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ABSTRACT

Advancing the Delivery and Therapeutic Potential of Biologics with Spherical Nucleic Acids

By: Caroline Danielle Kusmierz

The translation of proteins as effective intracellular drug candidates is limited by the
challenge of cellular entry and their vulnerability to degradation. To advance their therapeutic
potential, cell-impermeable proteins can be readily transformed into protein spherical nucleic
acids (ProSNAs) or encapsulated into liposomal spherical nucleic acids (L-SNAs), structures
defined by the dense packing of highly oriented DNA into spherical morphologies. Such
nanostructures are stable, exhibit enhanced pharmacokinetics, and are routes for transfecting
proteins into cells in highly active forms. Furthermore, this modular structure constitutes a plug-
and-play platform in which the core and nucleic acid shell can be independently varied to achieve
desired properties and function. Small structural changes in the chemical makeup of an SNA’s
components can affect the entire construct’'s bioactivity; thus, this thesis investigates the
structure-activity relationships of the SNA as it relates to the delivery and biodistribution of
biologics.

Chapter 1 introduces design rules identified through the ten years of research in the
biological applications of the SNA and how these trends have been applied successfully to gene
regulation, immunomodulation, and protein delivery. In the context of ProSNAs, Chapter 2
explores how structural changes to the shell’s linker and DNA sequence profoundly impact the
overall uptake, activity, and pharmacokinetics of an enzymatic protein. For example, DNA-based
linkers and G-quadruplex-forming sequences significantly improve cellular uptake in vitro. When

translated to murine models, the ProSNA with a DNA-only shell exhibits increased blood
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circulation times and retention of their enzymatic activity in tissue. In Chapter 3, by employing
aptamers designed to bind receptors abundant along the blood-brain barrier, a ProSNA’s
biodistribution can be specifically directed to the brain. Alternatively, by encapsulating proteins
derived from pathogens into L-SNAs decorated with an immunostimulatory DNA shell, vaccines
can be deliberately designed for cancer or infectious diseases. Chapter 4 discusses the utility of
L-SNA cancer vaccines for triple-negative breast cancer immunotherapy. In particular, the
chemical identity of the constituent lipid and antigen source modulates the L-SNA’s properties
and immunomodulatory activity, revealing a synergy between the cancer lysate preparation and
liposome composition in formulating immunotherapeutic L-SNAs. Beyond oncology, Chapter 5
reports the development of a new SNA platform for infectious disease vaccines. For SARS-CoV-
2, inoculation with SNA vaccines generate specific neutralizing antibodies on par with current
commercial alternatives. Due to the structural diversity of proteins, each protein presents its own
set of opportunities and challenges for various applications. This work illustrates the importance
of understanding and manipulating an SNA’s structural design to greatly advance the potential of

proteins in medicine for years to come.
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Nanotechnology holds significant promise in improving disease diagnosis and treatment by
rectifying limitations once found with small molecule drugs. By integrating biologics and
oligonucleotides into nanopatrticle formulations, we can increase specificity to disease targets and
precisely tailor formulations for patient-specific treatments. Nanoparticles (NPs) can be
engineered to include an assortment of customizable handles such as size, electrostatic charge,
stimuli responsiveness, and targeting moieties that can be optimized for a specific application.
However, effective intracellular drug delivery and biodistribution remain a challenge as NPs face
many physical and biological barriers—such as cell membranes, enzymatic degradation, and
rapid clearance—limiting the fraction of administered NPs to reach the target therapeutic site.
Advances in hanomedicine that could facilitate the clinical translation of nanoparticles focus on
leveraging chemical and material engineering innovations to overcome such barriers. One such
innovation is the Spherical Nucleic Acids (SNA), a new and unnatural form of DNA. SNAs consist
of a nanoparticle core densely functionalized with radially orientated oligonucleotide strands. In
this privileged structure, the SNA interacts with living systems differently from its linear counterpart
resulting in rapid and significant cellular uptake without the need for transfection agents. The
biological properties of the SNA derive from the multivalency of the oligonucleotide shell and are
core-independent. Thus, they have expanded to encompass many types of NPs—polymer,
inorganic, liposomal, protein—and applied to various therapeutic applications. This introduction
will discuss design rules identified through the ten years of research in the biological applications
of the SNA and how these trends have been applied successfully to gene regulation,

immunomodulation, and protein delivery.



20
1.1. Properties of Spherical Nucleic Acids
1.1.1. Scavenger Receptor-A Mediates Cellular Uptake.

For any downstream biological application, the first barrier encountered by the SNA is the
cellular membrane. This natural enclosure protects and regulates the cell from the invasion of any
foreign material, so by their very nature, linear oligonucleotides cannot transverse this membrane
alone. In a pivotal 2006 Science paper?, the Mirkin Group realized an unexpected property of
SNAs: the reorganization of DNA into a dense, radial arrangement centered around an NP core
promotes strong binding affinity to membrane receptors triggering endocytosis. This breakthrough
opened the doors for new therapeutic applications of the SNA and the intracellular delivery of
sensitive cargo, particularly oligonucleotides. In a 2010 mechanistic study on the uptake of SNAs
using pharmacological inhibitors®, Patel et al. identified the predominant uptake mechanism. Both
polyinosinic acid (Poly-l) and fucoidan—well-known ligands for scavenger receptors—reduced
the uptake of gold-core SNAs as measured by inductively coupled plasma mass spectroscopy

(ICP-MS). A more detailed study in 2013 expounded more on the mechanism, attributing SNA

1. Resistance to
degradation

Extracellular Space

Cytosol Scavenger

Receptor-A

Caveola

3. Minimal immune
response

Endosome

Figure 1. Mechanism of endocytosis of spherical nucleic acids (SNAs). SNAs engage with scavenger
receptor-A resulting in rapid caveolae mediated endocytosis. Oligonucleotides that are densely conjugated
to a nanoparticle core are more resistant to degradation, when compared to free, linear strands.
Furthermore, there is minimal immune response once SNAs are endocytosed.
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uptake to a lipid-raft-dependent and caveolae-mediated pathway principally driven by Scavenger
Receptor Type A (SR-A).® By knocking down the receptor's expression, ICP-MS revealed an 80%
decrease in uptake of SNAs. They also demonstrated a positive correlation between SR-A
expression and the degree of endocytosis of SNAs in different cell types (A549, 3T3, C166,
HaCaT). This receptor plays the predominant uptake role for SNAs composed of various cores,
including inorganic’, proteins®, liposomes®, and hollow, core-less® SNAs. For the liposomal-SNA
(L-SNA), fucoidan inhibition studies validate the importance of SR-A on mediating cellular uptake
regardless of DNA attachment chemistry (i.e., cholesterol, tocopherol, lipid-conjugated)***3.
Beyond the ability of SNAs to actively enter many cell types, the internationalization of the SNA
is fast, where significant uptake is quantified after just 30 minutes®. Furthermore, the constructs
are predominantly trafficked through an endosomal pathway!“. In architectures, where the SNA
comprises multiple components (i.e., encapsulated cargo, multi-sequence DNA shell), the

individual components are trafficked together and colocalize regardless of identity. 157

1.1.2. The Correlation Between SNA Loading Density and Cellular Uptake.

Following the introduction of the SNA in 1996, some early research was devoted to
optimizing DNA loading density to increase hybridization events with complementary strands.8
Early designs used a thymidine DNA spacer to distance the strands further from the NP's surface,
increasing DNA coverage. Moreover, synthetic methods such as salt-aging and sonication were
introduced to screen charge repulsions between neighboring oligonucleotide strands and the gold
surface. In its final iteration, Hurst and Lytton-Jean et al. devised a polyethylene-glycol (PEG)
spacer to further increase the DNA shell packing density on a gold NP2. Concurrently with the
development of these DNA loading strategies, the first and perhaps most crucial biological trend
was elucidated: high oligonucleotide density—irrespective of core—increases cellular uptake.

Giljohann et al. first uncovered this hallmark property when quantifying the uptake of gold SNAs
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with increasing DNA density and discovered a correlation between high oligonucleotide loading
and cellular uptake.*

A. High DNA Loading Correlates
with Enhanced Cellular Uptake

B. Introduction of a PEG Spacer
Increases Loading Density

C. DNA Sequence Can Enhance
Cellular Uptake
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5' GAG CTG CAC GCT GCC GTC AAA AAA AAA A-SH 3 5" HS-spacer-ATC CTT TAC AAT ATT 6FAM 3’

where spacer = A,;, Ty, or 3[(C,H,0)]

Figure 2. SNA Cellular Uptake Trends. A) Cellular uptake is dependent on the density of the
oligonucleotides loading on the surface of the nanoparticle, where higher densities lead to greater
uptake.! B) A lack of repulsions between neighboring strands with PEG linkers and the decrease
interaction between the PEG and the gold surface allows for higher loading densities of DNA on gold
NPs.? C) SNAs composed of G-quadruplex DNA shells show the highest uptake with C166 cells, when
compared to SNAs with other nucleobases.®

As the SNA evolved to introduce more biocompatible cores—such as the liposome, polymer,
and protein—the Mirkin Group devised different attachment chemistries to facilitate higher loading
densities. For example, by anchoring DNA to the liposome head group rather than an intercalating
hydrophobic tail (cholesterol), Meckes and Banga et al. demonstrated a significantly higher DNA
loading density for lipid-tailed L-SNAs compared to the cholesterol-tail analogs.!! This adjustment
correlated to an enhancement in cellular uptake for the lipid-tail L-SNAs in U87-MG cells and
RAW-Blue macrophages. Moreover, in the generation of DNA-grafted block copolymer (DBC)
micelle-SNAs, Zhang, Hao, and Calabrese et al. synthesized two different structures where the
DNA was either grafted to the monomer as an end group (linear) or as a brush.'® Both DBC
micelle-SNAs had similar hydrodynamic diameters (~40 nm) but vastly different loading densities
190 strands or 302 strands, respectively. These different loading densities correlated to a
difference in cellular uptake efficiency in HelLa cells. Likewise, when the number of DNA is much

lower, as with molecularly-pure SNAs, there continues to be a correlation between uptake and
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the number of strands. For example, Li and Zhang et al. synthesized SNAs using single-molecule
building blocks, which can accommodate 8 strands for the POSS-SNA or 12 strands for the Ceo-
SNA.?° By both confocal microscopy and flow cytometry, the Cgo-based conjugates were taken
up two times faster and more effectively than the POSS-SNA, just by increasing the number of

DNA by 4 strands.

1.1.3. G-Quadruplex Sequences Increase Cellular Uptake.
In the 2010 paper, which elucidated the mechanism of SNA uptake, Patel et al. performed an

inhibition cellular uptake assay with telomere-like DNA.®> These strands are guanine (G)-rich
sequences that can self-assemble into specialty secondary structures called G-quadruplexes
(GQs), characterized by the formation of G-quartets nucleated by physiologically relevant cations
(e.g., K+). The resulting central cavity—composed of guanine bases—contracts the negatively
charged phosphate backbone culminating in a more polyanionic ligand. Pretreatment with these
sequences inhibited nanoparticle entry due to their natural affinity for the Scavenger Receptor-A.
Many hypothesize that the highly negative nature of these sequences enhances their affinity to
the lysine-rich region of the collagenase domain in the receptor.? 22 Considering that GQs have
a natural affinity towards the receptor, Chinen et al. first assembled G-rich sequences into an SNA
to assess whether these oligonucleotides can fold appropriately after being densely functionalized
onto a nanoparticle core.?® They demonstrated that the GQ structure remains intact and stabilized
when formulated as an SNA using circular dichroism (CD) spectroscopy. By treating cells with
GQ-SNAs, Narayan et al. found significantly higher uptake with these G-rich SNAs when
compared to control SNAs (thymidine-rich, cytosine-rich, adenine-rich), and this enhancement in
uptake is solely dependent on GQ folding.® Upon shortening the G-rich motif, the resulting G-
guadruplex structure and any corresponding increase in cellular uptake were lost. When tested in

mouse models, GQ-SNAs demonstrate a preference for macrophage-rich cells and tissues,
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specifically those who express an abundance of scavenger receptors. For example, GQ-gold
SNAs exhibit enhanced internalization in the liver and spleen when compared to their T-rich
counterparts.?* Furthermore, many studies show that marginal zone macrophages act in immune
surveillance and are excellently position to capture blood-borne pathogens and regulate the
subsequent adaptive immune response. Guan et al. provided downstream evidence for the affinity
of G-rich SNA to these macrophages. They showed that GQ-gold SNAs could induce a temporary
cytokine release when injected intravenously, providing further evidence on the sequence-specific

affinity of G-rich SNAs to macrophages.?®

1.2. Therapeutic Applications of Spherical Nucleic Acids
1.2.1. Gene Regulation and the Importance of Oligonucleotide Stability.

In the first therapeutically relevant application of the SNA, Rosi, et al. densely conjugated
antisense oligonucleotides (ASO) onto a gold nanopatrticle to showcase its potential for gene
regulation.?® Subsequently, microRNA (miRNA)?’, small interfering RNA (siRNA)?, and
ribozymes?® have been formulated into SNAs to regulate protein expression in cells. The SNA's
therapeutic efficacy has been illustrated in vivo, exemplified by the ability of SNAs to regulate
Bcl2L12 mRNA in glioblastoma multiforme (GBM)*° or EGFR overexpression in many skin
malignancies®.. In 2021, a phase 0 human clinical trial determined the safety, pharmacokinetics,
and activity of siRNA-gold SNAs specific to the GBM oncogene Bcl2L12%2, In this trial, patients
with GBM were systemically administered a 1/50 of the no-observed-adverse-event level
(NOAEL) dose determined in cynomolgus monkeys. Analysis of resected GBM tissue
demonstrated that intravenously administered gold SNAs distributed throughout the tumor, and
uptake into glioma cells correlated with a reduction in tumor-associated Bcl2L12 protein
expression. Future clinical testing will assess the dose-dependence of gene knockdown and the

efficacy of SNAs in prolonging patient survival in combination with standard therapies.
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When employing SNAs for gene regulation, the delivery of intact oligonucleotides to the
cytoplasm is of utmost importance. In this regard, there are multiple examples where the
oligonucleotides, when immobilized on the nanoparticle surface, have increased serum stability
(2-6 times increase in half-life depending on the specific design parameters).*® This enhanced
stability has been attributed both to lack of accessibility for serum nucleases due to increased
steric hindrance and—in the specific case of DNase I—enhanced local ion concentration around
the oligonucleotide shell.3* 3 Still, in the presence of biological milieu, non-specific degradation
continues to take place. As was visualized in TEM micrographs of cells treated with gold SNAs
by Wu et al., as nucleases degrade the DNA shell within the endosome, the gold NPs are no
longer stabilized and aggregate.!* They determined that the aggregation is due to DNA
degradation by DNases rather than pH effects or thiol displacement of the strands. With this in
mind, unnatural modifications can be made to the shell to prevent non-specific degradation and
improve gene regulation. These adjustments were first implemented by Seferos et al. by the
introduction of locked nucleotides, where they showed a 20% improvement in knockdown
efficiency of the survivin gene.®® Sprangers et al. further illustrated the idea of stabilizing the
oligonucleotide by replacing the phosphodiester (PO) DNA backbone with a phosphorothioate
(PS) linkage that is more resistant to nucleases.®” As a result, they exhibited higher nuclear
localization and knockdown efficiency of long nontargeting RNA Malatl.

In the case of SIRNA-SNAs, Barnaby et al. found that the RNase A can access duplex cut
sites near the NP surface.®® They demonstrated that by situating these cut sites further from the
NP surface, with the introduction of a linker region, they could extend the half-life of siRNA
duplexes in serum. Furthermore, as evidenced previously with ASO, when designer
oligonucleotides replace these cut sites, the serum half-life of the siRNA duplex improves ten-
fold. At first glance, it is seemingly detrimental for proteins to access sequences close to the NP

core; however, Yamankurt et al. determined that Dicer must cleave the siRNA duplex from the
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NP in the first step of the RNAIi pathway.*® Using this information, Yamankurt et al. introduced the
doubly thiolated SNA, where both sense and antisense are conjugated to the gold NP, rather than
relying solely on base-pair hybridization to deliver the antisense strand. This modification
increases the duplex density, subsequently increasing the dosage of the therapeutically relevant
components. Therefore, when designing SNAs for gene regulation, it is prudent to acknowledge
that proteins will have access to the oligonucleotides throughout the shell. Therefore, it is essential
to determine any non-specific cleavage products—which will be different for each sequence—
and introduce specialty modifications at those sites. In addition to introducing stability to the shell
to prevent non-specific degradation, the SNA core can be formulated to have a potential release
mechanism for delivering oligonucleotides into the cytosol following cell entry. By utilizing
biodegradable polymer cores that can dissociate at a lower pH or using positively charged
guanidinium DNA backbone*® to destabilize the endosome, we can increase the probability of

intact nucleotide cargo reaching the cytosol.

1.2.2. Cancer Immunotherapy and the Rational Design of SNA Cancer Vaccines

In 2009, Dhar et al. first noted that SNAs—upon internalization—predominantly reside
within vesicles.*r Wu et al. later elucidated the intracellular fate of the SNA, after extensive
colocalization experiments, and established that they are predominantly trafficked through the
endocytic pathway.* This new revelation introduced a new opportunity to design the next
generation of SNAs that take full advantage of their location inside endosomes and to modulate
the immune system via toll-like receptors (TLRs) that reside there. The immune system is
sensitive to molecular patterns commonly associated with infection or damaged cells. TLRs are
a class of proteins that detect a variety of these cues to initiate an immune response. For example,
TLR-9 recognizes and initiates a response to the DNA sequence CpG (unmethylated cytosine

linked to guanine), which is abundant in microbial DNA. Chemical conjugation of antigens



27

5 DC Maturation

Phagocytosis ‘\
/ -
: MHC |
Adjuvant \: ﬁ

g Naive Dendritic Cell Ny
(DC)

Antigen Costimulatory
Mature DC Markers
i -® T Cell Bindin
Active T Cell 9

and Activation

i S \_/ 4 Cancer Cell
® . ‘
IL-2, IFNy, TNF Tumor Cell Recognition Naive T Cell
and Lysis

Figure 3. Cancer vaccine cycle. This cycle can be divided into four major steps, starting with the co-
delivery of tumor-associated antigens and CpG adjuvants to dendritic cells (DCs). T cells recognize
peptides presented by MHC I, are activated, and then trafficked to the tumor. When the T cell recognizes
its antigen and becomes activated, it kills malignant cells through the secretion of cytokines.

(peptides or polysaccharides that direct the immune response against the desired target) to CpG
DNA can result in a powerful and directed immune response. This immune response is exploited
in cancer immunotherapy, which relies on the cell-mediated cytotoxic response to recognize and
eliminate tumor cells that have undergone genetic modifications.*?> 3 Several research groups
have demonstrated that tumor immunity can be enhanced by providing signals necessary to
activate CD8+ T cells.***° This is realized by first training dendritic cells (DCs) to mature through
the endocytosis of adjuvant and antigen. These matured DCs present three signals to CD8+ T
cells: 1) surface antigens on a major histocompatibility complex | (MHC-I) protein;*® 2)

costimulatory membrane proteins (e.g., CD28, CD80, CD86, and CD40);*" and 3) secrete
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activating cytokines (e.g., interleukins and interferons). T cells that bear T cell receptors that
match the antigen-MHC-I complex on the DC surface will engage with the mature DC and become
primed. Primed T cells divide rapidly, resulting in multiple clones that can recognize and induce
apoptosis in any cell that displays the same antigen-MHC-I complex.

Radovic-Moreno first realized this potential for cancer immunotherapy by formulating gold
SNAs composed of immunomodulatory nucleic acids, which can agonize or antagonize toll-like
receptors.? In a landmark 2015 publication, they established that SNAs—synthesized from either
gold or liposomal cores—could be functionalized with CpG sequences, which can activate DCs.
This activation can be further directed by the inclusion of an antigenic peptide sequence such as
ovalbumin (OVA). By conjugating an antigenic peptide to the end of a complementary sequence
that can hybridize to the external CpG shell, they demonstrated a profound and durable tumor
growth remission in an E.G7-OVA lymphoma synergetic flank model. Since then, subsequent
studies have delineated the design parameters, which, when tuned, can have a profound impact
on the potency and specificity of cancer immunotherapy SNAs. Chemistry such as oligonucleotide
sequence, DNA anchoring group, antigen linker chemistry, and SNA structure can be rationally
altered to raise antitumor responses.

In its simplest form, SNAs induce higher immune activation than their unmodified linear
counterparts. This improvement is attributed to the privileged structure of the SNA, which
promotes cellular uptake and facilitates high co-delivery of both adjuvant and antigen to DCs.
Immune activity can be further improved by increasing the oligonucleotides' serum stability. First,
by replacing the naturally occurring phosphodiester (PO) with a more synthetic phosphorothioate
(PS) analog, there is an increase in immune activity due to enhanced nuclease resistance.® In
the same vein, we can boost immune activity by stabilizing the association of the DNA to the
liposome core. Typically, SNA cancer vaccines are designed using LSNAs, which are dynamic

systems that can readily dissociate in biological milieu. Therefore, to increase LSNA stability and
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consequently immune activation, Meckes et al. increased DNA association by changing the
hydrophobicity of the DNA anchor.*! In a 2018 paper, Meckes illustrated that LSNAs formulated
with lipid-conjugated DNA strands (more hydrophobic anchor) have a >20-fold extended half-life
compared to cholesterol-tail analogs (less hydrophobic anchor) in 10% serum. Accordingly, with
the more stable LSNAs, they confirmed an enhancement in cellular uptake and co-delivery of
liposomes and DNA. Furthermore, the lipid-tail LSNAs also exhibit a modest increase in immune
activation at lower concentrations and a significantly faster activation of RAW-Blue macrophages,
presumably a consequence of more rapid uptake by cells.

In addition to the importance of DNA stability, another relevant parameter is the
conjugation chemistry and location of the peptide antigen. Skakuj et al. studied the impact of
different linkers (cleavable vs. non-cleavable), which conjugate an antigenic peptide (gp100) to
DNA on LSNAs.*® By comparing the CD8+ T-cell proliferation following incubation of splenocytes
with L-SNAs, they show that a cleavable linker—particularly the traceless version—Ileads to better
T-cell proliferation and subsequent higher cytokine release. Wang et al. then compared three SNA
architectures, which varied in the position of the peptide antigen.'®* They tested the
immunoactivities of SNAs consisting of the same constituents (CpG and antigen) but varied in the
location of the antigen. The three architectures tested were: 1) encapsulating the antigen within
the liposome (encapsulation model; SNA-E); 2) anchoring the antigen to a cholesterol liposomal
intercalation moiety (anchor model; SNA-A); or 3) conjugating the antigen to a complementary
DNA strand which can hybridize to the CpG adjuvant sequence (hybridization model; SNA-H).
After evaluating the co-delivery efficiency of these design architectures, the hybridization model
demonstrated the best co-delivery of both the CpG and antigen and the most significant retention
in the endocytic pathway and endoplasmic reticulum over a 24-h period. Due to a combination of
two factors in the hybridization model: 1) slower kinetics and processing of antigen and adjuvant

2) and better co-delivery, the antigen presentation fortuitously overlaps with the timing for the
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expression of the costimulatory marker CD86. When tested in vivo, the hybridization model
resulted in more secretion of proinflammatory cytokines (IL-12p70, IL-1a, IL-6, TNF-a) and
antigen-specific T cells. When used to treat tumor-bearing mice, treatment with SNA-H led to
tumor regression and survival of 100% of the animals in the group through 60 days. Furthermore,
when these mice were reinoculated with new cancerous cells, a tumor did not grow,
demonstrating the immunological memory generated by treatment with SNAs. Finally, they
showed that a prophylactic vaccine with SNA-H led to the best outcomes, resulting in a 15-day
delay in tumor initiation.

During these investigations it is apparent that the high co-delivery of both adjuvant and antigen
to the same immune cell is of prime importance when designing SNAs for cancer vaccines. By
strengthening the attachment of the DNA shell to the liposome core or increasing the likelihood
for co-delivery through antigen/adjuvant hybridization, we can increase the immune response
from SNAs. Therefore, future development should focus on further stabilizing these constructs to

increase uptake and enhance co-delivery of components in vivo.

