
positive control was pre-incubated with lipofectamine 2000 (L2K) for 30 min before transfection, as well
as the dendrimer treatments and their respective RNA and DNA cubes. Post-transfection, cells with their
respective treatments were incubated at 37 °C with 5% CO 2 for 24 h prior to SEAP, IRF activation, and
viability testing. For HEK-Blue™ cells, a QUANTI-Blue™ assay was conducted in accordance with the
protocols to assess the SEAP activation of the treatments. For HEK-Lucia™ cells, a QUANTI-Luc™
assay was performed to evaluate IRF activation. Assay results were analyzed using a Tecan Spark® plate
reader at an absorbance of 638 nm. All samples were normalized to cells alone to assess the treatments of

three biological (N=3) repeats in duplicate.

3.4. CONCLUSIONS
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Throughout our investigation into the five different generations of amine-terminated PAMAM dendrimers
in conjunction with DNA or RNA nanoparticles (NANPs), we gained valuable insights into structure-
activity relationships and their influence on immune responses. Through our experiments with reporter
cell lines and human peripheral blood mononuclear cells, we elucidated how dendrimer generation can
impact the characterization profile of NANPs and vice versa. Interestingly, we observed variations in how
the same dendrimer generation influenced different NANPs, as well as how the same NANP was
perceived differently across various dendrimer generations. These findings underscore the complex
interplay between dendrimer properties and NANP behavior, shedding light on critical factors influencing

their efficacy and immunogenicity.

Our findings reveal an intriguing discrepancy with existing literature regarding the impact of dendrimers
on cell viability when complexed with our nucleic acid nanoparticles (NANPs). Contrary to previous
reports, we observed no significant decrease in cell viability in HEK-293FT cells, even with dendrimers
of higher generations (6 and 7). This unexpected result suggests that the cytotoxic effects commonly
associated with dendrimers may be mitigated when they are complexed with our NANPs. One plausible
explanation for this phenomenon is the reduction in the cationic properties of dendrimers upon
complexation with NANPs through electrostatic interactions. This reduction in charge may alleviate the
cytotoxicity typically associated with dendrimers, highlighting the importance of considering nanoparticle
characteristics in modulating their biological effects. Further investigation into the underlying
mechanisms driving this observed phenomenon is warranted to fully understand the implications for

nanoparticle-based therapeutics.

Sequences used in this work.

One strand per NANP was modified with an Alexa 488 label to assess uptake by fluorescence.

Six-stranded DNA cube:

5’- GGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTCTCCCACACTTTCACG



5’- GGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCTACGATTACTTTGGTC

5’- GGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGCGGATTGTATTTTAGG

5’- GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC

5’- GGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGTAATCGTAGTTTGTGT

5’- GGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGCAGAAGGTCTTTCCGA

Fluorescently labeled DNA cube strand:

5’- GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC/Alexa 488/

Six-stranded RNA cube:

5’- GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACG

5’- GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUC

5’- GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGG

5’- GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC

5’- GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGU

5’- GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGA

Fluorescently labeled RNA cube strand:

5’-GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC/Alexa

488/

DNA duplex used in DNase protection assays:

5’- I5IABKFQ/TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC

5’- GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCATT/Alexa 488/

53



54

DNA duplex used in complexation to determine N/P ratio:

5- CGGTGGTGCAGATGAACTTCAGGGTCA/3aLEXf488n/3'

5'-ACCCTGAAGTTCATCTGCACCACCG

Uptake in HEK-293FT Cells

100

DNA Cube NP 1
DNA Cube NP 2
RNA Cube NP 1
RNA Cube NP 2

% positive
BORO

Gen4 Gen5 Gen 6 Gen7 L2k

Figure 22 Uptake of DNA and RNA cubes complexed to dendrimers into HEK-293FT cells. Cubic NANPs were complexed
to dendrimers at either an N/P of 1 or 2 and transfected into cells at a final NANP concentration of 20 nM for a period of 24 hours
to coincide with the TLR investigation protocols.
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Figure 23. Cell viability of HEK-293FT cells. HEK-293FT cells were transfected with either DNA or RNA cube dendriplexes
for a period of 24 hours at either an N/P of 1 or 2. Final NANP concentration was 20 nM.
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Figure 24. Cell viability of reporter cell lines: hTLR 3, hTLR 7, hTLR 9, and RIGI cells. Cells were transfected with either
DNA or RNA cube dendriplexes for 24 hours and then tested for any impacts on cell viability. Transfections were completed at an
N/P of 2 and for a period of 24 hours to coincide with QUANTI-Blue and QUANTI-Luc testing.
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Figure 25. Cytokine induction by DNA and RNA cubes when complexed to dendrimers generations 3-7. PBMCs from three
healthy human donor volunteers were treated with a negative and positive control, and RNA or DNA cube dendriplexes for 24
hours. Prior to the transfection, DNA and RNA cubes were complexed with lipofectamine 2000 (L2K), or amine-terminated
PAMAM dendrimers. Supernatants were then analyzed for the presence of cytokines, chemokines, and interferons using
multiplex ELISA assays.
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4 CHAPTER 4: RECONFIGURABLE NUCLEIC ACID NANPARTICLES: ACTIVATED BY
INTRACELLULAR BIOMARKERS FOR THE RELEASE OF THERAPEUTIC RNAI