1.3. Introduction of Thesis Topics

This thesis explores the structure-function relationships of SNAs in the context of the delivery
of biologics. Biologics are drug products semi-synthesized in a living system and consist of
proteins, oligonucleotides, sugars, or a combination thereof. The application of biologics in
therapeutics is far outpacing the development of small molecule drugs due to their high specificity
and complexity of functions not easily realized by synthetic molecules.*® Currently, there are three
main strategies for using protein therapeutics: 1) replace a protein that is deficient or abnormal
through enzyme replacement therapy; 2) protect against a deleterious foreign agent such as a
virus or cancer with vaccines; or 3) block, stimulate, or tag a target such a receptor or molecule

with monoclonal antibodies.>* Presently, | will explore how the valuable biological properties of
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the SNA can be adapted to fit these first two methods (enzyme replacement therapy and

vaccines).

1.3.1. Delivering Deficient Proteins Through Enzyme Replacement Therapy
Many disorders stem from a deficiency of enzymes and, therefore, an accumulation of

abnormal metabolic products. Commonly the best course of action is to replace the deficient
enzyme with a recombinant protein, typically produced in large quantities using a bacterial
expression system such as E. coli.>? The first example of enzyme replacement therapy (ERT) was
the utilization of insulin to treat diabetes, first approved by the US FDA in 1982. In the ensuing 40
years, the FDA has seen a remarkable expansion in the number of therapeutic applications of
proteins. More than 239 proteins and peptides have been approved for clinical use by the FDA,
with many more in development. Although there have been many successes in ERT, poor protein
stability and distribution are major challenges in developing efficient and cost-effective
therapeutics. The cellular uptake of functional proteins is impeded by their inherent instability,
large sizes, and charged surfaces. Additionally, their half-life is considerably affected by
degrading proteases and fast clearance rates. Researchers have developed conjugation
strategies to facilitate intracellular delivery and extend blood circulation of proteins to address
these limitations.

Strategies include, but are not limited to, conjugation of cell-penetrating peptides (CPPs),
polymer coatings such as polyethylene glycol (PEG), or physical encapsulation in nanocarriers.%
CPPs are short cationic peptide sequences, high in lysine and arginine residues, which can
permeabilize membranes to deliver various cargos; however, their poor cell selectivity and toxicity
limit their clinical use.>* The most common strategy is functionalizing proteins with polymers such
as PEG, reducing clearance and inhibiting degradation upon systemic delivery. However, there

have been instances that result in a non-specific immune reaction to PEG and this strategy does



32
not facilitate cellular uptake.® Finally, proteins can be encapsulated in nanocarriers such as
liposomes or polymeric micelles, which may suffer from low encapsulation yield and high

polydispersity, leading to difficulties in quality control and mass production.®®

Cell Penetrating
Peptides

Liposomal
Encapsulation

Low encapsulati.on yield and
stability.

High cytotoxicity and short

half life. Low cellular uptake.

Figure 4. Systematic of different protein delivery strategies. A) Conjugation of short cationic cell
penetrations peptides to proteins facilitates cellular uptake at the risk of high cytotoxicity. B) PEGylation is
the process of conjugating long polymer chains to the surface of proteins to prolong their blood circulation
time and mask degradation. C) Encapsulation of proteins within nanocarrier systems, such as liposomes,
may facilitate endocytosis through targeting ligands or charged phospholipid headgroups.

To address these limitations, the Mirkin group has developed a chemical strategy for
transforming cell membrane-impermeable proteins into Protein Spherical Nucleic Acids
(ProSNASs) that can enter cells at low concentrations. In the original communication, Brodin et al.
reported a strategy for chemically modifying surface accessible lysine residues on the hydrolytic
enzyme [-Galactosidase (B-Gal) with DNA, facilitating cellular uptake of the protein in cells with

no disruption to the enzyme's activity.®
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1.3.1.1. Defining The Design Parameters for In Vivo Enzyme Delivery Through
Protein Spherical Nucleic Acids (Chapter 2)
| sought to explore the DNA shell design parameters of ProSNAs and how structural

changes to the DNA ligands can profoundly impact the SNA's biological properties. | found that
in terms of attachment chemistry, DNA-based linkers promote a 7-fold increase in cellular uptake
while maintaining enzymatic activity in vitro compared to originally used hexaethylene glycol
(HEG, Spacerl8) linkers. Additionally, the employment of G-quadruplex (GQ)-forming sequences
increases cellular uptake in vitro up to 4-fold. | applied these SNA design rules to the lysosomal
enzyme glucocerebrosidase (GCase) and demonstrated over a 25-fold increase in cellular
delivery after a 30 min treatment in a microglial brain cell line. When translating to murine models,
the B-Gal ProSNA with a DNA-only shell exhibits increased blood circulation times and higher
accumulation in major organs, including lung, kidney, and spleen. Importantly, B-Gal ProSNAs
with an all-oligonucleotide shell retain their enzymatic activity in tissue, whereas the native protein
loses all function. Taken together, these results highlight the value of structural design in guiding
ProSNA biological fate and activity and represent a significant step forward in the development of

intracellular protein-based therapeutics.

1.3.1.2. Strategies to Increase Brain Delivery of Protein Spherical Nucleic Acids
(Chapter 3)

When studying the pharmacokinetic profile of ProSNAs in a mouse model, | saw a
profound increase in the distribution of B-Gal ProSNAs to all major organs (lung, heart, spleen,
kidney, liver) except the brain. The brain is a hard-to-access organ following systemic injection
due to the seemingly impenetrable barrier delineating the blood and the brain known as the blood-
brain barrier (BBB). For GBM treatment, gold siRNA-SNAs were shown to bypass this barrier and
accumulate in tumors for gene regulation; however, there was a 500-fold decrease in gold NP

brain distribution in tumor-free mice.* This is likely due to a compromised BBB and enhanced
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permeability and retention (EPR) effect due to the fast-growing GBM tumor. Therefore, there lacks
a consistent strategy to deliver SNAs to brains with intact BBBs.

The BBB is formed by tight junctions between capillary endothelial cells which protects the
brain from exogenous materials in the bloodstream. Lipid-soluble molecules such as CO, O, and
H.O freely cross the barrier, and larger substances are transported by active carriers such as
transferrin and glucose. As such, | posited whether these transporter receptors could be hijacked
to facilitate transcytosis of ProSNAs across the BBB. The transferrin receptor is highly abundant
in endothelial cells lining the BBB and mediates the transport of iron into the brain through a
carrier protein transferrin.®” %8 Since 2008, a series of publications have evolved and truncated
aptamers with high-affinity binding to the mouse transferrin receptor.>®%! An aptamer is an
oligonucleotide or peptide sequence that can bind to a target molecule or receptor when folded
into a specialty secondary structure. By synthesizing ProSNAs with a transferrin-aptamer shell, |
increased brain targeting by 3-fold and facilitated transcytosis into the brain of a large protein, B-
Gal, that would typically be excluded from the central nervous system due to its large molecular
size.

In addition to receptor-mediated transcytosis, | also explored noninvasive (intranasal) and
invasive (intrathecal) administration pathways to increase brain delivery. The intranasal route has
emerged as a promising approach to deliver nanoparticles to the brain. The drug evades liver
elimination and has greater access to the central nervous system through the olfactory region in
the nasal cavity. However, when administrating ProSNA intranasally, the SNAs became stuck in
the nasal mucus layer, precluding brain delivery. As a more direct (yet invasive) route, | directly
injected ProSNAs in the cerebral spinal fluid (CSF) via intrathecal injection. CSF flows in the
subarachnoid space (SAS), which surrounds the brain and spinal cord. | hypothesized that by
intrathecally injecting the ProSNA into the CSF, the protein would distribute through the SAS,

bypassing the BBB and improving access to the brain. To test this, | administered ProSNAs to
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healthy mice via direct injection into the spine. Based on in vivo fluorescence measurements
taken over multiple days, | visualized a significant increase in the lifetime and accumulation of
ProSNAs in the brain compared to the native protein. This confirmed that ProSNAs distribute
differently from their native counterparts following intrathecal injections and provides evidence

that intrathecal injection is a viable pathway to increase brain penetration of SNAs.

1.3.2. Protein Vaccines
In order to develop immunity, T cells must be activated to display a short peptide

sequence, or antigen, which derives from the proteome of the foreign organism or cancer cell.
For example, vaccination against polio was achieved by inoculating attenuated virus, thus arming
the immune system with molecular cues to defect the infection. The Mirkin group has
demonstrated great success in using immunostimulatory SNAs to reverse tumor growth and
prevent cancer recurrence by co-delivering antigens and adjuvants; however, these studies used
model (OVA) or known cancer antigens (E6, gp-100). Moreover, there has been no published
evidence on using immunostimulatory SNAs as a vaccine for viral infections. Therefore, in my
final two thesis chapters, | will first discuss how SNAs can be rationally designed to treat triple-
negative breast cancer (TNBC)— a cancer with no known tumor-associated antigen (TAA).
Finally, 1 will describe early research in employing SNAs as a vaccine to generate neutralizing

antibodies against SARS-CoV2.

1.3.21. Immunostimulatory Spherical Nucleic Acids as Cancer Vaccines for Triple
Negative Breast Cancer (Chapter 4)

The primary objective of cancer vaccines is to mobilize the host immune system against
tumors. In contrast, tumors proliferate because they have developed a way to evade the immune
system predominantly by crippling cytotoxic CD8+ T cells through the production of suppressive

cytokines or by down-regulating antigen presentation.®? Standard cancer therapeutic strategies,
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such as chemotherapy, radiation, or tumor resection, cause transient immune suppression which,
in turn, can decrease the immune system's ability to combat cancer recurrence.®® Current
development into cancer therapies that stimulate the immune system to kill tumor cells include
vaccination with antigen peptides®, DCs®, and chimeric-antigen receptor T cells (CAR-T)®;
however, these approaches are restricted to a subset of patients whose tumors express known
tumor-associated antigens (TAAs). Moreover, cancer cells undergo high mutation rates, resulting
in the loss of a specific TAA's expression. An alternative to single-antigen vaccines is to use cell
lysates isolated from a patient's tumor as the TAA source.®”"® This broadens the set of proteins
processed and presented by immune cells to stimulate a robust T cell response. Moreover,
oxidizing tumor cells before lysate preparation by hypochlorous acid (HOCI) significantly
increases immunogenicity.”* " To explore the potential of SNAs to treat cancer with no known
TAA—such as TNBC—we synthesize L-SNAs that encapsulate lysates derived from TNBC cell
lines in their core and present CpG on their surfaces, as well as analogs that contain lysates from
TNBC cells that were oxidized with HOCI prior to lysis (OxLys-SNAs), and evaluated their
antitumor properties in mouse models of TNBC. In addition to validating L-SNAs relevance as a
cancer vaccine for TNBC, we defined design parameters of the lysate-loaded SNAs as a function
of liposome composition. By varying the length and degree of saturation of the lipid tail used to
formulate L-SNAs, we found correlations between the stability of the L-SNA and its in vitro cellular
uptake and activation in DCs and in vivo antimetastatic and antitumor efficacy. Altogether, we
established the utility of SNAs for personalized cancer therapy and validated that the method in
which lysates are generated and how L-SNAs are packaged and delivered to the immune system

has a profound impact on the resulting antitumor efficacy.
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1.3.2.2. Spherical Nucleic Acids as a Platform for Infectious Disease Vaccines
(Chapter 5)
In December 2019, a novel coronavirus (SARS-COV2) emerged, resulting in a global

pandemic, with over 79 million confirmed cases and 1.75 million deaths worldwide in the year
2020.”° The long incubation period, high infection rate, and long-term severe symptoms
experienced by vulnerable populations make COVID-19 a concerning disease. Moreover,
associated costs from quarantine restrictions and lockdowns implemented to mitigate spread
have had unintended and severe consequences to the economy, mental health, and children's
access to uninterrupted education. Only the rapid development and distribution of a vaccine to
the population is the most effective approach to lift restrictions and stop this pandemic completely.
Immunization against viruses has traditionally relied on the usage of heat-killed or attenuated
pathogens; however, nanoparticle-based delivery platforms have become the next-generation
vaccines, with Pfizer's and Moderna's vaccines becoming the first nanoparticle mRNA-based
vaccines being clinically used.”” In these vaccines, a cationic liposome is used to encapsulate
and deliver mRNA that cells translate to produce spike (S) proteins. The spike is a structural
protein on the SARS-CoV-2 membrane that facilitates viral entry into the host cell during the
infection process. The spike protein subunits are responsible for binding to the angiotensin-
converting enzyme 2 (ACE2) receptor (subunit S1) and facilitating host cell membrane fusion
(subunit S2).7® A segment of the S1 contains the receptor-binding domain (RBD), a target antigen
for inducing neutralizing antibodies.”® &

Based on the established effectiveness of immunostimulatory SNAs in increasing stability
and facilitating synchronized delivery of both antigen and adjuvant to immune cells, we expanded
the utility of the SNA to induce protective immunity against SARS-CoV-2. We developed SNA
subunit vaccines which consist of structural components of SARS-CoV-2 that can prime a

protective immune response in the host when administered together with adjuvants. Moreover,
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SNAs are highly modular, allowing for their rapid modification to incorporate novel antigen variants
as they arise. Presently, we have subcutaneously treated mice with L-SNAs that encapsulate the
RBD protein and utilize CpG DNA (TLR9 agonist) as the dense shell that enables uptake into
immune cells. After 14 days, a single dose of vaccine led to the production of significant levels of
RBD-specific IgG antibodies, achieving >1000 ng/mL final neutralizing titer when assessed in a
pseudovirus inhibition assay. These results are further enhanced following a second SNA dose,
increasing the overall RBG-specific IgG titer to >8000 ng/mL. With these promising results, we
identified a new frontier for SNAs as next-generation nanoparticle antiviral vaccines. As
devastating as COVID-19 is, it served as an impetus for the scientific community to develop and
distribute a life-saving vaccine at unprecedented speed. Nanotechnology platforms—such as the
SNA—offer plug-and-play capabilities that can be tailored to seasonal or new variants of
coronaviruses, underscoring the need for continued investment in SNA as a viral vaccine

candidate.
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CHAPTER 2. DEFINING THE
DESIGN PARAMETERS FOR IN
VIVO ENZYME DELIVERY
THROUGH PROTEIN SPHERICAL
NUCLEIC ACIDS

Material in this chapter is based upon published work:

Kusmierz C.D.; Bujold K.E.; Callmann C.E.; Mirkin C.A. Defining the Design Parameters for in Vivo

Enzyme Delivery Through Protein Spherical Nucleic Acids. ACS Central Sci. 2020, 6, 815-822.
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2.1. Introduction
When materials are structured on the nanoscale, they exhibit unique properties that can be

exploited for various applications. DNA is a notable illustration of this concept; when densely
radially functionalized onto a nanoparticle core in the form of a spherical nucleic acid (SNA), DNA
achieves high cellular uptake through the engagement of scavenger receptors and is more
resistant to nuclease degradation than its component nucleic acids.**® 3% 82 These properties have
enabled the development of SNAs as diagnostic tools and in therapeutic applications, ranging
from gene regulation to immunotherapy. 2 16:26. 28,30, 31, 39,48, 49,8385 Bacguse the three-dimensional
architecture of the DNA shell is the primary driver for biological function, the SNA platform has
been expanded to include biocompatible cores such as liposomes, polymers, and proteins.® % 1%
8 Protein SNAs (ProSNAs) are especially attractive because they address an unmet need in
biologics development: facilitating the cellular delivery of large, hydrophilic, and charged
macromolecules while maintaining their biological function.

The notion that DNA shell design parameters dictate the biological fate of SNAs is well-
established. One such example is that high oligonucleotide loadings correlate with enhanced
cellular uptake.! In previous work with gold nanoparticle-based SNAs, hexaethylene glycol (HEG),
also known as Spacer 18 (Sp18), were introduced at the interface between the nanoparticle core
and its oligonucleotide shell to mitigate the electrostatic repulsion between the negatively charged
gold surface and the DNA, enabling denser packing.? However, a pivot in DNA shell design is
required when synthesizing an SNA architecture from a protein core. Proteins typically offer fewer
attachment sites and thus may not be affected by electrostatic repulsion to the same degree.
Moreover, with many proteins, chemical modification of their surfaces can either positively or
negatively influence different aspects of their function. For example, in the development of protein-

based therapies, biocompatible polymer modification, or PEGylation, has been utilized to extend
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the lifetime of susceptible proteins. However, such modifications generally lead to a loss in
biological activity.8"8

In addition to the introduction of a linker region to the DNA shell of SNAs, another design rule
identified with gold-based SNAs was their sequence-specific uptake behavior. Specifically that G-
guadruplexes (GQs), which are guanine-rich sequences that can fold into uniqgue secondary
structures, contributed to higher cellular uptake and a difference in biodistribution.® 23 24 This
phenomenon is attributed to a favorable interaction between the scavenger receptor and a denser
presentation of negative charge ascribed from the folding of the GQ.2% 2290

With insight into the potential benefits and detrimental effects of sequence design and
polymer modifications, we sought to study the effects of incorporating (1) Spacerl8 (a polymer
mimic) in the DNA shell and (2) a GQ sequence on the cellular uptake, enzymatic activity, and
biodistribution of ProSNAs, utilizing the previously established (-galactosidase (B-Gal) model
system. We hypothesized that the nature and length of the linker would modulate the properties
of the oligonucleotide shell of ProSNAs. Furthermore, the GQs will increase the uptake of the
ProSNA akin to previous studies with the gold core. For this purpose, we used in vitro and in vivo
models to investigate tunable parameters in the ProSNA DNA shell’s linker design space in the

interest of developing a set of general DNA shell design rules for biologic drug development.

2.2. Impact of linker design on cell uptake and activity.

B-Gal ProSNAs were synthesized using protocols previously established by our group. The
protein was tagged with Alexa Fluor 647 (AF647) to facilitate tracking in vitro and in vivo. To
evaluate the impact of DNA linker identity and length on the cellular uptake and enzyme activity
of a B-Gal ProSNA, DNA was conjugated to the protein through surface-accessible lysine
residues, with either T4, or (sp18)2n (N =1, 2, 3) near the conjugation site (Figure 5A). Each linker,

T4 or (spl8),, is approximately equivalent in length but varies significantly in chemical identity and
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flexibility, which may impact the radial orientation of the oligonucleotide shell and ultimately affect
the biological properties of the resulting ProSNAs. UV-vis spectroscopy showed that the DNA
loadings were identical (30 DNA/ B-Gal, 3.7 pmol/cm2), regardless of the composition of the shell
(Figure 13). Moreover, covalent conjugation of the DNA to the protein core was confirmed via a
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Figure 5. Impact of linker design on cellular uptake and enzymatic activity. (A) Cartoon
representation of the surface of B-Gal at a lysine residue, which is covalently modified with a DNA strand.
The “linker region”, at the interface of -Gal and a T30 oligonucleotide strand, varies in either increasing
T4 or 2 Spacerl8 phosphoramidite increments. The representation was adapted from PDB ID 1PX3. (B)
Cellular uptake of ProSNAs with increasing T4 (purple) or Spacerl8 (pink) linkers, as determined by flow
cytometry. Fluorescence was measured in HelLa cells (n = 3) 4 h after treatment with 5 nM enzyme in
serum containing media. All ProSNAs have equal loading density of 30 DNA/B-Gal. (C) Relative Keat (n =
3) determined by an ONPG assay of ProSNAs with varying linker identity and the native protein. All
ProSNAs have equal loading density of 30 DNA/B-Gal. The bars in the graphs represent the mean, and
error bars show the standard error of the mean (SEM). An unpaired t test was performed with GraphPad
Prism. n.s., not significant, ** P < 0.01.
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denaturing SDS-PAGE gel, which shows mobility shifts commensurate with the increased mass
upon DNA addition (Figure 14). Importantly, in contrast to classical gold-based SNAs, the
absence of Spacerl8 did not significantly affect loading density onto ProSNAs, suggesting that
each surface-accessible lysine on B-Gal was readily available for conjugation, independent of
linker type.

One of the defining features of the SNA platform is its robust and unaided cellular uptake,
which has been demonstrated in more than 60 cell lines.° Specifically, akin to other SNAs, the
ProSNA was found to be taken up by cells through scavenger receptor-A (SR-A) mediated
endocytosis through a receptor blocking study.® To establish the role of the linker on the cellular
uptake of ProSNAs, HelLa cells were incubated with the six B-Gal ProSNA variants described
above, and their uptake was monitored using flow cytometry by tracking the fluorescence of the
protein core (Figure 5B). Surprisingly, the ProSNA with no Spacerl8 was taken up to the greatest
extent. Furthermore, internalization dramatically decreased with increasing Spacerl8 length,
even though these madifications were made adjacent to the protein surface and thus not expected
to be accessible to the cell surface. In contrast, increasing the length of the DNA linker imparted
only minor changes in cellular uptake. We speculate that these results originate from differences
between the linkers in terms of persistence length and ability of the shell to adopt a radial
arrangement away from the protein surface, resulting in a decreased affinity for SR-A.® The
linker's deleterious uptake properties were further supported by switching the location of
Spacerl8 on the protein: cellular uptake recovers, confirming that placing Spacerl8 near the
protein surface is detrimental to internalization (Figure 19Figure 20). These findings were further
reproduced in another cell line (Figure 23). Based on these results, we find that while gold-based
SNAs benefited from the addition of Spacer18 linkers, the functionalization of protein cores should

be carried out using linkers that are composed entirely of DNA to maximize cellular uptake.
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A critical aspect, unique to ProSNAs in the context of protein delivery, is the retention of
protein function after conjugation. To assess the effect of conjugating a large number of DNA
strands on the protein surface on function, the enzymatic activity of the 3-Gal ProSNAs was
measured utilizing an ortho-nitrophenyl-B-galactoside (ONPG) assay, and Michaelis—Menten
constants were calculated. Both linkers caused a loss of enzymatic activity as their length
increased; however, this effect is more pronounced for the Spacerl8 linker (Figure 5C). We
speculate that Spacerl8 is more detrimental to enzymatic activity because of an increased affinity
of the Spacer18 linker for the protein surface when compared to DNA. To test this hypothesis, we
placed the Spacerl8 linker away from the protein surface by appending it at the end of a Tso
strand and found that activity was improved (Figure 26). Considering that the reported isoelectric
point for B-Gal is approximately 5.5, the protein is overall negatively charged at physiological
conditions. Similarly, the DNA linkers provide a high density of negative charges through their
phosphate backbone. These two elements combined are thus expected to promote electrostatic
repulsion and favor a radial orientation of the oligonucleotide shell. On the other hand, Spacerl8
linkers are less densely charged than DNA and may have other interactions with the protein
surface. Based on these results, we conclude that with this protein, short DNA-only linkers

maximize the enzymatic activity of ProSNAs.

2.3. G-Quadruplex Shell Enhances Cell Uptake In Vitro

We next assessed sequence-dependent cellular uptake and enzyme activity trends of
ProSNAs under physiological conditions. Templated by their DNA sequence, particular strands
will fold into secondary structures that can bind preferentially to receptors on the cell membrane.
In previous work, our group demonstrated that SNAs constructed using guanine-rich sequences
resulted in significantly higher uptake compared to thymine-, adenine-, or cytosine-rich control

SNAs. G-rich sequences, which can fold into GQs, are a natural ligand for SR-A due to the
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proposed favorable electrostatic interaction between the GQ and the lysine-rich collagenase
region of the SR-A.?1: 229 Because GQs are expected to interact preferentially with SR-A, we
hypothesized that ProSNAs with a DNA shell that can form GQs would be able to enter cells in

more significant amounts than SNAs composed of other nucleotides (Figure 6A). GQs exist in
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Figure 6. Impact of G-quadruplex sequences on cellular uptake and enzymatic activity. (A)
Cartoon representation of the surface of B-Gal at a lysine residue which is covalently modified with ¢
DNA strand. The inset represents either a T-rich and G-rich sequence structure. In the G-quadruplex
topology, the guanine bases are selectively stabilized by a potassium cation. The representation was
adapted from PDB ID 1PX3 and 2N3M. (B) Cellular uptake of ProSNAs with different G-quadruplex
topologies, as determined by flow cytometry. 2KF7 (antiparallel basket), 1KF1 (parallel propeller), 148D
(antiparallel chair), and 2JPZ (mixed chair) are named after their PDB ID. Fluorescence was measured
in HelLa cells (n = 3) 4 h after treatment with 5 nM enzyme in serum containing media. (C) Cellular
uptake of ProSNAs at different loading densities with either a T4T30 or T4(GGT)10 sequence, as
determined by flow cytometry. Fluorescence was measured in HeLa cells (n = 3) 2 h after treatment with
10 nM enzyme in serum containing media. (D) Relative kcat (n = 3) determined by an ONPG assay of
ProSNAs (both 20 DNA/B-Gal) and the native protein. The bars in the graphs represent the mean, and
error bars show SEM. An unpaired t test was performed with GraphPad Prism. **P < 0.01, ****P <
0.0001.
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various topologies based on their sequences; therefore, we investigated the impact of GQ folding
on cellular uptake of the ProSNA in vitro. To facilitate attachment to 3-gal, all GQ sequences were
synthesized with a T4 DNA-only linker, which was found to maximize both cellular uptake and
enzymatic activity (vide supra).

To begin, we characterized all GQ strands by circular dichroism to confirm the chosen
sequences fold into the appropriate GQ structure after the inclusion of a T4 linker and DBCO-dT
conjugation group (Figure 17). Then we synthesized ProSNAs using the previously reported
method but under different buffer conditions. The G-quartet structure in a GQ’s tetrad is selectively
stabilized by a K* ion, which coordinates to each of the guanine bases. To linearize the strand,
thus enabling more efficient loading, we replaced K* with Li* as the counterion in the reaction
buffer. Lithium is the least stabilizing among type la and lla cations; therefore, the GQ does not
form under these conditions. After conjugation and ProSNA purification, the buffer was exchanged
back to PBS (a potassium phosphate buffer) to facilitate GQ formation (Figure 18).

To determine which GQ topology results in the most significant enhancement in cellular
internalization, HeLa cells were treated with each of the ProSNA GQ variants in serum containing
media. According to flow cytometry, all GQs demonstrated an approximately twofold increase in
uptake compared to the T-rich ProSNA (Figure 2B). More notably, the T4(GGT)10 ProSNA, which
folds into a parallel GQ, increased uptake by fourfold. This enhancement in uptake with the
T4(GGT)10 ProSNA was demonstrated over a range of loading densities with the highest cellular
uptake seen at a loading of 20 DNA/B-Gal (Figure 2C).

The enhancement in cellular uptake with ProSNAs composed of a GQ shell stems from the
DNA'’s unique secondary structure. However, this special folding imparts a small inhibitory effect
on the enzyme’s activity. An ONPG assay was used to calculate the kcat of the enzyme for
ProSNAs with either T4Tz or T4(GGT)i0 DNA shells. After loading both ProSNAs equally (20

DNA/B-Gal), we calculated the kcat of the enzyme and found that there is an ~30% loss in activity
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with a GQ shell (Figure 2D). This small loss in activity may stem from steric hindrance by the
dense folding of the DNA around the enzyme. Nevertheless, it is subject to the intentions of the
application whether this marginal loss in activity depreciates the gain in cellular uptake for a G-

quadruplex DNA shell.

2.4. ProSNAs Demonstrate Enhanced Pharmacokinetics

We assessed whether these shell design considerations would translate from in vitro cell
studies to a more relevant in vivo mouse model. Previous work using gold core SNAs highlighted
the benefits of the oligonucleotide shell in enabling the biodistribution of SNAs to all major organs,
which have been applied for the treatment of many diseases, including glioblastoma and many
other forms of cancer.?® *° ProSNAs are a special case because there is an approximate order of
magnitude difference in loading density (3.7 pmol/cm?) when comparing to the classical gold
SNAs (30-60 pmol/cm?). Moreover, naked proteins are susceptible to degradation and typically
show low cellular uptake. Therefore, we evaluated if this loading density would be sufficient to
enable applications of ProSNAs in vivo and if these newly devised design rules would be able to
amplify these effects further.

Based on cellular uptake and enzymatic activity findings in vitro, we hypothesized that
Spacerl8 would impede the internalization of ProSNAs within the tissue. For this purpose, we
started by comparing constructs bearing either a T3 or (sp18)sTs0 DNA shell, such that these two
constructs would vary only in the presence of a Spacerl8 linker. We assessed both the blood
circulation time and temporal biodistribution following a single tail vein intravenous injection of
either B-Gal ProSNAs or native protein in CD-1 mice, utilizing the Alexa Fluor 647 fluorescent-tag
on the protein to track its distribution.

First, we measured the distribution half-life of these ProSNAs in plasma to determine the

clearance rate of these protein constructs. Notably, both ProSNAs exhibit an increase in
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circulation time (60 min), which is twice that of the native protein (30 min), regardless of the linker
identity (Figure 7A). These similarities in the pharmacokinetic profiles of the SNAs highlight the
influence of the DNA shell, regardless of linker, in transforming the biological properties of an

SNA'’s nanoparticle core.

To evaluate the distribution of B-Gal in tissue, we measured the fluorescence of dissected
and perfused organs utilizing an in vivo imaging system (IVIS). Quantification of radiant efficiency
revealed that a majority of both ProSNA and native protein were sequestered by the liver, akin to
previous observations with other nanoparticle systems.®* However, the ProSNAs, in particular the
Tso variant, exhibited distinct differences in biodistribution compared to the native protein (Figure
7B). Consistent with our hypothesis, we observed that the native protein is found primarily in the
liver with limited distribution to other organs. In contrast, the addition of the oligonucleotide shell
enabled a broader distribution of both ProSNAs. Importantly, an enhanced tissue accumulation
was observed with the Tz, ProSNA, mirroring our previous in vitro cellular uptake results (vide
supra). This finding is of significance because it highlights the importance of using an all-DNA
shell when designing ProSNAs because it dictates their in vivo behavior.

In addition to linker identity being a determinant of uptake for the ProSNA, DNA sequence
was also established to enhance cellular uptake in vitro. Consistent with the previous experiment,
we utilized IVIS to study the distribution of the ProSNA with two different sequence identities: Taz4
or T4(GGT)o. Both ProSNAs were loaded equally at 20 strands per protein, which we
demonstrated resulted in the highest internalization for the GQ ProSNA in HeLa cells. CD-1 mice
were treated with each construct via the tail-vein, and after a 1 h treatment, mice were sacrificed
and perfused, and organs were dissected for IVIS analysis, which was used to track the AF647

fluorophore covalently conjugated to the protein. Based on fluorescence counts, both ProSNAs
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accumulated in the dissected organs equally (Figure 7C). From this experiment, it is apparent

that the nature of the linker is a more important determinant of in vivo ProSNA behavior.

2.5. Only ProSNAs Exhibit Enzymatic Activity in Tissue
The ultimate test to determine the potential of the SNA architecture as a delivery method for

biologics was to assess whether the delivered enzyme retains its biological activity in tissue.
Therefore, we performed a colorimetric activity assay specific to -Gal on cryo-sectioned organs,
allowing us to gain information on the suborgan compartmentalization of the SNA platform and its
overall structural integrity. For this purpose, mice were intravenously administered ProSNAs or
native protein. After 1 h, mice were sactrificed and perfused, and organs were cryosectioned and
subsequently stained with 5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside (X-Gal) to visualize
the enzyme’s activity via the appearance of a blue-colored insoluble product.®? Strikingly, we
observed blue coloring in both Tz ProSNA and T4(GGT)i0 ProSNA treated mice (n = 3), which
confirmed the successful delivery of active enzymes to tissues, while all organs treated with the
native proteins (n = 3) exhibited no coloring (Figure 8). This is the first time that the ProSNA
strategy has been tested in a living animal model, opening the door to various applications for
relevant disease models.

In this context, we looked at the distribution of the blue stain within each organ, which
revealed details about tissue localization of the ProSNA. A first striking observation was the
presence of blue in the ProSNA-treated liver indicative of enzyme activity, whereas it was
completely absent in the case of the native protein. This was unexpected since VIS fluorescence
signals in the liver from all treatment groups were nearly identical, suggesting that the
oligonucleotide shell on the ProSNA was able to protect its structural integrity. The liver and lung
displayed diffuse staining throughout the organ, whereas in the kidney and spleen, it was localized

to tissue substructures. Specifically, the ProSNA is trapped within the glomerulus in the kidney,



liver

lung

spleen

! R 2 % o —
Figure 8. In vivo catalytic activity and tissue distribution of native B-Gal and ProSNA.
Representative light micrographs of histology slides after incubation with the B-Gal substrate, X-Gal.
The blue color apparent in tissue dissected from mice (n = 3) 1 h after intravenous injection of 6.5 mg
enzyme/kg mouse results from the hydrolysis of X-Gal and the formation of an insoluble blue product.
Scale = 250 pm.
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which is a structural unit that acts as a filter with an average pore size of 3 nm.*® We hypothesize
that the ProSNAs are retained within this glomerular space and are thus prevented from entering
the kidney tissue due to their inherent size. However, when the filtration size thresholds of the
organs are larger, as is the case with the spleen, the ProSNA readily enters. Indeed, the spleen
exhibits two distinct regions based on Nuclear Fast Red staining: red and white pulp. The white
pulp is predominantly a sheath of lymphocytes (T and B) surrounding the artery, while the red
pulp envelops the white pulp and consists mostly of macrophages, plasma, and a few
lymphocytes.® Based on these images, the ProSNA is preferentially sequestered in the red pulp
of the spleen. In particular, there is a difference in spleen distribution between the T-rich and GQ
ProSNAs. The T-rich ProSNA distributes evenly throughout the red pulp. However, for the GQ
ProSNA, the enzyme predominantly accumulates in a marginal zone at the junction between the
red and white pulp. Regardless, we hypothesize that both ProSNA variants are taken up by
macrophages (either marginal zone or red pulp), which take up the SNA due to the abundance of

scavenger receptors on their cell membranes.®

2.6. Conclusions

We established the importance of DNA shell design in tuning the activity, cellular uptake, and
overall biodistribution of ProSNAs. We find that the chemical composition of the linker is a crucial
determinant of ProSNA properties: specifically, the replacement of the HEG linker with DNA leads
to a recovery in both cellular uptake and enzymatic activity at no cost to loading density.
Furthermore, we can harness the programmable topology of DNA structures to modulate cell
interactions, as demonstrated with the GQ ProSNAs acting as preferential ligands for the
scavenger receptor-A. In terms of biodistribution, the removal of the HEG linker resulted in a
greater distribution in organs other than the liver. Conversely, both types of sequences facilitated

protein delivery to a similar extent. Because the most critical parameter in protein delivery consists
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in maintaining enzymatic activity, we demonstrate for the first time that the ProSNA strategy can
be used to deliver functional enzymes to tissues, thus highlighting the relevance of this approach
for biologics development. Considering the facile synthesis and conjugation of DNA onto proteins
as well as its biocompatibility, these findings emphasize the relevance of applying the SNA
architecture to therapeutically relevant proteins. We foresee that ProSNAs can be tailored to a
breadth of applications from immunotherapy to enzyme replacement therapy in macrophage-

relevant disease models.

2.7. Methods and Materials

2.7.1. Synthesis and Characterization of B-Galactosidase Protein Spherical Nucleic
Acids

2.711. Oligonucleotide synthesis

Oligonucleotides were synthesized using standard phosphoramidite chemistry protocols
on an ABI 392 using 1000 A universal CPG solid supports (ChemGenes) and phosphoramidites,
as well as coupling reagents purchased from Glen Research. The DBCO-dT-CE phosphoramidite
was hand coupled in a glove box using a mild oxidizing agent ((1S)-(+)-(10-Camphorsulfonyl)-
oxaziridine, CSO) to increase coupling efficiency and preserve the integrity of the strained alkyne
in a water- and air-free environment. Synthesized strands were cleaved using 30% aqueous
ammonia (Sigma Aldrich) for 16 h at room temperature and purified by HPLC using a reverse-
phase C4 column (Shimadzu) running a gradient from 0 to 100% acetonitrile in triethylammonium
acetate buffer (Sigma Aldrich) over 45 min. After HPLC purification, the final dimethoxytrityl group
was removed in 20% acetic acid (Sigma Aldrich) for 2 h and extracted in ethyl acetate (Sigma
Aldrich). The masses of the oligonucleotides were confirmed using matrix-assisted laser

desorption ionization-time of flight (MALDI-MS) mass spectroscopy on a Bruker AutoFlex-1ll using
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2',6’-dihydroxyacetophenone (Sigma Aldrich) as the matrix. Molecular weights and extinction

coefficients were calculated based on estimates using the IDT OligoAnalyzer tool®®(Table 1).

Table 1. Oligonucleotide sequences, molecular weights, and extinction coefficients.

Name Sequence MW Expected MW Observed €260
(5'to 3) [Da] [Da] [Micm]
Ta DBCO-dT T4 11054 10991 276000
Ts DBCO-dT Tss 12271 12237 308400
Ti2 DBCO-dT Ta42 13488 13423 340800
(sp18)2 DBCO-dT (sp18)2 Tso 10526 10524 243600
(sp18)4 DBCO-dT (sp18)4 Tso 11215 11206 243600
(sp18)s DBCO-dT (sp18)s Tso 11903 11897 243600
T30 (spl8)s DBCO-dT Tao (Sp18)s 11903 11900 243600

(sp18)s only DBCO-dT (spl18)s 2840 2835 N/A
T4(GGT)io  DBCO-dT T4«(TGG)1o 11555 11558 322000
2KF7 DBCO-dT T4(G3T2A)3GsT 8948 8984 255300
1KF1 DBCO-dT T4AG3(T2AGz3)3 8957 9002 260800
2JPZ DBCO-dT T4(T2AG3)4T2 10174 10202 293600
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148D DBCO-dT T4G2T2G2TGTG2T2G2 6717 6702 175100

2.71.2. Synthesis of B-Galactosidase (B-Gal) Protein Spherical Nucleic Acids
(ProSNA)
Molecular weights and extinction coefficients pertaining to synthesis and characterization

of B-Gal ProSNAs are detailed in Table 2.

Table 2. Molecular weights and extinctions for chemical modifications onto B-Gal.

Name MW [Da] [M_Elrgar;_l]

1,142,000 (280nm)

B-Galactosidase 464,000 596,268 (260nm)

Alexa Fluor® 647 dye 1250 265,000 (650nm)
NHS-PEG:s-azide 388 N/A

B-Galactosidase-AF647

1.0 [AF647] 2054 nM
= ~ 7.6 AF647 per 3-Gal
[B-Gal] 270 nM
5 0.8 AlexaFluor647
< €550 = 265,000 M 'em’”
AU = 0.54
® 0.6 =
2 B-Galactosidase [AFB47] = 2054 nM
s €280 = 1.142x108 M 'em™
= 0.4 AU = 0.31
o [B-Gal] = 270 nM
et
<
0.2
0.0 ; i
200 400 600 800

Wavelength (nm)

Figure 10. Representative UV-Vis spectrum of fluorophore modified B-Galactosidase. UV-Vis
spectrum and calculation of the number of AF647 fluorophores on p-Gal in 1X PBS. Spectra were collected
at ambient temperature with a 1 cm pathlength cuvette on a Cary5000 spectrophotometer. Inset
calculations detail the steps used to calculate the number of fluorophores per protein.
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2.7.1.2.1. Reaction of Surface-Accessible Cysteines with Alexa Fluor 647 (AF647).
B-Gal from an E. coli overproducer was purchased from Roche. The lyophilized protein

was first dissolved in 1X phosphate-buffered saline (1X PBS; Thermo Fisher Scientific) and
washed via 3 rounds of centrifugation using a 100 kDa centrifugal filter (Millipore), resuspending
the protein in 1X PBS after each wash. Protein concentration was determined from its 280 nm
absorbance peak collected on a Cary-5000 UV-Vis spectrophotometer in a 1 cm pathlength
cuvette. Then, 10 equivalents of Alexa Fluor 647-C>-maleimide (Thermo Fisher Scientific),
dissolved in DMSO, were added to ~19 yM B-Gal in 1500 uL 1X PBS and the reaction was shaken
(900 rpm) overnight at 4 °C. Unconjugated Alexa Fluor 647 was removed by repeated rounds of
centrifugation using a 100 kDa filter until the filtrate did not have a detectable absorbance at 650
nm by UV-Vis. The number of Alexa Fluor 647 modifications per protein was calculated based

on UV-Vis spectroscopy (Figure 10).

2.7.1.2.2. Reaction of Surface-Accessible Lysines with NHS-PEGs-Azide.

200 equivalents of NHS-PEGs-azide crosslinker (Thermo Fisher Scientific), dissolved in
anhydrous DMSO at a concentration of 100 mM, were added to ~ 45 uyM B-Gal-AF647 in 550 pL
1X PBS. The reaction was shaken (900 rpm) overnight at 25°C. Unconjugated linker was removed
by 10 rounds of centrifugation using a 100 kDa filter. The number of azide modifications was
assessed by MALDI-MS using sinapinic acid (Thermo Fisher Scientific) as a matrix in a Bruker

AutoFlex-1l (Figure 11).

DA™Yy or = BGalAF647Azide — BGalAF647 = 120349 — 116744 = 3605

ATn/Ztetramer = ATn/Zmonomer X 4 =3605 x 4 = 14420

m 14420 , ,
A g otramer ~ MWNHSPEG, azide = =88 37 azide per protein
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Figure 11. MALDI-MS spectra of azide modified and unmodified B-Gal-AF647. To calculate the number
of azides per monomer, the mass difference between an unmodified and azide modified protein can be
determined using MALDI-MS. The mass shown is of the monomer; therefore, to determine a mass change
of the entire protein—a tetramer—this difference should be multiplied by 4.

2.7.1.2.3. Functionalization with DBCO-dT Terminated T-Rich Oligonucleotides.
350 equivalents of DBCO-dT terminated DNA strands were first lyophilized, then 6.5 uM

B-Gal-AF647-azide in 450 uL 1X PBS was added to rehydrate the DNA. This solution was allowed
to incubate for 72 h at 25 °C with shaking (900 rpm). Unreacted DNA strands were removed by
successive rounds of centrifugation in a 100 kDa filter until the filtrate did not have a detectable
absorbance at 260 nm. Typically, complete removal of DNA required 30-40 washing steps. The
number of DNA strands per protein was calculated based on UV-Vis spectroscopy (Figure 12).
Loading densities from ProSNAs described in this work appear in Table 3 unless otherwise

specified.
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Protein Spherical Nucleic Acid

1.0 DNA + -Galactosidase
AUzgo. ray = 0.54 [DNA] 1826 nM
o [B-Gal] ~ 59 nM
0.8 AUz60, p-Gal = € p-Gal, 260 X [B-Gal] ~ 31 DNA per p-Gal
= = 596,268 M'cm™ x 59 nM
< = 0.04
® 0.6 AU260, DNA = AU260, raw - AU260, p-Gal
g = 0.54 - 0.04
© =0.50
2 € ONA. 260 = 276,000 M-Tem”?
2 0.4 [DNA] = 1826 nM
0 AlexaFluor647
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Figure 12. Representative UV-Vis spectrum of a protein spherical nucleic acid. UV-Vis spectrum and
DNA loading calculations for a T4T3o ProSNA in 1X PBS. Spectra were collected at ambient temperature
with a 1 cm pathlength cuvette on a Cary5000 spectrophotometer. Inset calculations detail the steps used
to calculate the number of T4T30 DNA per protein.

2.7.1.2.4. Functionalization with DBCO-dT Terminated GQ Oligonucleotides.
B-Gal-AF647-azide was first buffer exchanged in lithium phosphate buffer (10 mM
LiH2PO4, Sigma-Aldrich, pH 7.4) using five successive rounds of centrifugation in a 100 kDa filter.
350 equivalents of DBCO-dT terminated GQ DNA were lyophilized, then 6.5 uM B-Gal-AF647-
azide in 450 yL LiPO4 buffer were added to rehydrate the DNA. This solution was allowed to
incubate for 72 h at 25 °C with shaking (900 rpm). Unreacted DNA strands were removed by
successive rounds of centrifugation in a 100 kDa filter using the LiPO4 buffer as the washing buffer

until the filtrate did not have a detectable absorbance at 260 nm. Typically, complete removal of
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Figure 13. UV-Vis spectra of protein spherical nucleic acids. UV-Vis spectra of ProSNAs with different
linker identities demonstrating their equal DNA loading. Spectra were collected at ambient temperature with
a 1 cm pathlength cuvette on a Cary5000 spectrophotometer.

DNA required 30-40 washing steps. The number of DNA strands per protein was calculated based
on UV-Vis spectroscopy (Figure 12). Loading densities from ProSNAs described in this work,
unless otherwise specified, appear in Table 3. After complete removal of unconjugated DNA
strands, ProSNAs were buffer exchanged back into 1X PBS buffer using five successive rounds
of centrifugation in a 100 kDa filter.

Table 3. Oligonucleotide loading of ProSNA constructs (unless otherwise stated)

Name S(esg?éa gf:)e DNA per B-Gal
Ta DBCO-dT T4 31
Ts DBCO-dT Tzs 30
T2 DBCO-dT Taz 30
(sp18): DBCO-dT (sp18)2 Tzo 32

(sp18)4 DBCO-dT (sp18)4 Tzo 32
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(sp18)s DBCO-dT (sp18)s Tzo 33
T30 (sp18)s DBCO-dT Tzo (Sp18)s 31
T4(GGT)1o DBCO-dT T4(TGG)10 32
2KF70! DBCO-dT T4(GsT2A)3GsT 35
1KF1H DBCO-dT T4AG3(T2AG3)3 35
2JPZ8 DBCO-dT T4(T2AGz3)4T2 37
148D DBCO-dT T4G2T2G2TGTG2T2G2 37
2.7.1.3. SDS-PAGE Analysis of ProSNAs

Protein samples (2 pmol) were incubated at 80 °C for 5 min in 1X Laemmli Sample Buffer
(Bio-Rad) and 355 mM 2-mercaptoethanol (Sigma-Aldrich) before loading. Samples were run on
a 4-15% TGX mini-Protean pre-cast gradient gel (Bio-Rad) for 90 min at 100 V in 1X
Tris/Glycine/SDS running buffer (Bio-Rad). Gels were stained using SimplyBlue SafeStain

(Invitrogen) before imaging on a ChemiDoc™ MP Imaging System (Figure 14-Figure 16).
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Figure 14. 4-15% SDS PAGE gel of native B-gal and ProSNA variants with different linker identity.
Gel was run for 90 min at 100 V in 1X Tris/Glycine/SDS running buffer. Lower mobility bands are indicative
of higher molecular weights for ProSNA variants and confirm the succesful conjugation of DNA strands
onto the protein.
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Figure 15. 4-15% SDS PAGE gel of native B-gal and ProSNA variants with different GQ topologies.
Gel was run for 90 min at 100 V in 1X Tris/Glycine/SDS running buffer. Lower mobility bands are indicative
of higher molecular weights for ProSNA variants and confirm the succesful conjugation of DNA strands
onto the protein.
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Figure 16. 4-15% SDS PAGE gel of native B-gal and ProSNA variants used for in vivo work. Gel was
run for 90 min at 100 V in 1X Tris/Glycine/SDS running buffer. Lower mobility bands are indicative of higher
molecular weights for ProSNA variants and confirm the succesful conjugation of DNA strands onto the
protein.