INDUCERS
4.1. INTRODUCTION

Limitations to Current Therapeutic Nucleic Acids. Therapeutic nucleic acids (TNAs) encompass a diverse
array of functional biomolecules, including antisense oligonucleotides, RNAI inducers, aptamers,
ribozymes, immunomodulatory oligonucleotides, mMRNAs, and gene editing tools such as RNA guided
CRISPR/Cas systems?6, Despite their recent success, TNAs still encounter numerous challenges related to
the shortage of suitable technologies for achieving target-specific delivery of personalized formulations
while minimizing non-specific toxicity and off-target effects*> % 13 For RNAI therapies, such as siRNAs
and miRNAs, these limitations primarily arise from their mechanism of action, which involves sequence-
specific inhibition of gene expression. All existing RNAI therapeutics integrate the diagnostic step,
wherein the RNA-induced silencing complex (RISC) loaded with exogenous RNAs binds to biomarker
MRNA, with the treatment step, which involves silencing the function of the same mRNA. Although this
approach is effective, with several FDA approvals®-**, modularly separating the diagnostic and treatment

steps would offer enhanced personalized therapeutic options and improve the safety profiles of TNAs.

Nucleic Acid Logic Systems. Certain diseases frequently stem from the dysregulation of gene expression
or mutations?4®142, The differentially expressed genes can serve as biomarkers, distinguishing corrupted
cells from healthy tissues. Several design strategies were developed for nucleic acid nanodevices to
recognize specific molecular inputs (e.g., overexpressed mRNAs or miRNAs) and link them to the
specific functional outputs**14’. However, these approaches rarely leverage the RNAIi pathway for a
therapeutic response. Previously, we developed and tested RNA logic gates exemplified by two-stranded
RNA recNANPs tuned for conditional activation of RNAI in cancer cells*®. These recNANPs were
engineered to bind intracellular disease marker mRNAs, initiating conformational changes that lead to the

release of ShRNAs which upon dicing produced siRNAs and activated RNAi. While shown tfunctional in
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the human cancer cells, the broader use of this approach was limited by poor modularity, a need for
intense computational design, inability to release multiple siRNAs, and difficulties with scale-up
production due to lengths and sequence limitations of RNA strands. Therefore, a modular, user-friendly
platform is needed to establish a cost-efficient strategy adaptable to new biomarkers and multiple targets

across various diseases.

Molecular Beacons for Diagnostics. A prominent illustration of conditional reporting for diseased
biomarkers is molecular beacons (MBs) %1%, These probes (Fig 26a), crafted from short DNA oligos
and their chemical analogs, possess the unique ability to detect and signal the presence of specific nucleic
acid sequences that are the subject of investigation. MBs are designed in stem-loop structures with
embedded fluorophore/quencher pairs that are separated once the MBs bind the target. This leads to
heightened fluorescence, effectively reporting the disease. MBs play an essential role in medical
diagnostics'® 1, This well-established technology has led to the development of hundreds of MBs
targeting an array of biomarkers, in vitro. Thus, the versatility and specificity of validated MBs make

them ideal candidates for incorporation into a diagnostic module of novel reconfigurable devices.

Split RNAi Inducers for Conditional Treatments. Building upon split-protein technology®61%8, we
introduced a novel concept®™ that enabled the conditional activation of multiple functionalities within
nucleic acid nanoparticles (NANPs) 76 19168 This innovation relies on RNA/DNA hybrids that
communicate with each other through sequence complementarity, triggering the activation of different
functionalities both in vitro and in vivo'®. The core idea involves splitting functional entities such as
RNAI inducers, Forster resonance energy transfer (FRET) pair of dyes, and aptamers, into inactive
RNA/DNA hybrids. These hybrids, equipped with complementary single-stranded toeholds, initiate re-
association upon encountering their cognate partners, restoring the intended function via isothermal strand
displacement (Fig 26b)% 9173 As a testament to the usability of our strategy, several teams have
adapted and applied it in their research®’- 168174 In this current work we implement the split-functionality

NANPs as a treatment module in our devices.
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Reconfigurable NANPs (recNANPs) with Biomarker-triggered Therapeutic Responses. Despite the
existing assortment of NANPs and computational tools available for their design®: 148 175180 jt jg
important to note that most of them remain static in nature. They lack the capability to dynamically
interact with biological systems and conditionally respond to intracellular environments. We introduce a
system that melds together two well-established technologies within a single nanostructure: MBs as the
diagnostic and split RNAI for treatment. The resulting recNANPs can dynamically respond to disease
associated cellular environments and activate targeted TNAs through NOT logic (Fig 26¢). The NOT gate
implemented into the current recNANPs follows the truth table in which the release of TNAs is true only
if the non-mutated gene is false. Thus, in the absence of a disease-associated trigger, the recNANPs
remain inactive. However, recNANPs are equipped with sequence regions that can bind to the
intracellular oncogene (KRAS G12D), inducing conformational changes that lead to the release of SIRNAs
against apoptosis inhibitor genes (Fig 26d). The G12D KRAS mutation is found in up to 35% of patients

with pancreatic cancer'®!, making it a valuable diagnostic marker tested in this work.

We demonstrate the design and production of recNANPs, along with the validation of their ability to
intracellularly recognize prognostic cancer triggers and release RNAI inducers targeting apoptosis
inhibitors. Our work highlights several innovative aspects of this technology. Firstly, we focus on the
design, assembly, and efficient delivery of recNANPs using lipid carriers. This approach ensures effective
transport of therapeutic payloads to target cells. Additionally, we emphasize specific RNAI activation
based on pre-defined biomarkers, allowing for precise and tailored treatment strategies. Moreover, our
study underscores the adaptability of recNANPs design, enabling simple replacement of therapeutic
domains to address evolving therapeutic needs. Our findings contribute to advancing the field of RNAI
therapies and nucleic acid technologies by offering a versatile and targeted approach for treating cancer

and other diseases.
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Figure 26. Modular four-stranded reconfigurable nucleic acid nanoparticles (recNANPs) for conditional activation of
therapeutic RNAI responses upon interaction with a trigger mRNA. (a) Working principle of molecular beacons (MBs). (b)
Working principles of split RNAi inducers. (c-d) Proposed design of recNANPs which act as a simple NOT logic gate (c) and
allow for conditional activation of RNAI (d). In (d), 2D schematics and predicted 3D structures are shown for all constructs.

4.2. RESULTS AND DISCUSSION

Design and validation of recNANPs. For the diagnostic step, we selected MBs designed to exclusively
recognize endogenous KRAS codon 12 mutation (GGT->GAT, G12D)*-18, The function of chosen MBs
was validated in cells for specific detection of pancreatic cancer'®” &, For the treatment step, we have
designed Dicer Substrate (DS) RNAs®°, using our established protocols®®, that upon intracellular dicing
release siRNAs targeting Survivin. Survivin is a potent inhibitor of apoptosis present in 77% of pancreatic

duct cell adenocarcinomas*.

We have engineered and tested recNANPs assembled from four short, chemically synthesized oligos (Fig
2a), where DNA strand 2 incorporates the MB for G12D KRAS'" 18 and is complementary to DS RNA
sense (strand 1) sequence. We then elongated the sequence of the MB further at 5’-end to facilitate
binding to DNA strand 3 which carries the complement for split DS RNA antisense (Strand 4). The
interactions between complementary DNA toeholds highlighted in light blue, which are protected by the
stem of inactive MB, are necessary for RNA-DNA hybrid re-association and DS RNA release after the

diagnostic step is achieved. These toeholds become mutually accessible only upon complete binding and
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opening of the MB on the target mMRNA and this binding facilitates the release of DS RNA (duplex 1-4)

through isothermal reassociation of separated RNA/DNA duplexes 1-2 and 3-4 (Fig 26d).

To optimize the assembly conditions of recNANPs, we explored various annealing protocols (Fig. S29),
subsequently confirmed through electrophoretic mobility shift assays (EMSA). The stepwise assembly
process involved the initial formation of duplexes 1+2 and 3+4, followed by their incubation at 16°C,
which was found to be optimal due to the minimal presence of partial assemblies and unbound monomers
compared to other conditions tested. Interestingly, recNANPs exhibited the potential to assemble even at
lower temperatures (4°C to 12°C) immediately after combining the duplexes. Moreover, a significant
proportion of recNANPs were still formed at higher temperatures (37°C and 45°C), indicating the

potential for structural integrity even under conditions relevant to cellular delivery.