2.714. Characterization of GQ Sequences and ProSNAs by Circular Dichroism

2.7.1.4.1. CD spectra of G-Quadruplex DNA strands in 1X PBS buffer
Circular dichroism (CD) spectra were recorded in a 10 mm pathlength cuvette at 25°C with

a Jasco J-1700 spectropolarimeter equipped with a temperature controller at a concentration of

7.5 uM DNA in 1X PBS buffer (pH 7.4). The instrument parameters to record the CD spectra were:
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Figure 17. Circular dichroism (CD) spectra of free GQ DNA. CD spectra of 7.5 yM free DBCO-dT
terminated strands with a T4 DNA linker in 1X PBS. Sequences are detailed in Table S1.3. Spectra match
the corresponding topology of (a) parallel, (b) antiparallel basket, (c) parallel, (d) mixed, and (e) antiparallel
chair.

190-350 nm measurement range, 0.1 nm data pitch, 1 nm bandwidth, 50 nm/min scanning speed,
and 5 accumulations. CD spectra were normalized to molar ellipticity ([0], deg cm? dmol?) using

_ 6x10
T exl

[6] where 8 is the CD ellipticity in millidegrees, c is the sample concentration in mol/L, and

| is the pathlength in cm (Figure 17). Expected and observed peaks and troughs are tabulated in

Table 4.
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Table 4. G-Quadruplex Circular Dichroism Peak and Trough Signatures

Name Sequence Expected Peak or Observed Peak or
(5to 3) Trough Trough
T4(GGT)1®” DBCO-dT T4(TGG)10 245 265 210 245 270
2KF7%8 DBCO-dT T4(G3aT2A)3GaT 235 250 260 290 215 240 250 260 290
1KF1% DBCO-dT T4AG3(T2AG3)3 215 240 290 215 245 280
2JPZ%7 DBCO-dT Ta(T2AG3)4T2 240 270 290 215 250 280
148D DBCO-dT T4G2T2G2TGTG2T2G2 230 250 270 290 210 230 250 265 290
2.7.1.4.2. Calculated CD spectra of Conjugated DNA strands on ProSNAs.

Circular dichroism (CD) spectra were recorded in a 1 mm pathlength cuvette at 22 °C with
a Jasco J-1700 spectropolarimeter equipped with a temperature controller at a concentration of
300 nM B-Gal in 1X PBS buffer (pH 7.4) or 10 mM LiH,PO. (pH 7.4). The instrument parameters
to record the CD spectra were: 200-400 nm measurement range, 0.1 nm data pitch, 1 nm

bandwidth, 200 nm/min scanning speed, and 10 accumulations. CD spectra were normalized to

molar ellipticity ([8], deg cm? dmol?) using [8] = % where 0 is the CD ellipticity in millidegrees,

c is the sample concentration in mol/L, and | is the pathlength in cm. Calculated spectra of the
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Figure 18. Calculated circular dichroism (CD) spectra of DNA conjugated to protein. Calculated
spectra of T-rich or GQ DNA on protein in two different buffered conditions: KPO4 (solid) and LiPOa4
(dashed). A strong shift in spectra for T4(GGT)10 DNA strands on the ProSNA indicates the loss of GQ
secondary strucutre in the presence of a lithium based buffer.
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DNA conjugated to the protein were obtained by subtracting the spectra of 3-Gal-AF647 from the

spectra of the ProSNAs in their respective buffers (Figure 18).

[B]DNA Conjugated to Protein — [Q]ProSNA - [B]B—Gal—AF647

2.7.2. In Vitro Investigations on ProSNA Variants
2.7.21. Cellular Uptake in HeLa Cells

HeLa cells (ATCC) were cultured in a 96-well plate in DMEM (Gibco) supplemented with
10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin-streptomycin (Gibco). Once 80%
confluent, cells were treated with either Alexa Fluor 647-modified native 3-Gal or ProSNA variants

for 2-4 h at 5-10 nM B-Gal (specific treatments are specified in figure captions). “Untreated”

B-Gal-T4T30
- - B-Gal-TsT3o

B-Gal—(sp18)2T30

B-Gal{sp18)4T30

B-Gal-Tz0(sp18)e

R-Gal-AF647

T e ————————— ntreated
a0 o 10° 10 10°

AlexaFluor 647 Fluorescence

Figure 19. Representative histograms depicting cellular uptake of fluorophore modified ProSNA
variants and native protein in HelLa cells. Flow cytometry was used to measure the upake of ProSNA
variants or native protein in HelLa cells (n = 3) after 4 h treatments with 5 nM B-Gal in serum-containing
media. Representative histogram of n = 1 per treatment, which shows the fluorescence intensity versus the
number of events detected.
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Figure 20. Median Alexa Fluor 647 fluorescence intensity from HelLa cells using flow cytometry.
Hel a cells were treated with 5 nM B-Gal for 4 h in serum-containing media and subsequently analyzed by
flow cytometry. The median fluorescence intensity of n = 3 wells was determined in FlowJo. The linker's
deleterious uptake properties were further supported by switching the location of Spacerl18 on the protein:
cellular uptake recovers, confirming that placing Spacerl8 near the protein surface is detrimental to
internalization (orange bars).

samples refer to cells treated with the same volume of 1XPBS. Post-treatment, cells were washed
with 1X PBS, trypsinized (Gibco), and fixed in 4% paraformaldehyde (Thermo Fisher Scientific)
and subsequently analyzed by flow cytometry using a BD LSRFortessa measuring the
fluorescence (excitation 640 nm, emission 655-685 nm) of at least 5000 single-cell events per

sample. Raw FCS files were gated based on forward and side scatter intensities and analyzed on

FlowJo (Figure 19-Figure 21).

2.7.2.2. Cellular Uptake in C166 Cells
C166 cells (ATCC) were cultured in a 96-well plate in DMEM (Gibco) supplemented with

10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin-streptomycin (Gibco). Once 80%
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Figure 22. Representative histograms
depicting cellular uptake of
fluorophore modified ProSNA variants
and native protein in HeLa cells. HelLa
B-Gal-2JPZ cells (n = 3) were treated with 10 nM B-Gal
for 2 h in serum-containing media and
B-Gal-148D subsequently analyzed by flow cytometry.
Representative histogram of n = 1 per
B-Gal1KF1 treatment, which shows the fluorescence
intensity versus the number of events
B-Gal-2KF7 detected. Median MFI is plotted in Figure
6B.
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Figure 21. Representative histograms depicting cellular uptake of fluorophore modified ProSNA
variants and native protein in HelLa cells. HelLa cells (n = 5) were treated with 10 nM B-Gal or ProSNA
for 2 h in serum-containing media and subsequently analyzed by flow cytometry. Representative
histogram of n = 1 per treatment, which shows the fluorescence intensity versus the number of events
detected. Median MFl is plotted in Figure 6C.
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confluent, cells were treated with either Alexa Fluor 647-modified native B-Gal or ProSNA variants
for 4 h at 10 nM B-Gal. Post-treatment, cells were washed with 1X PBS, trypsinized (Gibco), and
fixed in 4% paraformaldehyde (Thermo Fisher Scientific) and subsequently analyzed by flow
cytometry using a BD LSRFortessa measuring the fluorescence (excitation 640 nm, emission
655-685 nm) of at least 5000 single-cell events per sample. Raw FCS files were gated based on

forward and side scatter intensities and analyzed on FlowJo (Figure 23).
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Figure 23. Median Alexa Fluor 647 fluorescence intensity from C166 cells using flow cytometry.
C166 cells were treated with 10 nM B-Gal for 4 h in serum-containing media and subsequently analyzed by
flow cytometry. The median fluorescence intensity of n = 3 wells was determined in FlowJo. The study
demonstrates the generalizability of the linker’s deletrious effect on a ProSNA’s uptake in two differernt cell
lines.

2.7.2.3. Kinetic Analysis of B-Galactosidase Activity
o-Nitrophenyl B-D-galactopyranoside (ONPG) was purchased from Thermo Fisher

Scientific. Sodium phosphate, magnesium chloride, and 2-mercaptoethanol were obtained from
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Figure 24. Representative kinetic reaction of the Tz ProSNA at various ONPG concentrations. The
rate of ONPG turnover to o-nitrophenol in the prescence of 0.5 nM Tzs ProSNA at indicated ONPG
concentrations. The kinetic reactions were run in a 96 well plate and the absorbance at 420 nm was taken
every 30 s using a BioTek Cytation5. In Excel, the absorbance readings were converted to concentrations
of product and the slope in the linear portion of the curve (R? = 0.99) was calculated to the be the intial rate,
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Figure 25. Representative graph of the effect of substrate concentration on the enzyme’s inital rate.
The initial rate of the T34 ProSNA was first determined kinetically (see Figure 24) and plotted against the
ONPG substrate concentration. GraphPad Prism nonlinear regression software was then used to fit the
data to a curve and thus determine the kcat Of the ProSNA variants.
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Sigma Aldrich. All reactions were run in an assay buffer consisting of 100 mM sodium phosphate
(pH 7.0), 1 mM MgCl,, and 50 mM 2-mercaptoethanol. To determine Michaelis-Menten values, a
dilution series of ONPG ranging from 4 mM to 0.0625 mM was made using the assay buffer as
the diluent in a black 96-well clear bottom plate (Corning). Reactions were initiated by the addition
of either native B-Galactosidase or ProSNA variants, to a final [B-Gal] of 0.5-1 nM, using a
multichannel pipette (specified concentration in the figure caption). Absorbance readings were
taken immediately at 420 nm every minute for a total of 45 min at ambient temperature with
shaking between each reading in a BioTek Cytation 5 plate reader. To determine Michaelis-
Menten values, the absorbance reading was converted to the concentration of o-nitrophenol using
its extinction (€420 = 4500 M*cm™?) and a calculated plate pathlength of 0.23 cm. Excel was used

to calculate the slope of the linear part of the line (R?2 0.99) in a graph of [o-nitrophenol] v. time
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Figure 26. Average kcar (n = 3) of the ProSNA variants and native protein. DNA modification of the
protein with a T-rich sequence does not significantly affect its enzymatic activity; however, by introducing a
GQ DNA shell, the activity of the enzyme decreases. The kcat was determined by an ONPG assay of
ProSNAs (both 20 DNA/ B-Gal) and the native protein. Relative activity is shown in Figure 2D of the main
text. [B-Gal] =1 nM
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(Figure 24). Finally using GraphPad Prism nonlinear regression software, data were fit to a curve

using the following model (Figure 25):

_Erkearx

Y =K, +x

The average kca: Of three separate trials is graphed in Figure 27-Figure 26.
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Figure 27. Average Kkcar (N = 3) of the ProSNA variants and native protein. DNA modification of the
protein does not significantly affect its enzymatic acitivity; however, with the addition of longer linker lengths,
the activity of the enzyme decreases. This effect is more dramatic for the Spacerl8 linkers (pink v. purple
bars). In addition, there is a more than 50% decrease in activity after conjugating only Spacerl8 (light
orange) on the protein surface. This loss can be partially reversed by introducing a Tso oligonucleotide
strand between the Spacerl8 and the protein (dark orange). [B-Gal] = 0.5 nM

2.7.3. InVivo Investigations Using Model ProSNA Variants
Female CD-1 mice (strain code: 022) were procured from Charles River Laboratory at 8
weeks of age and maintained in conventional housing. All animal experiments were carried out in

accordance with the approved IACUC protocol issued by Northwestern University.
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2.7.31. Blood Circulation Time
Pharmacokinetic studies were performed in female CD1 mice (28-30g). Alexa Fluor 647
modified native (3-Galactosidase or ProSNA variants were administered in a single injection via
the tail vein at a dose of 4 mg B-Gal / kg body weight. Blood (n = 3 per time point) was collected
in a heparinized tube via retro-orbital blood draw and stored on ice. Blood was centrifuged at 1200
rpm for 7 min, and the fluorescence of the resulting supernatant, or plasma, was measured in a
black 384-well plate using the BioTek Cytation 5 plate reader (excitation 640 nm, emission 680

nm).

2.7.3.2. Ex Vivo Near-Infrared Fluorescence (NIRF) Imaging

NIRF imaging studies were performed using a Caliper Life Sciences In Vivo Imaging
System (IVIS) to determine the extent of protein accumulation in main organs at different time
points post-injection. Female CD1 mice (28-30 g) were administered a single injection via tail vein
at a dose of 4 mg B-Gal / kg body weight. At different time points post-injection, as specified in
the figure, mice (n = 3 per time point) were humanely euthanized by cardiac perfusion while
anesthetized. Tissues were harvested post-cardiac perfusion with 1X PBS and fixed in 4%
paraformaldehyde for 1 h at 4 °C. Post-fixation, organs were washed three times with 1X PBS
and stored in 1X PBS at 4 °C. Finally, organs were imaged using an IVIS system using 650
nm/700 nm excitation/emission filters and data was quantified by measuring fluorescence counts
with the Living Image software. Figure 28 - Figure 29 displays the IVIS images from each main
organ post the indicated treatment time. Figure 30 displays the IVIS image from each main organ

post a 1 h injection.
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Figure 28. Temporal distribution of fluorophore modified ProSNAs and native protein in four main
organs. The distribution of two ProSNA variants—with and without Spacer18 linker—and native protein
were studied by measuring the fluorescence using IVIS (exictiation 650 nm, emission 700 nm) in four
main organs: a) liver, b) lung, c) kidney, and d) spleen. Post the indicated treatment (see key; €), mice
were sacrificed, perfused, and their organs dissected and fixed. Tzo ProSNA demonstrates enhanced
distribution and retention in imaged organs in comparison to the (sp18)sT3o ProSNA and native protein.
Using the Living Image software, a region of interest was drawn around each organ and fluorescence
counts were quantified (see Figure 7B).
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Figure 29. Temporal distribution of fluorophore modified ProSNAs and native protein in four main
organs. The distribution of two ProSNA variants—with and without Spacer18 linker—and native protein
were studied by measuring the fluorescence using IVIS (exictiation 650 nm, emission 700 nm) and reported
versus time in four main organs: a) liver, b) lung, c) kidney, and d) spleen. Post the indicated treatment (x-
axis), mice were sacrificed, perfused, and their organs dissected and fixed. Tzo ProSNA demonstrates
enhanced distribution and retention in imaged organs in comparison to the (sp18)sT30 ProSNA and native

protein.
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Figure 30. Temporal distribution of fluorophore modified ProSNAs and native protein in four main
organs. The distribution of two ProSNA variants—T-rich and GQ sequence—and native protein were
studied by measuring the fluorescence using IVIS (exictiation 650 nm, emission 700 nm) in five main
organs: brain, liver, lung, kidney, and spleen. Post 1 h treatment, mice were sacrificed, perfused, and their
organs dissected and fixed. Using the Living Image software, a region of interest was drawn around each
organ and fluorescence counts were quantified (see Figure 7C).

2.7.3.3. Enzymatic Colorimetric Activity Assay of Main Organs

Female CD1 mice (29-35 g) were administered a single injection via tail vein at a dose of
6.5 mg B-Gal / kg body weight. One-hour post-injection, mice (n = 3) were humanely euthanized
by cardiac perfusion while anesthetized. Each mouse was first perfused with 20 mL of 1X PBS,
then 20 mL of 4% paraformaldehyde (PFA; Thermo Fisher Scientific), and main organs were
dissected and stored in 4% PFA with shaking at 4 °C for 2 h. Organs were rinsed in many changes
of 1X PBS and equilibrated overnight in 15% sucrose (Sigma Aldrich) in 1X PBS solution at 4 °C.
The organs were subsequently transferred to a 30% sucrose in 1X PBS solution and stored at 4

°C until the organs sunk to the bottom of their respective container. Each organ was then
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embedded in optimal cutting temperature compound and cryo-sectioned at 10 um (kidney, liver,
spleen) or 20 um (lung) thickness. The slides were stored at -80 °C until staining. EGTA, sodium
deoxycholate, potassium ferrocyanide, potassium ferricyanide, glutaraldehyde, xylene, Nuclear
Fast Red, and aluminum sulfate were obtained from Sigma Aldrich. NP-40 Alternative was from
Santa Cruz Biotechnology. X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside),
Permount, and ethanol were purchased from Thermo Fisher Scientific. Table 5 provides the
details of solutions used during the X-Gal histology staining protocol. Slides were first fixed in the
Fixative solution for 10 min at room temperature. Subsequently, slides were washed in a Wash
Buffer for 5 min three times. The slides were then stained at 37 °C for 6 h with shaking at 40 rpm
in a Reaction Buffer. Slides were washed three times for 5 min in PBS-Mg?* then once more in
Milli-Q filtered (MQ) water. To counterstain, slides were stained for 5 min in a Histology
Counterstain and quickly washed three times in MQ water. Slides were then dehydrated through
ethanol and xylene baths as follows: 70% ethanol (EtOH) (1 min), 95% EtOH (2.5 min), 100%
EtOH (3.5 min), xylene (twice, 3 min). A coverslip was then mounted to each slide using
Permount. A BioTek Cytation 5 Imaging Multi-Mode Reader was used to image each slide at a

10X magnification. Figure 31 is a microscope image of the entire organ section.

Table 5. X-Gal Staining Reagents

Solution Name Component [Component] Diluent
Glutaraldehyde 0.2%
Fixative EGTA 5mM 1X PBS
MgCl, 100 mM
Sodium deoxycholate 0.01%
Wash Buffer NP-40 0.02% 1X PBS
MgCl, 2mM
Potassium Ferrocyanide 5 mM
Reaction Buffer Potassium Ferricyanide 5 mM Wash Buffer
X-Gal 1 mg/mL
PBS-Mg?* MgCl, 2 mM 1X PBS
0,
Histology Counterstain Nuclear Fast Red 0.1% Milli-Q Water

Aluminum Sulfate

5%
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Figure 31. In vivo catalytic activity and tissue distribution of native B-Gal and ProSNAs.
Representative light micrographs of histology slides after incubation with the 3-Gal substrate, X-Gal. The

blue color apparent in tissue dissected from mice (n = 3) 1 hour post intravenous injection of 6.5 mf
enzyme/kg mouse results from the hydrolysis of X-Gal and the formation of an insoluble blue product. Scale

= 2000 pm.
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CHAPTER 3. STRATEGIES TO
INCREASE BRAIN DELIVERY OF
PROTEIN SPHERICAL NUCLEIC
ACIDS

Material in this chapter is based upon on-going work:
Kusmierz C.D.; Callmann, C.E.; Mirkin C.A. “Transferrin Aptamers Increase the In Vivo Blood-Brain

Barrier Penetration of Protein Spherical Nucleic Acids.” In preparation.
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3.1. Introduction

The intracellular delivery of proteins is inherently challenging because of natural barriers
that living systems have evolved to maintain homeostasis.'® One such barrier—the cell
membrane—restricts the simple diffusion of large and charged proteins from entering cells.
Moreover, the abundance of proteases in the biological milieu reduces the lifetime of any
exogenously delivered proteins. Despite these limitations, replacing defective enzymes with
recombinant enzymes for lysosomal storage disorders (LSDs), thus restoring its enzymatic
activity, has generally improved the quality of life for patients. Although many approved enzyme
replacement therapies (ERT) have clinical success, the biodistribution of the enzymes into the
difficult sites of pathology, such as the central nervous system (CNS), remains a challenge. In
addition to LSDs, age-dependent neurodegenerative disorders, such as Parkinson’s Disease and
Lewy body dementia, have been linked to loss-of-function mutations of lysosomal enzymes.
Therefore, a delivery method to overcome the limited access of enzymes to the CNS is needed. "
103

A significant obstacle that prevents the access of enzymes to the CNS is the blood-brain
barrier (BBB)."%'% The blood-brain barrier (BBB) is a highly selective barrier that prevents
circulating blood solutes from reaching the CNS and is regulated by endothelial cells whose tight
junctions form the impermeable walls of blood vessels. There has been a variety of strategies to
penetrate the BBB or bypass it entirely. For example, local ultrasonic irradiation to the brain
enhances the delivery of intravenously injected DNA-encapsulated microbubbles to brain
tumors.'%7-1% Alternative methods, such as direct injection of therapeutics into the cerebral spinal
fluid (CSF) through intrathecal'® "' or intracranial'? injections, are sometimes limited to disease
targets on the surface of the brain or spinal cord, owing to a lack of drug diffusion.™ 13114 |n this

chapter, three alternative strategies for facilitating protein delivery to the brain will be discussed
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and span from DNA shell design strategies to promote BBB penetration to direct injection into the

CNS.

3.2. Receptor-Mediated Transcytosis
The targeted delivery of proteins to the brain and central nervous system (CNS) is inherently

challenging%41%: 115 hecause of the many natural mechanisms and barriers that living systems
have evolved to maintain homeostasis.'® Firstly, unmodified proteins are rapidly degraded by
serum proteases!®, which inherently limits their effective delivery to target sites. Moreover, the
blood-brain barrier (BBB) is a highly selective barrier that prevents circulating materials from
reaching the CNS and is regulated by endothelial cells whose tight junctions form the
impermeable walls of blood vessels!!’ 18, Finally, even if the issues with proteolysis and the BBB
are overcome, the cell membrane itself prevents the passive movement of exogenous materials
into cells within the brain. As such, strategies to improve the intracellular delivery of proteins to
the brain and CNS are warranted.

The BBB is a highly regulated barrier, where endothelial cells control the influx of nutrients
and molecules into the brain via both passive and active pathways. Lipid-soluble substances (CO:
and O,) freely cross the BBB!®, while larger solutes gain access to the brain through active
transport via receptors abundant in the endothelium?®?® 121, Accordingly, transport receptors, such
as those for insulin?? 123, glucose'?, or transferrin®” 58 125130 (TfR), provide potential avenues for
the transport of proteins across the BBB through chemical modifications with the respective
ligands. Indeed, lysosomal enzymes modified with antibodies specific to both the insulin??? 2% and
TfR receptort?> 2% 130 have shown significantly increased BBB penetration in vivo. Likewise,
aptamers—short single-stranded DNA or RNA oligonucleotides that can assume secondary
structures with high affinity and specificity to a target—have been evolved to transport

oligonucleotides across the BBB via TfR receptors*?2,
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Spherical nucleic acids (SNAs) comprise a class of nanomaterials where oligonucleotides
are densely functionalized around a nanoparticle core in a highly oriented manner.* 8 This
spherical arrangement imparts biological properties to the composite oligonucleotides that are
distinct from their linear counterparts, including rapid cellular uptake through scavenger receptor-
mediated endocytosis and enhanced stability to degrading enzymes.® ' 3% 38 81 |mportantly,
proteins that are normally cell impermeable and highly susceptible to protease degradation are
rendered permeable and protease-resistant when functionalized with oligonucleotides as protein
spherical nucleic acids (ProSNAs).% 8" Previous work has found that the DNA shell not only
protects the protein, but also alters its biodistribution following systemic administration.
Herein, we hypothesized that the intracellular delivery of proteins to cells within the CNS

could be maximized using the ProSNA platform via covalent functionalization with DNA aptamers

Protein
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Figure 32. Receptor Mediated Transcytosis of ProSNAs Across the Blood-Brain Barrier. Cartoon
representation of 3-Gal ProSNAs being shuttled across an endothelial cell to the brain via the transferrin
receptor. The surface of B-Gal is decorated with a shell of transferrin-specific aptamers covalently
conjugated to surface lysine residues, resulting in a Protein Spherical Nucleic Acid (ProSNA). The
representation was adapted from PDB ID 1PX3.
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specific to the TfR receptor. DNA shell design is a critical parameter influencing the cellular uptake
and biodistribution® 24 25 81, 131-133 5f SNAs, and we reasoned that a ProSNA's distribution could
be specifically directed by introducing a targeting sequence. Therefore, we synthesized ProSNAs
bearing TfR aptamers using B-Galactosidase (B-Gal) as a model protein (Transferrin-ProSNAs,
Figure 32) and assessed their uptake in an in vitro BBB model and their accumulation in cells

within the CNS following intravenous injection into healthy mice.