Cold chain storage is essential for maintaining the potency of therapeutic nucleic acids, which
significantly increases transportation and handling costs. Previous studies have tested storage conditions
for NANPs at various temperatures to identify the optimal protocol for preparing the materials and
determining their structural stability over time® °!. Additionally, we investigated the integrity of
recNANPs structures after dehydration, storage at different temperatures, and subsequent rehydration (Sl
Fig. 30). For dehydration, we employed a straightforward protocol using SpeedVac, which centrifuges
recNANPs while exposing them to heat and infrared radiation. Unfortunately, assembled recNANPs could
not withstand drying and rehydration, leading to degradation and the formation of multiple nonspecific
structures regardless of the conditions used to store the dried pellets (Fig. S30E-F). However, when
maintained in solution, recNANPs demonstrated stability for up to nearly 72 hours at 4°C and room
temperature (SI Fig. S2G-H). Meanwhile, the duplexes themselves exhibited stability after drying and
storing for up to 72 hours at 4°C and 50°C, facilitating a clean assembly of recNANPs (Fig. S30A-B).
Furthermore, duplexes in solution stored at RT or 50°C for similar time points displayed the same
stability as dried duplexes (Fig. 302C-D). Therefore, long-term storage of recNANPs can be

accomplished in the form of dehydrated duplexes. Upon rehydration, these duplexes can be mixed and
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incubated to yield functional recNANPs. This approach ensures structural integrity and functional
efficacy of recNANPs over extended periods, offering a practical solution for storage and subsequent use

as therapies.
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Figure 27. In vitro characterization of recNANPs. (a) Schematic of recNANPs and native-PAGE (with EtBr staining or Alexa
488 labeled recNANPs) for assessment of assembly and working principles of recNANPs. (b) Atomic force microscopy (AFM)
of recNANPs and recNANPs incubated with target sequence, showing the morphology changes for inactive and activated state.

The activation of recNANPs upon interaction with mRNA fragments (“target”) and release of DS RNAs
was analyzed using EMSA and AFM (Fig 27). On the EMSA, the release of DS RNA and the formation
of 2+3+target byproducts are clearly observed via disappearance of recNANPs and appearance of DS
RNA bands. The AFM was employed to examine the structures of the recNANPs before and after
activation with target strand, as shown in Fig 27b. When observed with AFM, the recNANPs alone
displayed a uniform morphology, which was altered upon the introduction of the target. The distribution
of morphologies encompassed DS RNAs and 2+3+target byproducts (corresponding representative 3D

models shown).

Cellular Uptake, Specificity in Activation, and Silencing Activity. Two different cell lines were selected to
assess the sequence-specific activation of recNANPs. PANC-1 cells, which carry the G12D KRAS
mutation, were chosen as our target, and HEK-293FT cells were selected as the wild-type (WT) KRAS

control cell line!®-18, | ipofectamine 2000 served as the carrier in all studies. For cell investigations,
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uptake of recNANPs conjugated with Alexa 488 (to strand 1) was confirmed via fluorescent microscopy
(Fig 29a-b). The relative expression of Survivin in both cell lines was demonstrated to be comparable
(Fig 29c and Fig 30). Western blots were used to evaluate specificity, release, and efficacy of recNANPs
in delivering DS RNA (Survivin) versus DS RNA (Survivin) alone. In PANC-1 cells after 72 hours, at
concentrations of 25 and 50 nM, the expression of Survivin was significantly decreased when treated with
both the DS RNAs and recNANPs, indicating that the recNANPs are equally effective as DS RNAs in
downregulating Survivin through the RNAI pathway (Fig 28d). Notably, we attempted to mimic kidneys
function by replacing media with fresh one during incubation period which resulted in effect on Survivin
observed. Thus, recNANPs showed long lasting effect in downregulating Survivin in PANC-1. Cell
viability remained unaffected post-treatment (Fig 32). Conversely, when HEK-293FT cells were treated
with the same concentrations of recNANPs and DS RNAs, only the DS RNA exhibited a notable effect on
Survivin expression, suggesting that the recNANPs remain inactive in WT KRAS cells and demonstrated
the specificity of the recNANPs (Fig 28d and Fig 33). Interestingly, recNANPs needed around 5 to
7.5nM for complete silencing of Survivin in the situation of no media changed or kidney failure without

significantly affecting normal cells, HEK-293FT (Fig 33).
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Figure 28. Cellular and specificity in activation of recNANPSs. (a-b) Microscopy of uptake in PANC-1 and HEK-293FT cells
of labeled DS RNAs and recNANPs after 72 hours of incubation. (c) Relative expression of Survivin in PANC-1 and HEK-
293FT cells. Expression of Survivin in (d) PANC-1 and () HEK-293FT cells after treatment with DS RNA and recNANPs with
media replaced after 24 hours for total of 72 hours incubation, analyzed by western blots. Representative immunoblots

demonstrate changes in expressions of Survivin at the predicted size of 16.5 kDa (SI Fig. S4-S5). Each bar represents the mean
of N=3 biological repeats + SEM. Asterisks indicate statistical significance (one-ways ANOVA, p<0.0001).
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4.3. METHODS

4.3.1. Purification of DNA and RNA monomers:

DNA and RNA strands were purchased from Integrated DNA Technologies, Inc. Each strand was purified
through denaturing polyacrylamide gel electrophoresis (PAGE, 8%), in the presence of 8 M urea, 89 mM
tris-borate, 2 mM EDTA. Bands were then visualized using UV shadowing, extracted, and eluted out into
300 mM NaCl, 89 mM tris-borate, and 2 mM EDTA overnight at 4 °C. The following day, the samples
were mixed with 2x volumes of 100% ethanol and chilled to -20 °C for a minimum of 3 h. The samples
were then spun at 14,0009 for 30 min and supernatant was disposed. An additional washing was done by

adding 90% ethanol, centrifuging at 14 000g, and discarding the supernatant. Finally, the samples were
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processed using SpeedVac to evaporate any remaining ethanol. Then, the strands were redispersed in

endotoxin-free water, and the concentrations were measured using a NanoDrop 2000.

4.3.2. Synthesis of recNANPs:

The synthesis of the recNANPs nanoparticle is a two-step process wherein strands 1+2 and 3+4 is
assembled separately as intermediates, which are then combined in an incubation step. For step one of the
assemblies, each intermediate is combined in equimolar ratios in assembly buffer (89 mM tris-borate, 2
mM MgCl;, 50 mM KCI), heated to 95 °C for 2 min, and then incubated at RT for 20 min. Step two
requires an equimolar combination of intermediates 1+2 and 3+4 at 16 °C for 10 minutes. To confirm the
assembly of all structures, they were run in a non-denaturing native-PAGE (8%, 37.5:1) in 89 mM tris-
borate (pH 8.2), 2 mM MgCI; at 4 °C followed by ethidium bromide total staining and visualization on a

ChemiDoc MP Imaging System.

4.3.3. Triggering activation of the recNANPs to release dsSRNA using a target monomer:

Once verification of the recNANPs assembly was completed, a mock target sequence monomer was
introduced at a 1:1 ratio of receNANPs:monomer to induce the conformational change and release of the
DS RNA. Once the two samples were mixed, they were incubated for 72 hours at 37 °C and aliquots were
taken at different timepoints, quickly frozen on dry ice for storage, and then run on a native-PAGE to

investigate at what point the DS RNA is released.

4.3.4. Physicochemical characterization of recNANPs:

Atomic force microscopy (AFM) was utilized to investigate the morphology of the recNANPs. Mica,
which had been freshly cleaved, was treated with 1-(2-aminopropyl) silatrane (APS) according to

established protocols, and AFM was then conducted as described in previous papers.

4.3.5. Molecular dynamic simulations:

Discovery Studio Visualizer built the initial structures of each step of the recNANPs and its activation.
Two Amber force fields, DNA.OL15%2 and RNA.OL3%, were used to simulate DNA and RNA strands,

respectively. Energy minimization was applied to repair atomic crashes in the initial structures of each
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step. In each TMD simulation, two nucleotides in a base pair in the starting conformation were
dissociated and were re-paired with target nucleotides. To complete the branch migration in the
recognition step, 42 consecutive TMD simulations were applied while the siRNA release process in the
therapeutic step were performed by 37 consecutive TMD simulations. Each TMD simulation was
conducted by 3000 steps with 2 fs timestep. The force constant in the TMD simulations was adjusted
between 2.0 kcal/molA and 20.0 kcal/molA. Both energy minimization and TMD simulations were

performed by Amber simulation package**.

4.3.6. Cellular uptake of recNANPs:

Strand 1 of the recNANPs was labeled with Al488 for these studies, and microscopy was used to visualize
the uptake of the Al488-labeled recNANPs into PANC-1 and HEK-293FT. Each of the cell lines were
seeded at a density of 40,000 cells per well in a 24-well plate containing 200 pL of media and was further
maintained for 24 hours at 37°C with 5% CO; in a humidified incubator. Sample preparation of the
recNANPs and DS RNA plus Lipofectamine 2000 included a 30-minute incubation time at room
temperature before transfection. Sample preparation of the recNANPs and DS RNA plus DOTAP was
done following the manufacturer’s guidelines and using a 1:10 w/w ratio and a 30 minutes incubation
period at room temperature. After the incubation periods, sample volumes were brought up to 50 uL and
were then transfected into the cells. The cells were treated with either DS RNA, recNANPs,
Lipofectamine 2000, or DOTAP alone as controls and incubated for 48 hours at 37 °C with 5% CO..
Afterward, the cells were washed with phosphate buffered saline (1X PBS, pH 7.4) and visualized to
assess the presence of the Al488 fluorophore-labeled recNANPs or DS RNA using the EVOS FL system

and a GFP Light Cube.