3.2.1. DNA Transferrin Aptamers Associate with the Extracellular Domain of Transferrin
Receptor.

The transferrin (TfR) aptamer sequence was selected based on prior research using SELEX
to evolve and truncate aptamers, resulting in a 14-mer sequence with a strong binding affinity to
the extracellular domain of the mouse transferrin receptor.5%! A scrambled DNA sequence, which
differs from TfR by four bases in the loop region and has no receptor binding affinity, was
synthesized as a control for aptamer-mediated uptake. With these materials in hand, their ability
to bind the TfR receptor was assessed using bio-layer interferometry (BLI). In this experiment,
the extracellular domain (ECD) of the transferrin receptor (containing an N-terminus polyhistidine
tag) was first immobilized on the tip of a single-use Anti-Penta-His (HIS1K) coated fiber optic
probe. After equilibration in PBS buffer, each probe was incubated in a TfR aptamer solution. The
aptamer-receptor binding was measured by a shift in the wavelength of light reflected from the
probe's tip (Figure 33A). The binding affinity was calculated by fitting BLI association and
dissociation curves with a range of TfR aptamer concentrations (Figure 33B). Through these
analyses, the dissociation constant (Kd) of the TfR aptamer binding to its receptor was determined
to be 37.8 £ 9.06 uM (n = 3). This confirms that the TfR aptamer sequence efficiently binds the
TfR receptor as designed and thus is an appropriate sequence for use in the synthesis of

ProSNAs that can efficiently penetrate the BBB.
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Figure 33. Bio Layer Interferometry and in vitro BBB Analysis Demonstrates Specificity of
Transferrin Aptamer for Receptor. (A) Schematic of a BLI receptor-aptamer association experiment. The
extracellular domain of the transferrin receptor is immobilized on the sensor’s surface and the association
of aptamers to the receptor is monitored by a change in optical thickness at the sensor’s tip generating a
wavelength shift. (B) The wavelength shift generated by the addition of different concentrations of transfer-
rin aptamer (purple lines), or lack of signal by the scrambled aptamer (black line), establishes sequence
specific affinity of ap-tamers to the receptor. Each line is the mean of n = 3 measurements. (C)
Representation of ProSNAs crossing an in vitro BBB model. Cells were treated with fluorescently labeled
proteins on the apical side of a transwell insert. (D) Fluorescence readings of the basolateral side were
taken periodically and plotted to measure the protein’s transcytosis efficiency. Each point represents the
mean of n =3 measurements, the error bars show SD, and the line is a nonlinear regression fit graphed
using GraphPad Prism.

3.2.2. Transferrin-ProSNAs Are Successfully Synthesized through the Functionalization
of B-Galactosidase with Transferrin Aptamer DNA.

Protein SNAs bearing either TfR aptamers (Transferrin-ProSNAs) or the scrambled DNA
sequence (Scr-ProSNAs) were synthesized using published protocols® 8. B-Gal was chosen as
a model system to assess brain delivery efficacy because it is a large (464 kDa) protein, easily
amenable to DNA conjugation, and does not naturally traverse cell membranes. To track the
distribution of B-Gal in vivo, an Alexa Fluor647 (AF647) fluorophore tag was conjugated to

surface-accessible cysteines on the protein. Following successful fluorophore labeling, the lysine
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residues were modified with azide-functionalized-PEG., which was subsequently reacted with
DBCO-dT-terminated aptamer DNA strands through a strained-promoted alkyne azide
cycloaddition. A thymidine DNA spacer (T4) was appended to the 3' end of each sequence to
distance the aptamer from the protein surface and promote sequence folding. Covalent DNA
conjugation to the protein core was confirmed using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), which showed mobility shifts commensurate with the increased
mass following DNA addition (Figure 41). Using circular dichroism (CD) spectroscopy, it was
confirmed that the secondary structure of 3-Gal was not altered following fluorophore and DNA

conjugation (Figure 42).

3.2.3. Transferrin-ProSNAs Penetrate Cell Monolayer Faster in an In Vitro BBB Model.

With Transferrin-ProSNAs in hand, we sought to determine the extent to which the aptamer
is able to promote receptor-mediate transcytosis.'?' For these experiments, bEnd.3 mouse brain
endothelial cells, known to highly express the TfR receptor®” 3 were cultured to form a
monolayer and simulate the tight endothelial junctions that comprise the BBB. Once the
monolayer was established, Transferrin-ProSNAs, Scr-ProSNAs, or native 3-Gal were applied to
the apical side (Figure 33C). The fluorescence of the media on the basolateral side was
measured over time using a plate reader fluorimeter as a proxy for protein transcytosis. The
fluorescence intensity of the media in wells treated with both ProSNA constructs increased
steadily as a function of time and at a much faster rate than the native protein (Figure 33D). Itis
to be expected that the Scr-ProSNA would exhibit some degree of transcytosis capability, as it
has been previously shown in a clinical trial that SNAs synthesized with gold cores cross the BBB
and accumulate in glioblastoma brain tumors following systemic injection, presumably facilitated

by scavenger-mediated movement.’> 32 Regardless, the Transferrin-ProSNAs exhibited a
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significantly faster rate of transcytosis (k= 0.44 + 0.08 hr %) than the Scr-ProSNAs (k = 0.28 + 0.04

hr 1), which we conclude is due to their increased affinity to the transferrin receptor.

3.2.4. Transferrin ProSNAs Significantly Increase the In Vivo Accumulation of Proteins
in the Brain.
By employing TfR aptamers as the DNA shell, we hypothesized that Transferrin-ProSNAs

can target the BBB, affect transcytosis and enter the brain. Therefore, to study the brain targeting

efficiency of Transferrin-ProSNAs, CD-1 mice (n = 6) were injected intravenously (V) with either
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Figure 34. Biodistribution of B-Gal Following Systemic Injection in Mice. After a 1 h treatment with 6.5
mg of B-Gal/kg mouse via a tail-vein injection; mice (n = 6) were sacrificed, perfused, and their organs
dissected and fixed. (A, B) Using IVIS, the fluorescence from the protein’s AF647 tag was measured in the
brain and other filtration organs. (C, D) A region of interest was drawn around each organ, and the
fluorescence counts were quantified. Each dot represents an individual mouse, the bars represent the
mean, and the error bars show SD.
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Transferrin-ProSNAs, Scr-ProSNAs, or native p-Gal at a dosage of 6.5 mg/kg with respect to
protein concentration. At 1-h post-injection, the biodistribution of each construct was assessed
using an in vivo imaging system (IVIS) to measure the fluorescence signal in each organ (Figure
34) following sacrifice and perfusion. Excitingly, Transferrin-ProSNAs show a significant increase
in brain accumulation (p = 0.0001, Figure 34A) as compared to the Scr-ProSNAs, which only
differs in sequence by four bases. Moreover, the targeting by Transferrin-ProSNAs is specific to
the brain, as there was no observed increase in accumulation in other filtration organs (Figure
34B). Together, this indicates that the DNA aptamers remain folded and recognize their target

receptor in a living system.

3.2.5. Transferrin-ProSNAs Visualized Throughout the Brain via Confocal Microscopy.

Encouraged by the increased brain accumulation of Transferrin-ProSNAs on a whole-organ
level, we evaluated the tissue and cellular distribution of all materials using immunofluorescent
histochemistry (IFC) of brain tissue slices. CD-1 mice (n = 3) were injected intravenously with
either Transferrin-ProSNAs, Scr-ProSNAs, or native -Gal at a dosage of 6.5 mg/kg with respect
to protein concentration. At 1-h post-injection, animals were sacrificed and perfused, then brain
tissues were sectioned and incubated with a DAPI nucleus stain. Strikingly, the AF647 signal
originating from the protein conjugated fluorophore was present throughout the entirety of the
brain and not sequestered in a single region. Intense, punctate red fluorescence signals present
in the same z-plane as DAPI signals, indicating that Transferrin-ProSNAs are taken up by cells
within the brain (Figure 35). Conversely, there was no detectable signal in brain tissue slices of
animals administered the native protein or Scr-ProSNA. This is in agreement with the whole-
organ-level data, where minimal brain accumulation was observed via VIS for these two systems.

Together, this shows that not only to Transferrin-ProSNAs increase the accumulation of protein
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in the brain via enhanced BBB penetration, but also enable the efficient cellular entry in cells

present throughout the brain and CNS.

Figure 35 Brain Distribution of TfR-ProSNAs. Representative confocal micrographs of histology slides
after injection of fluorolabled TrF ProSNA (6.5 mg B-Gal/kg mouse). Punctate red fluorescence signal
(ProSNA) is present throughout the brain, in regions such as: (A) olfactory bulb, (B) caudate putamen, (C)
cerebral cortex, (D) basal forebrain, (E, F) thalamus, (G, J) hypothalamus, (H, I) midbrain, (K) pons, (L, M)
cerebellum, and (N) midbrain. Nuclei are stained with DAPI (cyan) to approximate the location within the
cell. Scale bar =50 ym.



87



88



89

3.3. Intranasal Administration
TfR-ProSNAs can successfully target the brain and promotes active transport from the

blood into the CNS; however, most of the injected dose is quickly eliminated by filtration organs.
Therefore, to sidestep blood clearance of administrated ProSNAs, we experimented with
alternative administration routes to bypass the BBB. The nasal passage is one such route to direct
delivery to the CNS. The mechanism of delivery from the nasal mucosa to the brain has not been
fully elucidated; however, it is hypothesized that compounds are transported transcellularly
(through either sustentacular (support) cells or exposed olfactory sensory neurons) or
extracellularly (between cells that lack tight junctions).'*®> Predominantly used to increase the
delivery of steroids, hormones*®¢: ¥’ vaccine antigens, and antibodies, we believe that this will be
a less invasive and less expensive way of increasing the delivery of ProSNAs to the brain.
B-Gal-ProSNAs were synthesized according to previously established protocols with a G-
guadruplex (GQ) DNA shell design. In Chapter 2, | established that G-rich sequences—which
can gold into unique secondary structures—resulted in the highest in vitro cellular uptake due to
its high binding affinity to SR-A. In this experiment, B-Gal-AF647 or GQ-ProSNAs (100 pg B-Gal

/ mouse) were either systemically injected via the tail-vein or administered intranasally in CD-1
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Figure 36. Intravenous Administration Demonstrates Higher Brain Delivery Compared to Intranasal.
CD-1 mice were injected intravenously or administered intranasally with 100 pg native B-Gal or TaGGT1o
ProSNA per mouse. Following a 1-h treatment, the mice were sacrificed, perfused, and the fluorescence
intensity in each organ was quantified and graphed using IVIS.
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mice (n = 3). One hour post-treatment, the mice were sacrificed, perfused, and their organs were
fixed and subsequently imaged using IVIS. The amount of protein delivered to the brain was
assessed by the fluorescence from the AF647 protein tag. Based on the fluorescence counts from
each brain, proteins reach the brain better using an intravenous injection compared to intranasal
administration (Figure 36). We hypothesize that both the native protein and ProSNA remain stuck
in the mucus layer due to the sample’s negative charge or their inherently large size. For example,
biologics delivered intranasally currently undergoing clinical trials range in size from 980 Da to

5.8 kDa®®; therefore, intranasal administration is more suitable for smaller proteins.

3.4. Intrathecal Injection

Intrathecal (IT) administration is the delivery of drugs directly into the cerebrospinal fluid
(CSF), and it is a pathway that has gained renewed attention to circumvent the BBB. CSF flows
in the subarachnoid space (SAS), which surrounds the brain and spinal cord (Figure 37A).
Therefore, we hypothesized that by intrathecally injecting the ProSNA into the CSF, proteins
would circulate through the SAS, bypassing the BBB, improving access to the brain, and
minimizing off-target exposure .10 111 113 138 13There js evidence that incorporating
macromolecules into nanocarriers will differentiate the pharmacokinetics and toxicity of injected

drugs.!4% 141 Compared to freely administered molecules, IT administered nanomedicines are

Bone of skull I:

subarachnoid space
pia mater
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Figure 37. Schematic of Intrathecal Injection into Subarachnoid Space. (A) The subarachnoid space
surrounds the brain and spinal cord which is (B) accessed by the correct needle placement during an
intrathecal injection (top). Misposition of the needle lowers delivery dosage into the cerebrospinal fluid in
the subarachnoid space (bottom) and increases retention in the epidural space.
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well-retained within the CNS, and encapsulated payloads experience slower clearance, which
can enhance brain exposure.

To test this, we administered AF647 labeled ProSNAs to healthy mice via direct injection

into the spine. Two different ProSNAs—T-rich and GQ—were tested based on prior cellular
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Figure 38. Intrathecal Injection at Higher Volume of Protein and ProSNA in Mice. Athymic nude mice
were injected intravenously with 30 pL sample/mouse. Biodistribution was monitored by IVIS and
fluorescence intensity from the AF647 fluorescence protein tag is visualized. Both ProSNAs are visualized
in the spine at least 10x longer than the native protein, indicative of enhanced stability when using the
ProSNA system.
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uptake and biodistribution differences when injected intravenously (see Chapter 2). To evaluate

broad patterns of protein delivery following IT injection, distribution was monitored in vivo in

athymic nude mice over five weeks using an VIS imaging system. In a first trial, 30 yL of native

protein or the ProSNAs was injected into the

intervertebral space between the L5-L6 spinal
segments (Figure 38). For this injection, the majority
of the treatment remained at the injection site. We
hypothesize that our injection volume was too high
(Figure 37B). Rather than injecting in the SAS, the
material spilled into the epidural space, predominantly
composed of adipose tissue (fat). Nevertheless, we
observed a significant enhancement in the
conservation of the AF647 signal for the ProSNAs
compared to the native protein in the lower spine. The
native protein is cleared 72h post-injection. However,
the T-rich ProSNA is visualized in the spine for up to
three weeks, and the GQ-ProSNA is detected in the
spine after four weeks.

We repeated the IT injection with a lower
volume (10 pL, Figure 39) and visualized a significant
increase in brain delivery. Once again, the
fluorescence signal from GQ-ProSNA treated mice
persists in the brain significantly longer (>3 days). In
contrast, the native protein is cleared after 24 h, a

result of high clearance rates of the CSF and protease
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Figure 39. Intrathecal Injection at Lower
Volume Increases Brain Delivery for
ProSNAs. Athymic nude mice were injected
intravenously with 10 pyL sample/mouse.
Biodistribution was monitored by IVIS and
fluorescence intensity from the AF647
fluorescence protein tag is visualized. Both
ProSNAs are visualized in the brain
significantly longer than the native protein,
indicative of enhanced stability and a unique
cerebral spinal fluid distribution when using
the ProSNA system.
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degradation. We propose that the extended brain fluorescence signal for ProSNA treated mice
results from extended protein stability and favorable interaction between the DNA shell’s and cells
lining the leptomeningeal. Unfortunately, the experiment was cut short due to an unrelated
dermatitis infection in the mice after three days. Although successful in some mice, the IT injection
is technically challenging in small animals, given the relatively small size of the SAS.
Nevertheless, these pilot experiments demonstrate promising evidence that the DNA shell’s
presentation plays a significant role in governing CSF mobility following IT delivery. Further
studies would be needed to directly probe how ProSNAs interact will cells lining the perivascular
space, the sample’s pharmacokinetics, and whether injected proteins retain enzymatic activity
following brain penetration. Moreover, different injection volumes or techniques (injection of
protein followed by a flush of PBS) may have a significant impact on the spread of

macromolecules through the CSF.

3.5. Conclusions

Herein, we show that the delivery of proteins to the brain is enhanced through their
transformation into ProSNAs comprised of DNA aptamers that bind the TfR receptor. This is
significant, because although it has been previously shown that adding a DNA shell changes the
biodistribution of proteins®, this is the first demonstration of using the oligonucleotide sequence
as a tissue targeting moiety. This is especially exciting when one considers the vast number of
targets and disease sites that aptamers can be easily designed against*4>144, Moreover, DNA
aptamers have been previously successfully employed in ProSNAs as nucleic acid recognition
elements to probe pH or glucose levels in living cells.?*® As such, it may be possible to design
systems that simultaneously target to disease sites (using a targeting aptamer) and probe
intracellular conditions upon localization (using a recognition aptamer). Taken together, this work

illustrates that DNA shell design can have a profound impact on the resulting distribution of SNAs
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and can be used to target hard-to-reach organs through intelligent sequence design. Moreover,
we performed a new injection strategy—intrathecal administration—to circumvent the BBB and
visualized an increase in brain delivery and stability with the ProSNA when compared to the native
protein. This pilot study suggest that the intrathecal route may be useful for the delivery of
ProSNAs to the CNS. Further experimentation on the impact of injection volume, animal model,
and SNA-perivascular cell interactions is necessary in order to ultimately apply this procedure to

therapeutically relvant SNAs.

3.6. Methods and Materials

3.6.1. Synthesis and Characterization of B-Galactosidase Protein Spherical Nucleic
Acids

3.6.1.1. Oligonucleotide synthesis

Oligonucleotides were synthesized using standard phosphoramidite chemistry protocols
on an ABI 392 using 1000 A universal CPG solid supports (ChemGenes) and phosphoramidites,
as well as coupling reagents purchased from Glen Research. A mild oxidizing agent ((1S)-(+)-
(10-Camphorsulfonyl)-oxaziridine, CSO) was used to increase coupling efficiency and preserve
the integrity of the DBCO-dT phosphoramidite. Synthesized strands were cleaved using 30%
aqueous ammonia (Sigma Aldrich) for 16 h at room temperature and purified by HPLC using a
reverse-phase C4 column (Shimadzu) running a gradient from 0 to 100% acetonitrile in
triethylammonium acetate buffer (Sigma Aldrich) over 45 min. After HPLC purification, the final
dimethoxytrityl group was removed in 20% acetic acid (Sigma Aldrich) for 2 h and extracted in
ethyl acetate (Sigma Aldrich). The masses of the oligonucleotides were confirmed using matrix-
assisted laser desorption ionization-time of flight (MALDI-MS) mass spectroscopy on a Bruker

AutoFlex-11l using 2’,6’-dihydroxyacetophenone (Sigma Aldrich) as the matrix. Molecular weights
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and extinction coefficients were calculated based on estimates using the IDT OligoAnalyzer tool
(Table 6)%.

Table 6. Oligonucleotide sequences, molecular weights, and extinction coefficients

Sequence MW MW €260
Experiment Name ; ; Expected Observed ]
(5t03) [Da] [Da] [M*tem™]
RMT GCG TGG TACCACGCT TTTT
TfR DBCO-dT 6864 6878 196700
RMT GCG TGT GCT CACGCTTTIT T
Scr DBCO-dT 6855 6867 190600
Intranasal
administration GQ DBCO-dT TTTT (TGG)1o 11515 11459 340400
Intrathecal ¢ o pRCO-AT T TTT (TTT10 11015 11033 294800
injection
3.6.1.2. Synthesis of B-Galactosidase (B-Gal) Protein Spherical Nucleic Acids

ProSNA synthesis was established based on literature precedence.? 8 Molecular weights
and extinction coefficients pertaining to synthesis and characterization of B-Gal ProSNAs are
detailed in Table 7.

Table 7. Molecular weights and extinctions for chemical modifications onto -Gal

Name MW [Da] [sl\rjla"icm'l]
B-Galactosidase 464,000 1,142,000 (280nm)

596,268 (260nm)
Alexa Fluor® 647 dye 1250 265,000 (650nm)
NHS-PEGs-azide 388 N/A

DBCO-dT 774 18,800 (260 nm)

3.6.1.2.1. Reaction of Surface-Accessible Cysteines with Alexa Fluor 647 (AF647).
B-Gal from an E. coli overproducer was purchased from Roche. The lyophilized protein
was first dissolved in 1X phosphate-buffered saline (1X PBS; Thermo Fisher Scientific) and

washed via 3 rounds of centrifugation using a 100 kDa centrifugal filter (Millipore), resuspending
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the protein in 1X PBS after each wash. Protein concentration was determined from its 280 nm
absorbance peak collected on a Cary-5000 UV-Vis spectrophotometer in a 1 cm pathlength
cuvette. Then, 10 equivalents of Alexa Fluor 647-C,-maleimide (Thermo Fisher Scientific),
dissolved in DMSO, were added to ~19 yM B-Gal in 1500 uL 1X PBS and the reaction was shaken
(900 rpm) for 2 hours at 25 °C. Unconjugated Alexa Fluor 647 was removed by repeated rounds
of centrifugation using a 100 kDa filter until the filtrate did not have a detectable absorbance at
650 nm by UV-Vis. The number of Alexa Fluor 647 modifications per protein was calculated

based on UV-Vis spectroscopy.

3.6.1.2.2. Reaction of Surface-Accessible Lysines with NHS-PEGs-Azide.

350 equivalents of NHS-PEGs-azide crosslinker (Thermo Fisher Scientific), dissolved in
anhydrous DMSO at a concentration of 100 mM, were added to ~ 45 uyM B-Gal-AF647 in 550 pL
1X PBS. The reaction was shaken (900 rpm) overnight at 25°C. Unconjugated linker was removed
by 10 rounds of centrifugation using a 100 kDa filter. The number of azide modifications was
assessed by MALDI-MS using sinapinic acid (Thermo Fisher Scientific) as a matrix in a Bruker

AutoFlex-Ill.

3.6.1.2.3. Functionalization with DBCO-dT Terminated Oligonucleotides.

350 equivalents of DBCO-dT terminated DNA strands were first lyophilized, then 6.5 yM
B-Gal-AF647-azide in 450 uL 1X PBS was added to rehydrate the DNA. This solution was allowed
to incubate for 72 h at 25 °C with shaking (900 rpm). Unreacted DNA strands were removed by
successive rounds of centrifugation in a 100 kDa filter until the filtrate did not have a detectable
absorbance at 260 nm. Typically, complete removal of DNA required 30-40 washing steps. The
number of DNA strands per protein was calculated based on UV-Vis spectroscopy (Figure 40).

Loading densities from ProSNAs described in this work appear in Table 8.



97

B-Gal + DNA — B-Gal-AF647
— Scrambled ProSNA
— Transferrin ProSNA
— T-rich ProSNA

GQ ProSNA

AlexaFluor647

T T ‘A
200 300 400 500 600 700 800
Wavelength (nm)

Figure 40. UV-Vis spectra of protein spherical nucleic acids. UV-Vis spectra of ProSNAs with
different sequence identities used to quantify DNA loading. Spectra were collected at ambient
temperature with a 1 cm pathlength cuvette on a Cary5000 spectrophotometer.

3.6.1.2.4. Functionalization with DBCO-dT Terminated GQ Oligonucleotides.
B-Gal-AF647-azide was first buffer exchanged in lithium phosphate buffer (10 mM
LiIH2PO4, Sigma-Aldrich, pH 7.4) using five successive rounds of centrifugation in a 100 kDa
filter. 350 equivalents of DBCOdT terminated GQ DNA were lyophilized, then 6.5 yM B-Gal-
AF647-azide in 450 pL LiPO. buffer were added to rehydrate the DNA. This solution was allowed
to incubate for 72 h at 25°C with shaking (900 rpm). Unreacted DNA strands were removed by
successive rounds ofcentrifugation in a 100 kDa filter using the LiPO4 buffer as the washing buffer
until the filtrate did not have a detectable absorbance at 260 nm. Typically, complete removal of
DNA required 30-40 washing steps. The number of DNA strands per protein was calculated based

on UV-Vis spectroscopy. Loading densities from ProSNAs described in this work appear in Table
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8. After complete removal of unconjugated DNA strands, ProSNAs were buffer exchanged back
into 1X PBS buffer using five successive rounds of centrifugation in a 100 kDa filter.

Table 8. Oligonucleotide loading of ProSNA constructs

Sequence

Experiment Name (5' to 3") DNA per B-Gal
RMT TfR GCGTGG TACCACGCTTITT 39
RMT Scr GCGTGTGCT CACGCTTTTT 37
Intranasal administration GQ DBCO-dT T TTT (TGG)1o 40
Intrathecal injection T-rich DBCO-dT TTTT (TTT)1wo 40
3.6.1.3. SDS-PAGE Analysis of ProSNAs.

Protein samples (2 pmol) were incubated at 80 °C for 5 min in 1X Laemmli Sample Buffer
(Bio-Rad) and 355 mM 2-mercaptoethanol (Sigma-Aldrich) before loading. Samples were run on

a 4-15% TGX mini-Protean pre-cast gradient gel (Bio-Rad) for 30 min at 200 V in 1X
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Figure 41. 4-15% SDS PAGE gel of native B-gal and ProSNA variants. Gel was run for 30 min
at 200 V in 1X Tris/Glycine/SDS running buffer. Lower mobility bands are indicative of higher
molecular weights for ProSNA variants and confirm the succesful conjugation of DNA strands
onto the protein.
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Tris/Glycine/SDS running buffer (Bio-Rad). Gels were stained using SimplyBlue SafeStain

(Invitrogen) before imaging on a ChemiDoc™ MP Imaging System (Figure 41).

3.6.14. Circular Dichrosim Spectra of TfR-ProSNA, Scr-ProSNA and Native Protein.

Circular dichroism (CD) spectra were recorded in a 10 mm pathlength cuvette at 25°C with
a Jasco J-1700 spectropolarimeter equipped with a temperature controller at a concentration of
11.7 uM DNA or 300 nM B-Gal in 1X PBS buffer (pH 7.4). The instrument parameters to record
the CD spectra were: 200-350 nm measurement range, 0.1 nm data pitch, 1 nm bandwidth, 50
nm/min scanning speed, and 5 accumulations. Calculated theoretical spectra of the ProSNA were
obtained by adding the spectra of 3-Gal-AF647 to the spectra of the DNA (Figure 42). For CD

spectra of T-rich and GQ ProSNA see Chapter 2.

Circular Dichroism Circular Dichroism
1.5 1.5
1 — B-Gal-AF647 _ — B-Gal-AF647
: — DBCO-dT TR i — DBCO-dT Scr
1 . — TR ProSNA 51 | — Scr ProSNA
E’ Ot - Theoretical TfR ProSNA _§’ 01 \ - Theoretical Scr ProSNA
E E
[a] (]
O 0.5; O 0.5
0.0 : = 0.0 : =
200 250 300 350 200 250 300 350
Wavelength (nm) Wavelength (nm)

Figure 42. Circular Dichroism (CD) spectra of protein, DNA, and ProSNA. CD spectra of either 300 nM
B-Gal (fluorophore modified protein or ProSNA) or 11.7uM DBCO-dT terminated DNA in 1X PBS.
Theoretical spectra of ProSNAs (dotted line) were calculated by adding the mdeg values of B-Gal-AF647
and DBCO-dT DNA.

3.6.2. Receptor-Mediated Transcytosis ProSNA Binding or In Vitro Assays

3.6.2.1. BioLayer Interferometry
Receptor-aptamer association studies were performed on a BLItz instrument (ForteBio) in
‘Advanced Kinetics’ mode at 25°C using a drop holder (4 uL) for the loading and association steps

and a tube (500 uL 1X PBS) for the background and dissociation steps. Recombinant mouse
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transferrin receptor (CD71) extracellular domain (Cys89 — Phe763) with a polyhistidine tag at the
N-terminus was obtained from Sino Biological. Steps were performed according to the parameters
listed in Table 9 using Anti-Penta-HIS (HIS1K) biosensors (Sartorius):

Table 9. Instrument parameters for Advanced Kinetics experiment on BLI

Step Sample Concentration Time (s)
Initial Baseline 1X PBS N/A 30
Loading Transferrin Receptor ECD-His Tag 0.5 mg/mL 400
Baseline 1X PBS N/A 30
Association Aptamer 0.25mM -25mM 400
Dissociation 1X PBS N/A 120
Initial Baseline Baseline Dissociation

l Receptor Loading lAptamer Association l
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Figure 43. Advanced Kinetics Run of 2.5 mM Transferrin Aptamer. Example of typical run of
transferrin aptamers associating with the transferrin receptor. First a baseline is taken in 1X PBS, then

the receptor is loaded onto the biosensor. Next another baseline is taken in 1X PBS, followed by aptamer
association and dissocation.



101
Measurements were performed a total of three times with increasing transferrin aptamer
concentrations (0.25 mM — 2.5 mM) or 2.5 mM scrambled aptamer (Figure 43). Processing of

data was performed using BLItz software.

3.6.2.2. In Vitro Blood Brain Barrier Model

6.5 mm Transwell®-COL collagen-coated 0.4 ym Pore PTFE membrane inserts (Corning)
were first placed in a 24-well plate and pre-incubated with full cell culture media overnight at 37°C.
Full cell culture media consists of DMEM (Gibco) supplemented with 10% fetal bovine serum
(Atlanta Biologicals) and 1% penicillin-streptomycin (Gibco). The next day, bEnd.3 mus musculus
endothelial cells (ATCC) were seeded in the apical side of the transwell insert at 1.25 x 10° cells
per well and cultured at 37°C in 5% CO,. Media was exchanged every other day for a total of 9
days to ensure the growth of a full monolayer. After 9 days, media was removed from both the
insert and well. Then, 0.5 mL of fresh media was added to each well and 0.1 mL of treatment was
carefully added to the appropriate insert. The treatment consisted of 100 nM of either Alexa Fluor
647-modified native B-Gal or ProSNA variants diluted in full cell culture media. Cells were
incubated at 37 C in 5% CO2, and at each time point 75 uL of media was removed from the well.
The fluorescence was measured using a BioTek Cytation 5 plate reader at 640 nm excitation /
681 nm emission. After each measurement the 75 uL of media was returned back to its respective
well. To determine initial rate of transcytosis, the data points were fit to an exponential plateau

according to the following equation and analyzed using GraphPad Prism:

Fluoresencejme = Fluoresencep,,x — (Fluoresencey,x — Fluoresencejy,.) x e-ratextime

where Fluoresence;ipe iS the fluorescence measurement at each time point and Fluoresence,,x
is the steady-state fluorescence at the curve’s plateau. A summary of the calculated values are

in Table 10.
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Table 10. Summary of results from exponential plateau non-linear regression curve

Sample Fluorescencemax Rate (hr?)

Transferrin ProSNA 751.4 +44.1 0.44 + 0.08
Scrambled ProSNA  745.7 + 43.5 0.28 £ 0.04

3.6.3. In Vivo Investigations of ProSNA Distribution
Female CD-1 mice (strain code: 022) were procured from Charles River Laboratory at 8

weeks of age and maintained in conventional housing. All animal experiments were carried out in

accordance with the approved IACUC protocol issued by Northwestern University.

3.6.3.1. Receptor-Mediated Trancytosis ProSNA In Vivo Evaluation

3.6.3.1.1. Ex Vivo Near-Infrared Fluorescence (NIRF) Imaging

NIRF imaging studies were performed using a Caliper Life Sciences In Vivo Imaging
System (IVIS) to determine the extent of protein accumulation in main organs post-injection.
Female CD1 mice (28-30 g) were administered a single injection via tail vein at a dose of 6.5 mg
B-Gal / kg body weight. At 1-hour post-injection, mice (n = 6) were humanely euthanized by
cardiac perfusion with 1X PBS while anesthetized. Tissues were harvested and fixed in 4%
paraformaldehyde for 1 h at 4 °C. Post-fixation, organs were washed three times with 1X PBS
and stored in 1X PBS at 4 °C. Finally, organs were imaged using an IVIS system using 650
nm/700 nm excitation/emission filters and data was quantified by measuring fluorescence counts

with the Living Image software.

3.6.3.1.2. Brain Histology and Imaging

Female CD1 mice (29-35 g) were administered a single injection via tail vein at a dose of
6.5 mg B-Gal / kg body weight. One-hour post-injection, mice (n = 3) were humanely euthanized
by cardiac perfusion while anesthetized. Each mouse was first perfused with 20 mL of 1X PBS,

then 20 mL of 4% paraformaldehyde (PFA; Thermo Fisher Scientific), and the brains were
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dissected and stored in 4% PFA with shaking at 4 °C for 2 h. Organs were rinsed in many changes
of 1X PBS and equilibrated overnight in 15% sucrose (Sigma Aldrich) in 1X PBS solution at 4 °C.
The organs were subsequently transferred to a 30% sucrose in 1X PBS solution and stored at 4
°C until the organs sunk to the bottom of their respective container. Each organ was then
embedded in optimal cutting temperature compound and cryo-sectioned in the sagittal plane at
the midline at a 10 pym thickness. Slides were stained with DAPI to visualize nuclei. A Leica TCS
SP8 Confocal Microscope was used to image different regions of each slide at a 40X

magnification.

3.6.3.2. Intranasal Administration In Vivo Evaluation

3.6.3.2.1. Ex Vivo Near-Infrared Fluorescence (NIRF) Imaging

NIRF imaging studies were performed using a Caliper Life Sciences In Vivo Imaging
System (IVIS) to determine the extent of protein accumulation in main organs post-injection.
Female CD1 mice (28-30 g) were administered a single injection via tail vein or intranasal
administation at a dose of 9.3 ug p-Gal / mouse. For intranasal administration, CD-1 mice were
first anesthetized while in a supine position, and samples were inhaled into alternating nares every
minute for 10 minutes total. The mouse remained anesthetized for an additional 15 minutes after
the last intranasal dose. At 1-hour post-injection, mice (n = 3) were humanely euthanized by
cardiac perfusion with 1X PBS while anesthetized. Tissues were harvested and fixed in 4%
paraformaldehyde for 1 h at 4 °C. Post-fixation, organs were washed three times with 1X PBS
and stored in 1X PBS at 4 °C. Finally, organs were imaged using an IVIS system using 650
nm/700 nm excitation/emission filters and data was quantified by measuring fluorescence counts

with the Living Image software.
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3.6.3.3. Intrathecal Administration In Vivo Evaluation

3.6.3.3.1. Ex Vivo Near-Infrared Fluorescence (NIRF) Imaging

NIRF imaging studies were performed using a Caliper Life Sciences In Vivo Imaging
System (IVIS) to determine the extent of protein accumulation in main organs. Female athymic
nude mice (20-23 g) were administered a single injection into the intervertebral space between
the L5-L6 spinal segments at a dose of 85 ug B-Gal / mouse for 30 pL injection or 45 ug p-Gal /
mouse for 10 pL injection. Periodically, mice—while anesthetized—were imaged using an IVIS
system using 650 nm/700 nm excitation/emission filters and data was quantified by measuring

fluorescence counts with the Living Image software.
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CHAPTER 4. IMMUNOSTIMULAT-
ORY SPHERICAL NUCLEIC ACIDS
AS CANCER VACCINES FOR
TRIPLE NEGATIVE BREAST
CANCER

Material in this chapter is based upon published work:

Callmann C.E.; Cole L.E.; Kusmierz C.D.; Huang Z.; Horiuchi D.; Mirkin C.A. "Tumor Cell Lysate-Loaded
Immunostimulatory Spherical Nucleic Acids as Therapeutics for Triple Negative Breast Cancer." Proc.

Natl. Acad. Sci. USA 2020, 117, 17543-17550

Callmann C.E.; Kusmierz C.D.; Dittmar J.; Broger L.; Mirkin C.A. “Impact of Liposomal Spherical Nucleic

Acid Structure on Immunotherapeutic Function.” ACS Central Sci. 2021, 7, 892-899.
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4.1. Introduction

Mobilizing the immune system against tumors is a central goal of personalized cancer
treatments. Indeed, the identification of tumor-associated antigens (TAAs) and the advent of cell-
based therapies represent significant progress towards achieving this aim4¢-1%°, However, these
approaches, including the use of dendritic cell (DC) vaccines® and CAR-T cell therapies®, are
expensive and labor-intensive, as they require the extraction of immature immune cells from
patients, expansion of cells ex vivo, incubation with TAAs, and reinfusion to the patient.
Furthermore, these therapies are restricted to the subset of patients whose tumors express known
TAAs! and raising an immune response with single-antigen vaccines may ultimately have
limited efficacy due to tumor heterogeneity and loss of antigen expression over time84 152153,

An attractive alternative to single-antigen vaccines is to use lysates isolated from a
patient’s own tumor as the TAA source®70 72 73. 15 Exploiting tumor cell lysates as antigens
broadens the set of proteins that can be processed and targeted by immune cells — in principle,
the entire tumor proteome can be accessed®’. Therefore, this also addresses several potential
limitations of using a finite set of well-defined TAAs, including: 1) the challenge of identifying
immunogenic epitopes from tumors, 2) epitope restriction by the major histocompatibility complex
(MHC), and 3) loss of targeted antigens in tumors. However, direct vaccination using tumor
lysates has been met with limited success due to low cellular uptake and bioavailability after
injection, resulting in minimal immunogenicity®®. Oxidizing tumor cells prior to lysate isolation and
preparation significantly increases immunogenicity when the lysates are utilized as the antigen
source in DC vaccines’™ 1% Importantly, protein chlorination by hypochlorous acid (HOCI), an
oxidant produced by neutrophils as part of the adaptive immune response, increases the
immunogenicity of antigens several-fold*®, potentially due to their increased proteolytic
susceptibility*®’. In addition, HOCI oxidation generates aldehyde-modified antigens that are more

immunogenic than their unmodified counterparts®®. However, the underlying mechanism of how
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these changes facilitate antigen presentation and alter the tumor microenvironment (TME)
remains unclear. Moreover, a major challenge in immunotherapeutic development is the selection
of the appropriate vehicle for delivering both adjuvant and antigen'®°, as the way components are
formulated can significantly influence delivery to the immune system and thus, activation of
immunostimulatory pathways!® 161, Nanoscale therapeutics have shown promise in this regard,
enhancing antigen-presenting cell (APC) activation over mixtures of adjuvant and antigen®2,

Spherical nucleic acids (SNAs) are a novel class of nucleic acids that exhibit completely
different behavior from their linear analogs*, including rapid cellular uptake without the use of
ancillary transfection reagents®. The SNA architecture is defined by a dense, highly oriented
packing of nucleic acids into a spherical morphology, which imparts new chemical, biological, and
physical properties to the nucleic acids from which SNAs are derived. To date, SNAs have been
formed from a variety of nanoparticle cores, including gold and other inorganic nanoparticles* "
33, 82,163-166  linpsomes® 11 123749 polymers®® 167 168 and proteins®. Liposomes are an especially
attractive scaffold for SNA templating because the resulting systems are biodegradable and
biocompatible, and liposomes are a validated, FDA-approved nanoscale formulation for drug
delivery®. In addition, the hollow core of liposomal SNAs can encapsulate TAAs and other cargo.

Regarded as one of the more successful biomolecule packing systems to date!’,
liposomes are useful in a wide variety of biomedical applications, including drug delivery*’ 172,
biosensing'™ 174, diagnostics'’ "¢, gene delivery'’’, and immunomodulation!? 12 16. 178,179 ' The
chemical composition of liposomes determines their performance in biological systems*&°, Indeed,
it has been well established that the phase transition temperature (T¢) of the constituent lipids
dictates the phospholipid bilayer membrane fluidity, which heavily influences the liposome’s
biological properties, including permeability and lipid exchange!®!. The Tc of a phospholipid is
determined by the chemical identity and charge of the hydrophilic head group, as well as the chain

length and degree of saturation of the diacyl lipid tail'®. At temperatures at or below the Tc,
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liposomes exist in a gel phase, where lipid exchange is limited and membrane fluidity is low. At
temperatures exceeding the Tc, liposomes exist in a liquid-crystalline phase, where the
membrane is more fluid and the dynamics of lipid exchange are increased. In general, the Tc
increases as the diacyl lipid chain length increases, due to increased Van der Waals forces
between the acyl chains!®3, However, introducing double bonds into the diacyl lipid tail decreases
the T¢, as the packing of the hydrophobic chains is disrupted by structural kinks introduced by the
unsaturated bonds*®*. Together, these subtle changes to the chemical structure of the individual
lipid components dictate the supramolecular properties of the liposome and are important to
consider when designing liposome-scaffolded materials.

Because of their biocompatibility, modularity, and favorable physical properties?0 185189
liposomes are attractive scaffolds for synthesizing spherical nucleic acids (SNAS). Diverse L-SNA
constructs with tunable properties can be rapidly generated by changing the lipophilic
oligonucleotide anchor'® 1 or altering the sequence, backbone, and surface density of the
oligonucleotide®®. Liposomal SNAs have been previously observed to initiate antigen
presentation, activate immune cells, and induce production of proinflammatory cytokines for
cancer treatment and other applications'? 15 4919191 '1n many of these examples, the sequence
of the oligonucleotide shell is comprised of an unmethylated cytosine-guanosine sequence called
CpG-1826. CpG-1826 mimics microbial genomes and acts as a pathogen-associated molecular
pattern (PAMP)*2, which is recognized by toll-like receptor 9 (TLR9), a component of the innate
immune system located in the endosome of antigen-presenting cells (APCs), including DCs*®3,

Given these facts, we reasoned that SNAs containing tumor cell lysates could be used to
develop potent nanoscale immunotherapeutics for the treatment of cancers without known TAAS,
such as triple negative breast cancer (TNBC). Accounting for the majority of all breast cancer-
related mortality’® 1%, TNBC is a highly heterogeneous and aggressive disease that lacks

functional expression of both estrogen and progesterone receptors and no overexpression of
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Figure 44. A lysate-loaded, immunostimulatory spherical nucleic acid (Lys-SNA). (a) A schematic of
a Lys-SNA. TNBC lysates (orange) from either oxidized or non-oxidized TNBC cells are encapsulated in
the core of a liposome (purple), which is functionalized with cholesterol-modified nucleic acids (green) to
generate the SNA. (b) Cryo-TEM of Lys-SNAs. (c) Gel electrophoresis of free CpG-1826 (left lane), Lys-
SNAs (middle lane), and Lys-SNAs after exposure to Triton-X to break apart liposomes (right lane). (d)
Hydrodynamic diameter of lysate-loaded liposomes and SNAs, as measured by DLS.

human epidermal growth factor receptor 2 (HER2) protein®*1%’, Paradoxically, TNBC primary
tumors often initially respond well to chemotherapy; yet, there is a high incidence of relapse and
metastasis. The early and aggressive nature of TNBC recurrence is exemplified by significantly
decreased rates of progression-free and three-year overall survival vs. other breast cancer
subtypes?®® 198199 necessitating the development of new and effective treatment options.

In an effort to explore the potential of SNAs as a therapeutic for treating TNBC, we
synthesized liposomal SNAs that encapsulate lysates derived from TNBC cell lines in their core
and present CpG-1826 on their surfaces (Lys-SNASs, Figure 44), as well as analogs that contain
lysates from TNBC cells that were oxidized with HOCI prior to lysis (OxLys-SNAs), and evaluated
their immunomodulatory activity and antitumor properties in syngeneic, orthotopic mouse models
of TNBC. Moreover, we sought to determine whether the molecular identity of the lipids
comprising L-SNAs could be used as an additional handle for controlling their biological properties
and immunotherapeutic function. Towards this end, we synthesized a series of L-SNASs using

liposomes comprised of lipids with varying Tc. In this approach, the hydrophilic headgroup of the
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phospholipids remained unchanged, while the chemical identity of the hydrophobic acyl chains
was systematically varied (Figure 45B). In this way, the surface chemistry remained the same,
but the bilayer composition differed. We evaluated the resulting L-SNAs for their in vitro serum
stability, cellular uptake, immune cell activation, and immunotherapeutic function in mouse
models of TNBC.
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Figure 45. Liposomal SNA (L-SNA) design parameters. (a) Schematic representation of the L-SNA,
wherein DNA (green) is embedded into the outer phospholipid membrane of a liposome core using a
hydrophobic DNA anchor (depicted in red). The modularity of the L-SNA architecture allows for the rapid
generation of diverse constructs by using different phospholipids. (b) Chemical structure and phase
transition temperature (Tc) of the phospholipids used in the synthesis of L-SNAs employed in these studies.

4.2. Tumor Cell Lysate-Loaded Immunostimulatory Spherical Nucleic Acids as

Therapeutics for Triple Negative Breast Cancer
4.2.1. Lysates from TNBC Cell Lines can be Compartmentalized in Lys-SNAs
To assess the feasibility of using TNBC lysates as antigen sources, we utilized three
murine mammary carcinoma cell lines to recapitulate the heterogeneity of TNBC* 2%°, Towards
this end, we utilized Py230, a luminal cell line?°2%3 and Py8119, a basal cell line2°*2%, derived
from the mouse mammary tumor virus-polyoma middle tumor antigen (MMTV-PyMT) mouse

model of breast cancer, which loses expression of estrogen and progesterone as it progresses?®4.
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We chose the EMT6 cell line as a third model, as this syngeneic line has been recently recognized
as a valuable model to study immune response in TNBC?2%* 2%, Cells were grown to confluency in
monolayer cell culture, dissociated and subjected to several freeze-thaw cycles to induce cell
necrosis and rupture cell membranes, and centrifuged to remove cellular debris. The soluble
protein fraction was encapsulated in ~70 nm liposomes prepared from 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC). After purification to remove unencapsulated lysate, the liposomes were
incubated with 3’-cholesteryl-modified CpG-1826 to generate Lys-SNAs (Figure 44A), whose
single-lamellar spherical morphologies were validated by cryogenic transmission electron
microscopy (cryo-TEM, Figure 44B). The average ratio of protein to DNA was determined to be
1.1 £ 0.7 mg protein per pumol DNA from three independent batches of EMT6 Lys-SNAs. Analysis
via gel electrophoresis (Figure 44C) and the observed increase in hydrodynamic diameter, as
measured by dynamic light scattering (DLS, Figure 44D) are consistent with DNA

functionalization and SNA generation.

4.2.2. Lys-SNAs Increase Codelivery of Lysates and CpG DNA to DCs In Vitro and In
Vivo

Codelivery of antigen and adjuvant to the same APC is vital for maximal antigen
processing and presentation, as well as inducing the most potent antigen-specific immune
response?’’. Thus, we investigated the codelivery of lysate and DNA to APCs in vitro and in vivo.
Towards this end, Lys-SNAs containing fluorophore-labeled lysate (fluorescein and Oregon
Green 488) and CpG-1826 (Cy5) were synthesized. Purified lysates were incubated with an
Oregon Green 488-succinimidyl ester (OR488-NHS) dye and fluorescein-5-maleimide (FITC-
maleimide) dye to label both the free amines and thiols in the bulk protein solution. Following
removal of any unreacted dye, FITC/OR488-labeled lysates and Cy5-maodified DNA were used to
generate dual fluorophore-labeled Lys-SNAs. Bone marrow-derived dendritic cells (BMDCs) were

isolated from C57BI/6 mice and incubated with either fluorophore-labeled Lys-SNAs or a mixture
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Figure 46. Delivery of FITC-labeled lysate within Cy5-labeled SNAs. (a) Confocal microscopy images
of BMDCs incubated with dual fluorophore-labeled Lys-SNA and Lys-Mix for 1 and 24 hr (scale bar = 10
pum). (b) Codelivery of lysate and DNA by Lys-SNA (n=3, black bars) and Lys-Mix (n=3, green bars) to
BMDCs in vitro after 1 and 24 hr incubations as assessed via flow cytometry. (c) Codelivery of lysate and
DNA by Lys-SNA (n=3, black bars) and Lys-Mix (n=3, green bars) to lymphoid cells in vivo 2 and 24 hr
following subcutaneous injection. Lymph nodes were isolated and CD11c+ lymphoid cells were analyzed
by flow cytometry. Statistical analysis was performed using an ordinary one-way ANOVA, where “*”
represents a p-value of < 0.05, “**” represents a p-value of < 0.01, and “***” represents a p-value of < 0.001.

of fluorophore-labeled lysate and CpG-1826 (Figure 46) at the same protein and DNA
concentrations as Lys-SNAs. At set timepoints, cells were collected and analyzed by both
confocal microscopy (Figure 46A) and flow cytometry (Figure 46B) to determine the number of
cells positive for both FITC/OR488 and Cy5. At all timepoints, Lys-SNAs showed higher
codelivery to immune cells in vitro than the simple mixture of lysate with CpG-1826 (Lys-Mix),
showing a 3-fold and 2.5-fold enhancement in codelivery after 2 and 24 hr incubation,
respectively. To evaluate codelivery of antigen and adjuvant in vivo, C57Bl/6 mice were
subcutaneously administered Lys-SNA or Lys-Mix containing fluorophore-labeled lysate and
CpG-1826 (n=3 per group). At 2 and 24 hr post-injection, animals were sacrificed, inguinal lymph
nodes were isolated and dissociated into single-cell suspensions, and then analyzed by flow
cytometry (Figure 46C). In agreement with the in vitro data, codelivery to CD11c+ immune cells
in vivo was enhanced 4-fold when lysates and adjuvant DNA were formulated as Lys-SNAs at 2

hr post-injection, with over 2.3-fold enhancement still observed at 24 hr.
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Encapsulating tumor cell lysates into the core of liposomal SNAs increases the codelivery

of lysate and adjuvant DNA to immune cells relative to simple mixtures, both in vitro and in vivo.
This highlights the importance of structural arrangement in the design of immunotherapeutics, as
the maximal immune response is achieved when both adjuvant and antigen are delivered to the
same target cell?®. Indeed, formulation of lysate and CpG-1826 into SNAs leads to higher
codelivery of both immunomodulatory components to the same CD11c+ cells in the draining
lymph node in vivo at 2 hr post-injection, as compared to a simple mixture of linear CpG-1826
and bare liposomes containing lysate. Importantly, the percent of CD11c+ cells staining positive
for both Cy5-labeled DNA and fluorophore-labeled lysate is maintained up to 24 hr after in vivo
delivery with Lys-SNAs, whereas the percentage of double positive cells increased when treated

with the simple mixture, but not to the level of Lys-SNAs.