4.3.7. Specific gene silencing of Survivin:

PANC-1 and HEK-293FT cells were cultured in 24-well plates at a seeding density of 40,000 cells per
well and maintained for 24 hours at 37° C and 5% CO,. After 24 hours, the cells were transfected with

either DS RNA or recNANPs at 25 and 50 nM concentrations using either Lipofectamine 2000 or DOTAP
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as the transfection agent. They were left to incubate in a humidified incubator for 72 hours at 37 °C and
5% CO- with media changed following first 24 hours after treatments added. Once the incubation period
ended, the cells were washed using 1X PBS and detached using 0.25% trypsin-EDTA. The cells were
spun down at 5009 for 5 minutes, washed once with PBS, and lysed by using Triton lysis buffer (50 mM
Tris-pH 8.0, 150 mM NacCl, and 1% TX-100). The cell lysates were then tested for protein concentration
using a BCA assay and evaluated for expression of Survivin by western blot analysis. Samples were
electrophoresed using Bio-Rad and transferred onto membranes. The membranes were blocked with 5%
mild for 1 hour and then incubated overnight at 4 °C with primary antibodies for Survivin (Abcam, Cat #
EPY2880Y, kDA of 16.5) and the housekeeping gene, Glyceraldehyde-2-phosphate dehydrogenase

(GAPDH) (Santa Cruz, Cat # sc-47724, KDA of 37).

The blots were then washed and incubated in the presence of HRP-conjugated secondary anti-rabbit, and
anti-mouse antibodies (Cells signaling, Cat# 7074P2), respectively. Bound enzymes were detected using a
Western Pico ECL kit and the Bio-Rad Chemi-Doc imaging system. Western blots were quantified using

the ImageLab software (Bio-Rad).

Similarly, without media change, PANC-1 cells, after 24 hours of plating were treated with 2.5 to 7.5 nM
DS RNA or recNANPs. Proteins were extracted and western blot was performed according to protocol

listed above.

4.3.8. PANC-1 and HEK-293FT cell Maintenance:

Cells were maintained in Dulbecco’s modified Eagle’s medium, supplemented with 5% heat-inactivated

FBS and penicillin/streptomycin (100 U/ml-100 pg/ml).

4.4. CONCLUSION

The need for more precise and effective therapeutics is paramount for patients dealing with resistive
cancers, and conditionally activated nanoparticles are a step in the right direction in limiting off-target

effects. Our construct can release its therapeutic moiety in the specifically targeted cells that are in a
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diseased state by using a molecular beacon that is complementary to the mutated KRAS oncogene in

pancreatic cancer.

We demonstrated that our recNANPs are efficient in down regulating Survivin. With much smaller
concentration, our recNANPs can significantly affect protein expression of Survivin. Furthermore, when
used in combination with the current therapeutic option for pancreatic cancer, gemcitabine, cell viability
was impacted more than when gemcitabine was used alone. We have also shown the recNANPs construct

is robust and modular by having control over the therapeutic moieties that are released upon activation.

This system is simple, modular, and can be customized with different triggers, targets, and therapeutic
moieties. As such, it makes the recNANPs a viable therapeutic candidate for diseased cells that are not
limited to cancer cells, or in the regulation of only one therapeutic target. For example, the extensions on
the molecular beacon could be further extended to hold multiple DS RNAs that each target a different

cellular mechanism that can aid in the fight against the targeted disease.
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Sequences used in this work:

recNANPs activated by KRAS, against Survivin

Strand 1:

5’ pGGACCACCGCAUCUCUACAUUCAAG

Strand 2:
S’TATCGTCAAGGCACTCTTGCCTACGCCATCAGCTCCGTAGGCTTGAATGTAGAGATGCGGT
GGTCC

Strand 3:



5’CAAGAGTGCCTTAAGGACCACCGCATCTCTACATTCAAGCCTAC
Strand 4:

5’CUUGAAUGUAGAGAUGCGGUGGUCCUU

DS RNA against Survivin

Sense (Strand 1):

5> pPGGACCACCGCAUCUCUACAUUCAAG

Antisense (Strand 4):
5’CUUGAAUGUAGAGAUGCGGUGGUCCUU
Alexa488 labeled sense (Al488 Strand 1):
5’GGACCACCGCAUCUCUACAUUCAAG/3AlexF488N/
recNANPs activated by KRAS, against BCL2

Strand 1:

5’ pPGUACAUCCAUUAUAAGCUGUCGCAG

Strand 2:
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S’TATCGTCAAGGCACTCTTGCCTACGCCATCAGCTCCGTAGGTTCTGCGACAGCTTATAATG

GATGTAC

Strand 3:
5’CAAGAGTGCCTTAAGTACATCCATTATAAGCTGTCGCAGCCTAC
Strand 4:

5’CUGCGACAGCUUAUAAUGGAUGUACUU

DS RNA against BCL2

Sense (Strand 1):

5’ pPGUACAUCCAUUAUAAGCUGUCGCAG

Antisense (Strand 4):

5’CUGCGACAGCUUAUAAUGGAUGUACUU
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SUPPORTING FIGURES
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Figure 29. Assembly conditions of recNANPs. (A) recNANPs (Surv) and (B) recNANPs (BCL2) at 4-8-12-16-37 and 45°C
from 0 to 10 minutes Figure S2. Relative stability of recNANPs when stored at 4°C, room temperature (RT), and 50°C for
durations ranging from 24 to 72 hours, using native PAGE (8%). (A and B) The stability of speed-vac-dried recNANPs and
duplexes were investigated when stored at 4°C and 50°C, with the recNANPs assembled using dried duplexes stored from 24 to
72 hours. (C and D) Similarly, duplexes in solution were examined when stored at RT and 50°C, with recNANPs assembled using
these stored duplexes from each time points. (E and F) Dried assembled recNANPs was evaluated when stored at 4°C and 50°C
from 24 to 72 hours, as well as the stability of recNANPs in solution stored at 4°C, RT, and 50°C at corresponding time points (G
and H).
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Figure 30. Relative expression of Survivin in HEK-293FT and PANC-1 and relative cell viability. A) Western blat analysis
of Surv expression in HEK-293FT and PANC-1 cells. B) Expression quantification of Surv in HEK-293FT and PANC-1 cells. C)
Cell viability in each cell line. Data presented as mean + SEM (N=3).
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Figure 31. Detection of Survivin expression in PANC-1 cells and cell viability under treatment with 25 and 50nM DS
RNAs or recNANPs with media changed 24 hours after transfection and total incubation of 72 Hours. (A) Immunoblotting
for detection of Survivin in PANC-1 cells. (B) Correlation of cell viability to each treatment in PANC-1 cells. Data presented as
Mean + SEM (N=3).
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Figure 32. Detection of Survivin expression in HEK-3293FT cells and cell viability under treatment with 25 and 50nM DS
RNAs or recNANPs with media changed 24 hours after transfection and total incubation of 72 Hours. (A) Immunoblotting
for detection of Survivin in HEK-3293FT cells. (B) Correlation of cell viability to each treatment in HEK-3293FT cells. Data

presented as Mean + SEM (N=3).
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Figure 33. Detection of Survivin expression in PANC-1 and HEK-293FT cells and cell viability under different
concentrations of DS RNAs and recNANPs after 48 hours incubation. (A-B) Immunoblotting for detection of Survivin in
PANC-1 cells from 1 to 25nM with cells viability under same treatments. (C-D) Immunoblotting of PANC-1 and HEK-293FT
with their viability when treated at 2.5 to 7.5nM for 48 hours. Data presented as Mean + SEM (N=3).
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5 CHAPTER 5: CONCLUSIONS

The work presented in this thesis is centered on advancing our understanding of the influence of carriers
on biological responses to nucleic acid nanoparticles. Additionally, the thesis incorporates the use of
conditional activation mechanisms within the design of nucleic acid nanoparticles to produce a dynamic
therapeutic platform. Both pursuits are aimed at enhancing specificity and elucidating the biological
behavior of these nanoparticles. As outlined in the introduction, the thesis addresses several key
challenges in nucleic acid nanotechnology, including delivery, immune response, and specificity. Through
systematic investigation and innovative approaches, this work contributes to overcoming these hurdles

and advancing the field of nucleic acid-based therapeutics.

FUTURE PROSPECTS

By employing advanced techniques such as organoids and three-dimensional cell culturing, researchers
can recreate physiological conditions more closely resembling human tissues, enhancing the predictive
value of preclinical studies. Additionally, recreating tumor microenvironments through co-culturing
techniques allows for the study of interactions between different cell populations, providing valuable
insights into the efficacy and safety of therapeutic interventions. Researchers would be able to investigate
whether nanoformulations exhibit uptake preferences for specific cell types over others and assess the
differential impact of these formulations on various cell types. This exploration could provide valuable
insights into the cellular targeting capabilities of the nanoformulations and their potential implications for
therapeutic efficacy and safety. By elucidating how different cell types interact with and respond to
nanoformulations, researchers can optimize the design and formulation of nanotherapeutics to enhance
their specificity, efficacy, and biocompatibility for targeted disease treatment. Overall, these
advancements in model systems contribute to more informed decision-making during the translational
process, ultimately increasing the likelihood of successful clinical translation of nanotherapeutic
platforms. The advancement of nanomedicine has opened avenues for engineering biological systems at

the molecular level, allowing for the design of systems capable of orchestrating protein synthesis and
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regulation. By exerting control over these molecular processes, researchers aim to manipulate cellular
pathways, regulate phenotypes, and influence cell-to-cell communications'®®. This precise control holds
promise for the development of targeted therapies, which are increasingly recognized as essential for

mitigating off-target effects and associated toxicities of novel formulations.