4.2.3. Lys-SNAs Show Antitumor Activity in Multiple TNBC Models

To assess the antitumor activity of Lys-SNAs in vivo, we established orthotopic syngeneic
models of TNBC by inoculating mice with ~10° TNBC cells (Py230, Py8119, or EMT®6) in the left
inguinal mammary fat pad. At days 6, 10, and 15 post-inoculation, animals were peritumorally

administered Lys-SNA, Lys-Mix, or saline as a negative control at a dose of 10 nmol CpG-1826
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Figure 47. Antitumor effects of Lys-SNA and Lys-Mix in vivo. (a) Antitumor efficacy of mice bearing
orthotopic syngeneic (a) Py230 tumors, (b) Py8119 tumors, or (¢) EMT6 tumors when administered Lys-
SNA (black circles), Lys-Mix (green squares), or saline (white diamonds). Treatment initiation began at day
6 post-inoculation and was repeated on days 10 and 15. Statistical analysis was performed using an
ordinary one-way ANOVA, where “*” represents a p-value of < 0.05, “**” represents a p-value of < 0.01,
“” represents a p-value of < 0.001, and “n.s.” represents a p-value > 0.05, which is considered not
significant.
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and 20 ug lysate. In the Py230 and Py8119 models, animals administered Lys-SNAs showed a
42% and 53% reduction in tumor volume, respectively, relative to animals administered Lys-Mix
at day 30 of the study (Figure 47A-B), suggesting that packaging lysates into the core of SNAs
increases their antitumor efficacy. In the EMT6 model, administration Lys-SNA stalled tumor
growth relative to saline, showing a 73% reduction in tumor growth at day 25; however, no
significant difference in tumor growth was observed between animals administered Lys-SNA and
Lys-Mix (Figure 47C). Based on previous reports of using tumor lysates as antigen sources®®
158 'we hypothesized that the lysates generated in the EMT6 model were poorly immunogenic,
thus leading to suboptimal T cell priming and subsequent antitumor activity. Therefore, we

investigated the use of lysates derived from oxidized tumor cells in this model.

4.2.4. Oxidizing Tumor Cells Prior to Lysis Increases Observed Immunogenicity

Since it has been reported that oxidation increases the immunogenicity of tumor lysates,
we sought to determine whether lysates derived from oxidized tumor cells could be utilized as
potent antigen sources following incorporation into SNAs. We generated oxidized tumor cell

lysates by incubating EMT6 cells in 60 uM HOCI for 1 hr to ensure complete cell death?®, Oxidized

Iysates were then prepared by Subjectlng a) Bulk Lysate Protein Por._bulations b) EMT6: Oxidized v. Non
EMT6 Py230 Py8119 Lys OxLys

the cells to several freeze-thaw cycles and —— = | :
centrifugation to remove cellular debris. =
The total amount of protein lysate ’ =
collected from oxidized tumor cells (herein

referred to as “oxidized lysate”) was -

similar to that of protein lysate collected

from non-oxidized tumor cells (herein rigyre 48. SDS PAGE gel of (a) lysates isolated from

o EMT6, Py230, and Py8119, and (b) lysates isolated

referred to as “non-oxidized lysate”); from non-oxidized (left lane) and oxidized EMT6 cells
(right lane).
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however, the bulk protein population of oxidized lysate differed from that of non-oxidized lysate,
with larger protein bands appearing in the oxidized sample (Figure 48). This finding confirms that
cellular oxidation prior to lysate generation changes the available antigen pool, which is in
agreement with published studies on the use of oxidized lysates in DC vaccines’ ™.

To determine whether oxidation prior to lysate generation increases the immunogenicity
of the isolated lysate, we incubated BMDCs with CpG-1826 (0.1 nmol) and either non-oxidized
lysate or oxidized lysate at equivalent protein concentrations (1 ug total protein). The expression
of maturation markers CD40, CD80, and CD86 was significantly elevated in BMDCs incubated
with oxidized lysates (Figure 49A-C) relative to treatment with non-oxidized lysates alone,
showing a 75%, 20%, and 34% increase in CD40, CD80, and CD86 marker expression over non-
oxidized lysates, respectively, as well as a 160%, 47%, and 98% increase over CpG-1826 alone.
Furthermore, expression of the MHC-II was elevated by 47% in BMDCs incubated with oxidized

lysate as compared to those incubated with CpG-1826 alone (Figure 49D). This finding suggests
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Figure 49. Activation of BMDCs in vitro following incubation. Cells isolated from C57BL6 mice were
purified and cocultured with CpG-1826 and oxidized lysates (yellow bars), non-oxidized lysates (black bars),
or no lysate (grey bars). After two days, DC activation was measured by flow cytometry for expression
levels of (a) CD40, (b) CD80, (c) CD86, and (d) MHC-II. Statistical analysis was performed using an ordinary
one-way ANOVA, where “*” represents a p-value of < 0.05, “**” represents a p-value of < 0.01, “***”
represents a p-value of < 0.001,and “n.s.” represents a p-value > 0.05, which is considered not significant.
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that inducing cell death via oxidation leads to lysate populations that have elevated adjuvant

behavior as well as antigenic behavior, as DC maturation is primarily dictated by activation with

adjuvants?®,
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Figure 50. OxLys-SNA in vivo analyses. (a) Antitumor efficacy and (b) corresponding survival curve of
Balb/c mice (n=9 per group) bearing orthotopic syngeneic EMT6 tumors when administered OxLys-SNA
(yellow circles), OxLys-Mix (grey squares), Lys-SNA (black circles), or saline (white diamonds). Treatment
initiation began at day 6 post-inoculation and was repeated on days 10 and 15. (c) Full tumor growth curve
of animals administered OxLys-SNA (yellow circles) or saline (white diamonds). A subset of animals that
had been administered OxLys-SNAs (n=3) were re-challenged by inoculation with ~10® EMT6 cells in the
right inguinal mammary fat pad at day 65 (red arrow) and tumor growth monitored out to day 100. Population
of (d) cytotoxic CD8+T cells and (e) MDSCs isolated from the TME of EMT6-bearing mice at day 11 post-
inoculation, following treatment on days 6 and 15 with OxLys-SNA (yellow bars), Lys-SNA (black bars),
OxLys-Mix (grey bars), or saline (white bars). Statistical analysis was performed using an ordinary one-way
ANOVA, where “” represents a p-value of < 0.05, “**” represents a p-value of < 0.01, “***” represents a
p-value of < 0.001, and “****” represents a p-value of < 0.0001.
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4.2.5. OxLys-SNAs Significantly Inhibit Tumor Growth and Extend Survival In Vivo
To evaluate the function of OxLys-SNAs as cancer immunotherapeutics, the in vivo

antitumor activity of OxLys-SNAs was compared to Lys-SNAs and mixtures of oxidized lysate with
CpG-1826 (OxLys-Mix) in the EMT6 model of TNBC. Balb/C mice were inoculated with ~10° tumor
cells in the left inguinal mammary fat pad and at day 6 post-inoculation, treatment was initiated
via peritumoral subcutaneous injection of OxLys-SNA, Lys-SNA, OxLys-Mix, (n=9 per group) at a
dose of 5 nmol DNA and 20 ug protein. Saline-treated animals were used as a negative control.
Injections were repeated at day 10 and 15. Tumor mass and animal survival were monitored for
100 days post-inoculation. Animals administered OxLys-SNA responded remarkably well to
treatment as compared to all other treatment groups (Figure 50A), with 7 out of 9 OxLys-SNA
treated animals experiencing complete tumor remission at day 20 (Figure 51A). Furthermore,
animal survival was significantly extended when administered OxLys-SNA (Figure 50B), with 6
out of 9 animals OxLys-SNA treated animals surviving beyond day 100 post-inoculation. Indeed,
the first OxLys-SNA treated animal to succumb to tumor burden (tumor volume exceeding 1500
mm3) survived longer than all saline-treated animals (Figure 51B). To assess the ability of OxLys-
SNAs to induce an immunological memory response, a small cohort of animals administered
OxLys-SNAs were re-challenged by implanting ~108 EMTG6 cells in the inguinal mammary fat pad
on day 60 following initial tumor implantation (Figure 50C). All animals (n=3) remained tumor free
following re-challenge with EMT6 cells, indicating that vaccination with OxLys-SNAs not only

eradicates existing tumors but also prevents new tumors from forming.

4.2.6. OxLys-SNAs Alter the Immune Cell Population Within the Tumor
Microenvironment

To determine the effect of OxLys-SNA administration on the immune cell population at the
tumor site, Balb/c mice were inoculated with EMT®6 cells in the left inguinal mammary fat pad. At

days 6 and 10 post-inoculation, animals were administered OxLys-SNA, Lys-SNA, OxLys-Mix, or
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saline (n=3 per group) via peritumoral subcutaneous injection. On day 11, animals were
sacrificed. Tumors were dissociated into single cell suspensions and split into two fractions. One
cell fraction was incubated with antibodies against CD45, CD3, and CD8 to identify CD8+
(cytotoxic) T cells present in the TME. The second cell fraction was incubated with CD45, CD11b,
and Grl to identify myeloid derived suppressor cells (MDSCs) present in the TME. Following
antibody incubation, cells were fixed and analyzed via flow cytometry. Excitingly, the population
of CD8+ T cells at the tumor site was significantly elevated in animals administered OxLys-SNAs
(Figure 50D) relative to all other treatment groups, showing a 2.3-fold increase relative to saline-
treated controls. Concurrently, the population of MDSCs in animals administered OxLys-SNAs
(Figure 50E) was decreased 2.5-fold relative to saline-treated controls. High levels of cytotoxic T
cells in the microenvironment of breast tumors have been shown to be correlated with positive
antitumor effects?! 211 while high levels of MDSCs promote immune evasion?'2, Therefore, this

finding provides insight on the mechanism responsible for the observed antitumor efficacy of

OxLys-SNAs.
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Figure 51. OxLys-SNA in vivo analyses. (a) Individual tumor growth (spider) plots of animals administered
OxLys-SNA from day 0 to day 25 post-inoculation. At day 20, all but 2 animals receiving OxLys-SNA
treatment experienced complete tumor remission. (b) Spider plots of animals administered OxLys-SNA
(yellow lines) or saline (black lines) out to day 50 post-inoculation. All saline-treated animals succumbed to
tumor burden before the first OxLys-SNA treated animal. Blue box denotes the region in panel a.
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4.3. Impact of Liposomal Spherical Nucleic Acid Structure on Immunotherapeutic

Function

4.3.1. Synthesis of L-SNAs with Lipids of Varying Phase Transition Temperatures
To assess the effect of liposome composition on the properties of L-SNAs, 80-nm
liposomes comprised of lipids with varying Tc (Figure 45B) were synthesized using 1,2-
dioleylphosphatidylcholine (DOPC, Tc = -17 °C), 1,2-dimyristoyl- phosphatidylcholine (DMPC, Tc
= 24 °C), 1,2-dipalmitoylphosphatidylcholine (DPPC, Tc = 41 °C), or 1,2-distearoyl-
phosphatidylcholine (DSPC, Tc = 55 °C)!2, Following overnight incubation with DNA that is
doubly functionalized with cholesterol and Cy5 (Table 12, entry 1) at T > Tc for all lipids, colloidally
stable L-SNAs formed on all liposome scaffolds. The maximum DNA loading per particle was
observed for L-SNAs synthesized with DOPC, as evidenced by the absence of free
unincorporated DNA by gel electrophoresis at the highest liposome to DNA ratios (Figure 52).

DNA
only DOPC DMPC DPPC DSPC
"--""'50 100 150 200" 50 100 150 200 50 100 150 200 50 100 150 200 € #of DNA strands per particle

SRt AT

L-SNA

=

Unincorporated DNA

Figure 52. DNA loading capacity of various liposome scaffolds. The DNA loading of liposomes
was assessed using native gel electrophoresis and Cy5-labeled DNA. L-SNAs can be successfully
formed using liposomes comprised of all phospholipids tested (DOPC, DMPC, DPPC, and DSPC
at DNA loadings of up to 100 strands per particle, as evidenced by the reduction in DNA moblllty
without the presence of unincorporated DNA, following incubation of cholesterotfunctionalized, Cy5-
labeled DNA with liposomes at T > Tc for all constructs.
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We hypothesize that this is because cholesterol is more readily intercalated into the membrane
bilayer of DOPC-based liposomes than those comprised of fully saturated phospholipids, due to
conformational rearrangement of lipids in the liquid crystalline phase.?** 24 Indeed, the maximum
DNA loading per particle was reduced in L-SNAs comprised of lipids with higher Tc¢ values (i.e.,
DMPC, DPPC, and DSPC), as evidenced by the presence of free DNA at loadings exceeding 150
strands per particle (0.31 pmol/cm?, Figure 52). This is presumably due to decreased membrane
fluidity of liposomes comprised of lipids with higher Tc¢.2** Dynamic light scattering (DLS) analysis
confirmed that the L-SNA hydrodynamic diameter was identical regardless of core composition

(Table 13).

4.3.2. Serum Stability Increases with L-SNAs Formulated with DSPC Lipids

To evaluate the DNA dissociation from the L-SNA scaffold in biological media, L-SNAs
were synthesized using liposomes containing 1% rhodamine-labeled lipids (Figure 62) and DNA
doubly functionalized with cholesterol and Cy5 (Table 12, entry 1). On the L-SNA scaffold, Cy5
and rhodamine are within the radius required for Forster resonance energy transfer (FRET), with
the FRET signal indicative of the presence of intact L-SNAs. FRET-capable L-SNAs were
incubated in 10% fetal bovine serum (FBS) at 37°C, and their stability was evaluated as a function
of the decrease in FRET signal over time (Figure 54). To account for any potential variations in
dye incorporation per particle and to normalize the data for comparison, the apparent rate
constant, k, was calculated for each L-SNA using a one-phase exponential decay equation
(Figure 54) to determine the initial rate of FRET decrease. The calculated k-values of the L-SNAs

decrease as a function of increasing Tc (Figure 53A), indicating that the DNA dissociation rate is
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Figure 53. In vitro serum stability, cellular uptake, and immune activation by L-SNAs. (a) Plot of the
initial rate of decay, k, as a function of decrease in FRET signal over time. Changing the liposome scaffold
from DOPC to one comprising phospholipids of higher Tc significantly decreases the rate of DNA
dissociation from L-SNAs, thus increasing the stability of the overall construct. (b) Cellular uptake of L-
SNAs by DCs as a function of liposome scaffold. Uptake is significantly increased by synthesizing L-SNAs
from all higher Tc lipids. (c) DC activation as a function of L-SNA composition. Changing the liposome
scaffold from DOPC to one comprising phospholipids of higher Tc significantly increases the observed
expression of CD86. Statistical analysis was performed using an unpaired t-test, where “**” represents a p-
value of < 0.01, “***” represents a p-value of < 0.001, and “****” represents a p-value of <0.0001. Error bars
represent standard deviation. MFI represents median fluorescence intensity.
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Figure 55. In vitro serum stability of L-SNAs at various temperatures. Shown is a plot of the initial rate
of decay, k, as a function of the decrease in FRET signal over time when measured at (a) 65 °C or (b) 20
°C. Statistical analysis was performed using an unpaired t-test, where “*” represents a p-value of < 0.05,
“*” represents a p-value of < 0.01, and “***” represents a p-value of < 0.001. ns represents not significant.
Error bars represent standard deviation. In vitro serum stability at 20 °C as a function of liposome
composition.

slower in higher Tc L-SNAs and that these L-SNAs are more stable. Indeed, the initial rate of
FRET decay for L-SNAs synthesized with DSPC was determined to be approximately 60% lower
than those synthesized with DOPC at 37°C. Importantly, the trends in the rate of DNA dissociation
from the SNA scaffold as a function of Tc become more pronounced at increased temperatures
(Figure 55A). The rate of DNA dissociation from L-SNAs synthesized with DSPC is ~ 95% lower
than L-SNAs synthesized from DOPC when serum stability is assessed 65 °C. Moreover, the
differences in DNA dissociation rate become negligible when L-SNAs are incubated at 20 °C

(Figure 55B), due to decreased membrane fluidity of all L-SNA constructs.
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4.3.3. L-SNAs Composed of DPPC Exhibit Higher Cellular Uptake and Immune Activation
To correlate the in vitro serum stability with biological outcomes, the cellular uptake of all

L-SNAs by primary immune cells was evaluated as a function of liposome scaffold. Increased
cellular uptake as a function of Tc was observed in bone marrow derived dendritic cells (DCs),
with an overall upward trend between Tc and cellular uptake, showing an approximately 80%
increase in uptake of L-SNAs comprised of DSPC as compared to DOPC (Figure 53B).
Intriguingly, the cellular uptake by DCs was consistently highest for L-SNAs synthesized from
DPPC in biological replicates (n = 3). We hypothesize that this is because the T¢ of DPPC (41
°C) is close to the incubation temperature used for these assays (37 °C) and it is known that
liposomes become increasingly permeable at temperatures close to the T¢,?*® thus allowing for
increased L-SNA membrane flexibility and greater association with cell surfaces.

The effect of L-SNA composition on downstream biological processes was assessed via
in vitro DC activation, as these cells are functional antigen-presenting cells and have been shown
to be efficiently activated by immunostimulatory L-SNAs.12 151649 | .SNAs were synthesized using
immunostimulatory oligonucleotides (CpG-1826)2'¢ functionalized with cholesterol (Table 12,
entry 2), and liposomes comprised of DOPC, DMPC, DPPC, or DSPC. Following incubation with
L-SNAs, DC activation was evaluated as a function of CD86 expression, which is a surface protein
present on mature immune cells that promotes T cell differentiation and survival.?” A dramatic
increase in immune activation was observed when DCs were incubated with the more stable L-
SNAs (Figure 53C), revealing a 6.5-fold increase in CD86 expression by L-SNAs synthesized
with DSPC, as compared to those synthesized with DOPC. Consistent with the cellular uptake
trends observed in DCs, L-SNAs comprised of DPPC induced the highest expression of CD86,
resulting in a nearly 10-fold increase in CD86 expression as compared to L-SNAs comprised of

DOPC (Table 14).
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Figure 56. Expression of (a) CD80, (b) MHC-II, and (c) TNF-ain vitro by DCs, following a 24-h incubation
with either DOPC-SNAs (blue bars) or DPPC-SNAs (pink bars). Statistical analysis was performed using
an unpaired t-test, where represents a p-value of < 0.05 and “****” represents a p-value of <0.0001.
Error bars represent standard deviation. MFI represents median fluorescence intensity.
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Figure 57. Time-course analysis of L-SNA uptake by DCs in vitro. DPPC-SNAs (pink bars) were taken
up by DCs to a higher extent than DOPC-SNAs (blue bars) after a (a) 30 min, (b) 2 h, and (c) 24 h incubation.

Statistical analysis was performed using an unpaired t-test, where
Error bars represent standard deviation. MFI represents median fluorescence intensity.
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Because immunostimulatory L-SNAs synthesized with DPPC (henceforth referred to as
“‘DPPC-SNAs”) showed the highest in vitro stability, uptake, and CD86 expression, the immune
uptake and responses generated by this construct were more comprehensively analyzed and
compared to the standard L-SNA construct, which is synthesized with DOPC (henceforth referred
to as “DOPC-SNA”). DPPC-SNAs were consistently taken up to a greater extent by DCs than
DOPC-SNAs at all timepoints analyzed (Figure 57). In addition, DPPC-SNAs showed increased
immune activation over DOPC-SNAs, as measured by the expression of surface proteins CD80
and MHC-II (Figure 56A-B) and the secretion of the cytokine TNF-a (Figure 56C) following 24 h

incubation.
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Figure 58. Accumulation of L-SNAs in lymph nodes is significantly different at shorter time points.
(&) 2 h or (b) 24 h following subcutaneous administration of DOPC-SNAs (blue bars) or DPPC-SNAs (pink
bars) the rhodamine signal from the liposome was measured by in vivo imaging system. Statistical analysis
was performed using an unpaired t-test, where “***” represents a p-value of < 0.001 and ns represents not
significant. Error bars represent standard deviation.
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4.3.4. Synergy Between Lysate Preparation Method and Liposome Composition in
Antitumor Activity

To determine whether superior in vitro DC uptake correlates with higher in vivo lymph
node targeting, the accumulation of DPPC-SNAs in the lymph nodes was compared to that of
DOPC-SNAs as a function of time. To achieve this, healthy mice were administered fluorophore-
labeled SNAs via subcutaneous injection at a dose of 2.5 nmol DNA per construct (n=3). The
lymph node accumulation of DPPC-SNAs was 4-fold higher than DOPC-SNAs at 2 h post-
injection (Figure 58A), while the concentration was equivalent at 24 h post-injection (Figure 58B).
Together, this indicates that DPPC-SNAs are shuttled more rapidly to the lymph nodes in vivo,
without a loss in long-term retention.

The administration of CpG-1826 in the 4T1 model of TNBC can suppress the spontaneous
formation of lung metastases, as a form of “adjuvant only” immunotherapy?!®2'°, Thus, to evaluate
whether L-SNA stability and in vitro immunostimulatory activity correlated with in vivo outcomes,

the activity of DOPC-SNAs was compared to DPPC-SNAs in the 4T1 mouse model (Figure 59).
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Figure 59. In vivo antimetastic and antitumor activity of L-SNAs in the 4T1 TNBC model. (a) Lung
metastasis production, as measured by the number of lung nodules identified at day 28 in the study,
following administration of saline (grey bar), DOPC-SNAs (blue bar), or DPPC-SNAs (pink bar). White dots
represent individual animals in each group. (b) Representative photos of lungs excised from each group.
(c) Primary tumor growth in the 4T1 model following administration of saline (grey diamonds), DOPC-SNAs
(blue square), or DPPC-SNAs (pink circle). Error bars represent standard error of the mean. (d) Comparison
of tumor volume between treatment groups at day 28 in the study. White dots represent individual animals
in each group. Statistical analysis was performed using an unpaired t-test, where “*” represents a p-value
of <0.05, and “ns” represents a p-value of >0.05.
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Figure 60. In vivo antitumor activity of L-SNAs in the Py8119 TNBC model. (a) Antitumor efficacy of
“adjuvant only” L-SNAs as a function of liposome stability, following administration of saline (grey triangle)
DOPC-SNAs (blue square), or DPPC-SNAs (pink circle). (b) Antitumor efficacy of L-SNAs encapsulating
Py8119 lysates as a function of liposome stability. Animals were administered saline (grey triangle), DOPC-
Lys-SNAs (blue square), or DPPC-Lys-SNAs (pink circle). (c) Antitumor efficacy of L-SNAs encapsulating
oxidized Py8119 lysates as a function of liposome stability. Animals were administered saline (grey
triangle), DOPC-OxLys-SNAs (blue square), or DPPC-OxLys-SNAs (pink circle). ((d) Comparison of tumor
volume between DPPC-containing treatment groups at day 28 in the study. White dots represent individual
animals in each group. Error bars represent standard error of the mean. Statistical analysis was performed
using an unpaired t-test, where “*” represents a p-value of < 0.05, “**” represents a p-value of < 0.01, “***”
represents a p-value of < 0.001, and “ns” represents a p-value of > 0.05.