Furthermore, incorporation of conditionally activated materials to increase precision and reduce off-target
effects by enabling localization to the site of disease. Conditionally activated nanomaterials have been a
lucrative goal in nanotechnology for therapeutics. Wherein the ability to control whether a therapeutic
particle releases its treatment is dependent on the presence of the intended target to trigger activation of
the particle. A few examples of activation triggers may include pH activation, temperature activation, or
activation in response to the presence of proteins'®-1%, RNA " 19 small molecules-riboswitches-2%, or
different wavelengths of light?® 202, Only upon association with the trigger, or activation conditions,
would the nanomaterial activate. Nanomaterials that respond to biological and chemical stimuli associated

with pathogenic states have a sophisticated method that results in more precise treatment options.

For example, some pathological triggers or markers can lead to a conditioned and deliberate response
wherein the triggers can be viral antigens or oncogenic factors resulting in specificity and sensitivity of
detection and treatment of the pathogenic diseases and malfunctioning cells?®. The nanomaterials could
integrate the release of therapeutics targeting several essential genes to trigger cell death, or activation of

a cell mechanism that calls the immune system for help.

Nanobiotechnologies play a pivotal role in this endeavor by harnessing the intricate mechanisms of
biological systems. By leveraging the versatility and specificity of biological components, such as nucleic
acids and proteins, nanobiotechnologies enable the creation of more efficient therapeutic designs.
Through innovative approaches that capitalize on the inherent properties of biological systems,

researchers strive to achieve enhanced precision and efficacy in therapeutic interventions.



74

As the field of nanomedicine continues to evolve, the integration of biological principles with engineering
concepts offers unprecedented opportunities for the development of personalized and targeted treatments.
By unlocking the potential of molecular-level manipulation, researchers aim to revolutionize healthcare

and address unmet medical needs with greater precision and effectiveness.

This dissertation encompassed a comprehensive evaluation of the interaction between amine-terminated
PAMAM dendrimers and cubic NANPs, shedding light on the dynamics governing their immune
recognition and response. The work in this dissertation aimed to elucidate how different generations of
dendrimers affect the immune profile elicited by NANPs, thereby contributing to the broader
understanding of nanoparticle-based therapeutics. Further mechanistic studies will need to be conducted
to uncover the mechanisms involved in cellular uptake to reveal how the dendriplexes are avoiding
detection from the reporter cell lines. It must first be determined whether the dendriplexes are in the
endosomes. Then, investigations into whether the dendrimers are hindering recognition from TLRs of the
NANPs are occurring. It appears, from the data presented within this thesis, that generations 3 and 7 of
the dendrimers have the highest impact on immune recognition in PBMCs. As such, it would be relevant
to explore the binding affinity and strength that each dendrimer generation has with the NANPs, and
whether this is impacting the release of the NANPs from the delivery vehicle. Also, the impact that the
charge ratio (N/P) has on the uptake efficiency and immune recognition should be considered and
explored as well to test whether this will affect how and if the dendrimers will release the NANPs after

being complexed at weaker or stronger ratios.

Furthermore, this dissertation offered novel insights into a reconfigurable nucleic acid nanoparticle,
uniquely designed to be conditionally activated upon detection of a specific disease biomarker. This
innovative approach represents a significant advancement in the field of nucleic acid-based therapeutics,
offering a tailored and precise method for targeting diseased cells while minimizing off-target effects.
Through meticulous experimentation and characterization, the dissertation illuminated the abilities of the

conditionally activated recNANPs. To expand on this work, different molecular beacons could be
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incorporated into the recNANP design to target different disease models. The recNANPs could also be
redesigned to carry multiple dicer substrate RNAs, each targeting a key protein associated with a diseased
state mechanism. As such, multiple dicer substrates would result in multiple pathways being manipulated
upon the binding of the molecular beacon to its target. To improve on the validity of the recNANPs
efficiency and robustness, a true wild-type pancreatic cell line could be used as a negative control along
with the HEK-293FT cells to get a more accurate understanding of the recNANP’s capabilities of
activation. Furthermore, the lengths of the resulting antisense oligonucleotide between the molecular
beacon and its target can be investigated to ensure incorporation of RNAse H to result in degradation of
the disease marker target. By leveraging these design principles, their application can aid in the
enhancement of precision medicine and targeted delivery strategies, ultimately advancing the field of

nanomedicine and nucleic acid nanotechnologies.
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APPENDIX A: Previously published material

This dissertation contains previously published material. The original published article can be found
online.
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