Mice bearing 4T1 tumors were peritumorally administered DOPC-SNAs and DPPC-SNAs via
subcutaneous injection at a dose of 5 nmol of CpG-1826 on days 6, 10, and 15 post-inoculation
(n = 4 per group). As a negative control, an additional set of animals (n = 4) was administered
saline. At day 28 of the study, animals were sacrificed, lungs perfused per literature protocol,??°
and number of lung nodules counted. DPPC-SNAs significantly inhibited the formation of lung
metastases (Figure 59A-B), whereas DOPC-SNAs were ineffective. Interestingly, this trend held
when evaluating primary tumor growth (Figure 59C-D), with DPPC-SNAs significantly
suppressing tumor growth, while DOPC-SNAs had no effect on primary tumor growth throughout
the duration of the study. Consistent with in vitro results (vide supra), L-SNA potency in the 4T1
model directly correlates with liposome stability.

To evaluate whether the observed differences in L-SNA activity were tumor model-
dependent, the antitumor activity of L-SNAs in the Py8119 model of TNBC was also evaluated.
Unsurprisingly, administration of DPPC-SNAs and DOPC-SNAs as “adjuvant only”

immunotherapeutics was ineffective in this model (Figure 60A), as immunostimulation alone is
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often insufficient at raising an antitumor immune response,?'® with a few notable exceptions that
include the aforementioned 4T1 model. Since no TAAs have been identified for TNBC, lysates
from Py8119 cells were generated and then utilized as antigen sources. These lysates were
encapsulated into L-SNAs comprised of DOPC (DOPC-Lys-SNAs) or DPPC (DPPC-Lys-SNAS).
The antitumor efficacy of both constructs was compared in vivo following L-SNA administration at
days 6, 10, and 15 at a dose of 5 nmol of CpG-1826 and 10 ug of lysate. Excitingly, there was a
~60% reduction in tumor growth when DPPC-Lys-SNAs were administered as compared to
animals administered saline, whereas there was no difference in tumor growth in animals
administered DOPC-Lys-SNAs (Figure 60B), again showing the dependence of antitumor
efficacy on L-SNA stability.

Oxidizing cancer cells prior to lysate generation often increases their immunogenicity "+ ™
155 and thus incorporating oxidized lysates into the core of L-SNAs leads to dramatic increases in
antitumor efficacy in mouse models of TNBC.1"® Therefore, to determine whether the effects of
tumor cell oxidation and L-SNA stability were additive, L-SNAs containing lysates from oxidized
Py8119 cells were synthesized using DOPC (DOPC-OxLys-SNAs) and DPPC (DPPC-OxLys-
SNASs). Strikingly, DPPC-OxLys-SNAs significantly suppressed tumor growth over the duration of
the study (Figure 60C), while DOPC-OxLys-SNAs were ineffective at these doses of DNA and
lysate. Collectively, these data indicate that the effects of lysate preparation method and L-SNA
stability are synergistic, a trend which becomes clearer when the study endpoint for all DPPC-
based L-SNAs is compared (Figure 60D). While DPPC-SNAs are ineffective at reducing tumor
growth in the Py8119 model, the inclusion of lysates into the L-SNA (DPPC-Lys-SNASs) renders
these materials effective, and maximum antitumor efficacy is observed when lysates from
oxidized cells are used as the antigen sources (DPPC-OxLys-SNAs), revealing the importance of

both antigen processing method and liposome stability in these constructs.
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4.4. Conclusions
This work is important because it describes a new class of potent vaccines based upon

the compartmentalization of antigens in the form of oxidized lysate within a novel nanotherapeutic.
These structures, in three TNBC tumor models, show very promising activity with respect to
codelivery of lysate and adjuvant and DNA, antitumor efficacy, extended animal survival, and
alteration of the immune cell population within the TME. Importantly, this is only one way to
compartmentalize lysates in SNA-type architectures, and when one considers recent work that
shows single antigen presentation on the outside of SNAs can increase vaccine performance?®,
there is a path forward for identifying new structures with vaccine performance superior to those
presented herein. Indeed, if one could present the lysate components on the outside of such
structures, even better responses may be possible. Taken together, these results show that the
method in which tumor cell lysates are generated, as well as the way adjuvant and antigen(s) are
packaged and delivered to the immune system, has a profound impact on the resulting antitumor
efficacy. Therefore, these results have important implications in the development of personalized
immunotherapies for TNBC and other cancers.

Synthesizing L-SNAs from liposomes comprised of lipids with identical
phosphatidylcholine headgroups, but varied diacyl lipid tail, allows for single variable analysis of
biological properties. Through these studies, we have determined that the serum stability, cellular
uptake, immune activation, and antitumor activity of L-SNAs can be augmented by using liposome
scaffolds comprised of lipids with higher T¢ values, while keeping the nanoparticle size and
surface chemistry identical. The dynamics of lipid exchange in liposomes are a function of
membrane fluidity, which decreases as Tc increases. Thus, synthesizing L-SNAs from lipids with
higher Tc produces structures whose dynamics of lipid exchange are slower. In turn, the rate of
DNA dissociation from the L-SNA scaffold is significantly decreased when SNAs are synthesized

from lipids with higher Tc, leading to greater interactions between the oligonucleotides and
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liposome core and an overall increased structural stability. Because the L-SNA architecture drives
its biological properties, prolonged preservation of this structure in biological media leads to the
observed enhancements in cellular uptake, immune cell activation, and in vivo lymph node
accumulation. These results indicate that the biological interactions of nanomaterials are not
solely determined by nanoscale size and surface chemistry, but rather that the chemical identity
of the components of noncovalent assemblies also plays a substantial role.

We have previously shown that seemingly small chemical and structural changes to the
L-SNA platform can have profound impacts on resulting SNA biological properties and functions.
For example, changing the chemistry used to anchor DNA into the L-SNA affects the in vitro
serum stability, immune activation, and in vivo tissue distribution due to differences in L-SNA
stability.* 33 Moreover, altering the chemical bond that releases peptide antigens from
immunostimulatory L-SNAs enhances immune activation*® and modifying the chemical
composition and structural arrangement of antigenic cargo within immunostimulatory L-SNAs
dramatically affects downstream antitumor efficacy because of differences in signaling kinetics®
178 " In line with these findings, we now show that the composition of the liposomal core can be
used to modulate the biological properties of L-SNAs, providing another tunable handle in their
rational design as immunotherapeutics.

In the 4T1 TNBC mouse model, administration of immunostimulatory L-SNAs synthesized
with DPPC significantly decreased tumor growth and lung metastasis formation, as compared to
L-SNAs synthesized with DOPC, indicating that more stable L-SNA constructs are required for
maximal immunostimulation in vivo. Moreover, in TNBC models where “adjuvant only” therapy is
ineffective, the inclusion of tumor cell lysates in the core of the L-SNAs reveals a significant
dependence on L-SNA composition with respect to antitumor efficacy, where structural stability
determines potency. In the Py8119 mouse model, lysates encapsulated in L-SNAs synthesized

with DPPC were more effective than their DOPC analogues at stalling tumor growth; a trend that
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became more pronounced when incorporating lysates from oxidized Py8119 cells into the L-SNA
scaffold, revealing synergy between lysate incorporation method and L-SNA stability.

Taken together, this work convincingly shows that seemingly subtle changes to the
chemical structure of nanoscale immunotherapeutics can profoundly impact their performance,
and that liposome stability can be used as a variable to control the biological properties of L-
SNAs. These results have important implications for the development of therapeutic L-SNAs that
extend beyond cancer immunotherapy. For example, in applications where SNAs are systemically
administered (e.g., gene regulation), L-SNAs synthesized using high Tc¢ lipids may maximize the
serum stability and blood circulation. Furthermore, in applications where high stability is not
advantageous, such as those where encapsulated cargo needs to be released from the core of
the L-SNA following cellular uptake®® 18, L-SNAs with intermediate stability may be the most
useful. Therefore, it is critical to carefully consider the liposome scaffold when designing both L-

SNAs, as well as other liposome-based nanoparticle systems, for biomedical applications.

4.5. Materials and Methods

4.5.1. Tumor Cell Lysate-Loaded Immunostimulatory Spherical Nucleic Acids as

Therapeutics for Triple Negative Breast Cancer

4.5.1.1. Generation and Characterization of Cell Lysates

All animal protocols were approved by the Institutional Animal Care and Usage Committee
at Northwestern University. EMT6 cell lines were obtained from ATCC and grown in Minimum
Essential Media supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin—-streptomycin. Py230 and Py8119 were grown in F-12K Medium (ATCC), 5% FBS, 0.1%
MITO+ serum extender (Corning), 2.5 ug/mL amphotericin B (Gibco), and 50 ug/mL gentamycin
(Gibco). All lysates were prepared from cells under passage number six. For lysate preparation,

cells were trypsinized, washed, collected, and resuspended at 106 cells per milliliter in Dulbecco’s
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phosphate-buffered saline (DPBS), then subjected to five freeze—thaw cycles in liquid nitrogen
and a 37 °C water bath. Cellular debris was removed by centrifugation at 10,000 relative
centrifugal force (RCF) units for 10 min, and the supernatant was then collected as the protein
lysate. Total protein concentration was measured using the bicinchoninic acid (BCA) assay with
albumin as the protein standard (Pierce, ThermoFisher Scientific). Protein content was
characterized using 4 to 12% sodium dodecyl sulfate (SDS)/ polyacrylamide gel electrophoresis
at 100 V for 1 h and loading 20 pg of total protein.

To prepare oxidized lysates, EMT6 cells were grown to confluence in a Petri dish. Cells
were washed with DPBS (3x) and then incubated with 60 uM HOCI in DPBS for 1 h at 37 °C.
Following the incubation, cells were collected and washed with DPBS to remove any unreacted
HOCI. Following centrifugation at 500 RCF for 5 min, cells were resuspended in DPBS at a density
of 1 x 107 cells per mL. Cells were subjected to five freeze-thaw cycles using liquid nitrogen and
a 37 °C water bath, followed by centrifugation for 10 min at 10,000 RCF. The soluble fraction was
collected as the oxidized lysate.

Purified cell lysates were fluorophore-labeled for in vitro and in vivo uptake experiments.
One milligram each of Oregon Green 488-NHS (Thermo Fisher) and FITC-maleimide (Thermo
Fisher) dye were incubated with 1 mg/mL lysate in PBS (pH 7.5) for 16 h at 4 °C. The unreacted
dye was removed by washing the lysate with 10 mL of PBS 10 times using 50 kDa cutoff
centrifugation filters (4,000 x g, 10 min). Fluorophore-labeled lysate was subsequently used to

make lysate-SNAs.

4.5.1.2. DNA Synthesis
Cholesteryl-modified CpG-1826 (5-TCC ATG ACG TTC CTG ACG TT (Sp18)2 Chol-3)

and Cholesteryl-Cy5-modified CpG-1826 (5'-TCC ATG ACG TTC CTG ACG TT -Cy5-(Sp18)2

Chol-3') were synthesized with phosphorothioate backbones via automated solid-phase DNA
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synthesis using an MerMade 12 Synthesizer (Bioautomation), using 4,5-dicyanoimidazole as an
activator and 3-((Dimethylamino-methylidene)amino)-3H-1,2,4-dithiazole-3-thione as the
sulfurizing agent. Following synthesis, DNA strands were cleaved from solid support via overnight
incubation with 30% ammonium hydroxide at room temperature (RT). Excess ammonia was
removed through evaporation under nitrogen, and oligonucleotides were purified using an Agilent
high-pressure liquid chromatography system using a C4 or C18 column, using a gradient of
triethylammonium acetate and acetonitrile (10 to 100% acetonitrile) over 30 min. Purified
oligonucleotides were collected and lyophilized. Powdered oligonucleotides were reconstituted in
5 mL of acetic acid and incubated at RT for 1 h, then extracted with ethyl acetate (7 mL, 3x). The
purified, deprotected DNA was then lyophilized, resuspended in 1 mL of deionized water, and
analyzed by matrix-assisted laser desorption ionization time-of-flight and native gel

electrophoresis.

4.5.1.3. Synthesis of Lysate-Loaded SNAs

Tumor cell lysate (either oxidized or not) was encapsulated within DOPC liposomes using
the thin-film rehydration method (55). Solutions were adjusted to 1 mg/mL (with respect to protein
concentration) in PBS, which was used to rehydrate 5 mg of DOPC for 1 h at RT. After the
rehydration period, liposomes were formed through five freeze—-thaw cycles, using liquid nitrogen
and sonication in a 37 °C water bath. Liposomes were then diluted with PBS such that the highest
concentration of lipid was no greater than 2 mg/mL lipid for extrusion, as measured by the
commercially available phosphotidylcholine (PC) assay (Sigma). Liposome size was controlled
through sequential high-pressure extrusion using polycarbonate filters (T&T Scientific) with pore
sizes of 200, 100, 80, and 50 nm. Liposomes were passed through each filter size 10 times.
Following the final extrusion, tangential flow filtration with a pore size of 500 kDa (Spectrum) was

used to remove any nonencapsulated proteins, and the sample was repeatedly washed with PBS
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until no protein was detected in the flow-through, as monitored by measuring the absorption of
the flow-through at 280 nm with ultraviolet visible (UV-vis) spectroscopy (Cary) and BCA assay.
The amount of protein encapsulated within the liposomes was measured using the BCA assay
after disruption of the liposome with 1% SDS to release encapsulated protein. The phospholipid
concentration was measured using a commercially available PC assay Kit.

To form SNAs, cholesterol-terminated oligonucleotides (3') were embedded into the outer
membrane of the liposomes by mixing 20 uM oligonucleotides with a solution of liposomes at 1.63
mM lipid at 25 °C overnight. The oligonucleotide concentration was determined by measuring the
absorption at 260 nm with UV-vis. The resulting SNAs (both OxLys-SNAs and Lys-SNAS) were
then concentrated to 20 uM by DNA using centrifugation filter units (Millipore), which also removed
any unbound DNA. The resulting structures were analyzed by zeta potential (Malvern Zetasizer),

gel electrophoresis, and DLS (Figure 44).

4.5.1.4. Characterization of Lysate-Loaded SNAs

Lysate-loaded SNAs were characterized using cryo-TEM, gel electrophoresis, DLS
(Figure 44D), and zeta potential (Table 11). Cryo-EM samples were prepared by FEI Vitrobot
Mark Il by dropping 4 uL on a 200-mesh copper TEM grid with lacey carbon film, blotted for 5 s
and then plunged into liquid ethane before transfer to a cryo-holder and storage in liquid nitrogen
prior to imaging. Cryo-EM imaging was performed using a Hitachi HT7700 transmission electron
microscope with a Gatan cryo-transfer holder under 120-kV accelerating voltage, and images
were taken with a Gatan imaging camera at 30,000x magnification. Confirmation of DNA loading
was done using gel electrophoresis, DLS, and zeta potential measurements. Cy5-labeled,
cholesteryl-modified oligonucleotides, Cy5-labeled Lys-SNAs, and Cy5-labeled Lys-SNAs that
had been incubated with Triton-X to dissociate liposomes (50 pmol each) were loaded into a 1%

agarose gel on ice and run at 100 V for 45 min (Figure 44C).
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Table 11. Zeta Potential Analyses of Lys-SNAs and OxLys-SNAs.

as liposomes as SNAs
TNBC Cell Line
Zeta-Potential (mV)  St. Dev.  Zeta-Potential (mV)  St. Dev.
Py230 -7.05 1.42 -23.45 2.75
Py8119 -4.28 3.80 -27.83 1.68
EMT6 -5.37 1.14 -28.01 1.52
Ox-EMT6 -5.66 1.84 -35.25 0.08
4.5.1.5. Uptake of Lys-SNAs and Lys-Mix by BMDCs In Vitro

Bone marrow was isolated from femurs of Balb/C or C57BL/6 mice and cultured in Roswell
Park Memorial Institute (RPMI)-1640 media, supplemented with 10% heat-inactivated FBS, 1%
penicillin-streptomycin, and 20 ng/mL granulocyte-macrophage colony-stimulating factor. Media
was replenished on day 3, and cells were harvested on day 6. SNAs were prepared by
encapsulating AlexaFluor488-labeled lysate within the liposomal core and functionalizing Cy5-
labeled DNA using the same methods as described above. Fluorophore-labeled SNAs were used
to measure the uptake of particles in BMDCs. BMDCs were added to 24-well plates at 500,000
cells per well, and immediately treated with 1 uM Cy5-labeled DNA and AlexaFluor488-labeled
lysate, or doubly labeled SNAs, for 1 or 24 h. Cells were washed, fixed with 4% paraformaldehyde
for 10 min at RT, and either resuspended in DPBS for flow cytometry (BD LSRFortessa) or stained
with 4',6-diamidino-2-phenylindole and imaged with confocal microscopy (Zeiss LSM 800) using

a 63x objective.

4.5.1.6. Uptake of Lys-SNAs and Lys-Mix by Lymphoid Cells In Vivo
Female C57BL/6 mice (n = 3, 8 wk to 10 wk old) were injected s.c. (flank) with 200 pL of

50 uM fluorophore-labeled Lys-SNAs or a mixture of CpG-1826 and lysate (Lys-Mix). Mice were

killed 2 h or 24 h post-injection, and draining lymph nodes were excised. Lymph nodes were
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dissociated into single cells using a cell strainer. Single-cell suspensions were stained with

antibodies for CD11c (PE-Cy7) as well as a live/dead stain, and analyzed using flow cytometry.

4.51.7. Lys-SNA Antitumor Efficacy
Female mice (age 8 wk to 10 wk) were inoculated with 1 x 106 TNBC cells (C57BL/6 mice

for Py230 and Py8119; Balb/C mice for EMT6) via s.c. injection into the right inguinal mammary
fat pad. On days 6, 10, and 15, animals were administered Lys-SNA, Lys-Mix, or saline (n =5 per
group) via peritumoral injection (50 uM, 200 uL). Tumor volumes were calculated by measuring
the length and width with calipers and applying the formula V =L x W x W/2. Studies were stopped

and animals killed when tumor burden of saline-treated animals exceeded 1,200 mm3.

4.5.1.8. OxLys-SNA Antitumor Efficacy

Female Balb/C mice (age 8 wk to 10 wk) were inoculated with 1 x 106 EMT6 cells via s.c.
injection into the right inguinal mammary fat pad. On days 6, 10, and 15, animals were
administered OxLys-SNA, OxLys-Mix, Lys-SNA, or saline (n = 9 per group) via peritumoral at a
dose of 5 nmol DNA and 20 ug of protein. Tumor volumes were calculated by measuring the
length and width with calipers and applying the formula V = L x W x W/2. Animal survival was
monitored up to 100 d, and animals were killed when tumor burden exceeded 1,500 mm3. At day
60 post-inoculation, a subset of surviving OxLys-SNA animals (n = 3) was rechallenged by
inoculation with ~106 EMT6 cells in the right inguinal mammary fat pad, and monitored for

evidence of tumor growth for an additional 40 d.

4.5.1.9. BMDC Activation

BMDCs were isolated and cultured as described above. On day 6, BMDCs were harvested
and incubated (100,000 BMDCs/sample) with CpG-1826 (0.1 nmol) plus oxidized lysates,
nonoxidized lysates, or saline (1 ug of total protein) to induce BMDC maturation. After 48 h

incubation, cells were washed with DPBS (3x) and stained with antibodies against CD40, CD80,
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CD86, and MHC-II, as well as with a live/dead stain, by incubation with the appropriate antibodies
for 20 min at RT. Cells were then washed with DPBS (3x) and fixed with paraformaldehyde prior
to analysis using flow cytometry. Immune cells were identified by gating for CD11b+/CD11c+

double-positive cells, followed by gating for the appropriate marker (CD40, CD80, CD86, or MHC-

11).

4.5.1.10. Analysis of Immune Cell Populations at EMT6 Tumor Site

Female Balb/C mice (age 8 wk to 10 wk) were inoculated with ~106 EMT®6 cells via injection
into the right inguinal mammary fat pad. At days 6 and 10 post-inoculation, animals (n = 3 per
group) were administered OxLys-SNA, OxLys-Mix, Lys-SNA, or saline via peritumoral injection.
On day 11, animals were killed, and tumors were harvested for immune cell population analysis.
Tumors were washed with DPBS and dissociated into single-cell suspensions using a cell
strainer. Tumor cells were then split into two samples. One sample was stained with antibodies
against CD45, CD3, and CD8 to identify CD8+ cytotoxic T cells. The second sample was
incubated with CD45, CD11b, and Grl to identify MDSCs. After incubation for 20 min at RT, cells
were washed with DPBS (3x) and fixed with paraformaldehyde prior to analysis via flow
cytometry. CD8+ T cells were identified by first gating for CD45+ cells, followed by gating for
CD3+/CD8+ double-positive cells (Figure 61A).MDSCs were identified by first gating for CD45+

cells, followed by gating for CDIlIb+/Grl1+ double-positive cells (Figure 61B).
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Figure 61. Tumor immune cell flow cytometry gating strategy. (a) Representative example of the CD8+
(cytotoxic) T cell population at the tumor site at day 11 post-inoculation. (b) Representative example of the
MDSC population at the tumor site at day 11 post-inoculation.

4.5.2. Impact of Liposomal Spherical Nucleic Acid Structure on Immunotherapeutic
Function

4.5.2.1. DNA Synthesis

All DNA sequences (Table 12) were synthesized with phosphorothioate (PS) backbones
via automated solid-phase DNA synthesis using an MerMade 12 Synthesizer (Bioautomation).
4,5-dicyanoimidazole (DCI) was used as an activator and 3-[(Dimethylamino-methylidene)amino]-
3H-1,2,4-dithiazole-3-thione was used as the sulfurizing agent. Completed DNA strands were
cleaved from solid support via overnight incubation with 30% NH4OH at ambient temperature.

Excess ammonia was removed through evaporation under a stream of nitrogen. All
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oligonucleotides were purified using HPLC (Agilent) on a C4 column with acetonitrile and
triethylammonium acetate (TEAA), using a gradient of 10% to 100% acetonitrile over 30 min.
Purified oligonucleotides were collected, lyophilized, and then reconstituted in 5 mL acetic acid.
Following incubation at RT for 1 h, the oligonucleotides were extracted with ethyl acetate three
times, and then lyophilized. Following resuspension in 1 mL deionized water, the oligonucleotides
were analyzed by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)
and native gel electrophoresis. To generate lipid-modified oligonucleotides (Table 12, entries 2
and 4), azide-modified 1,2-dipalmitoylphosphoethanolamine (DPPE) was incubated with the
appropriate DBCO-containing DNA sequence overnight at RT and purified via gel electrophoresis.

Table 12. DNA Sequences

Entry Sequence (5'to 3)

1 TTT TTTTTTTTTTTIT TTT TT (Spacerl8). Cholesterol

2 TTT TTTTTITTTITTTITTTT TT (Spacerl8). DBCO-dT
3 TCC ATG ACG TTC CTG ACG TT (Spacerl8). Cholesterol
4 TCC ATG ACG TTC CTG ACG TT (Spacer18). DBCO-dT

4.5.2.2. Synthesis of L-SNAs of Varying Tc
Thin films of DOPC, DMPC, DPPC, or DSPC were formed by adding the appropriate

volume of lipid in a solution of chloroform into a glass vial and evaporating the solvent via nitrogen
stream, followed by lyophilization overnight to remove any residual chloroform. Thin films were
rehydrated with Dulbecco’s phosphate buffered saline (DPBS) at T > T¢ for all lipids (RT for
DOPC, 45°C for DMPC and DPPC, and 60°C for DSPC), and liposomes initially formed by several
cycles of freeze-thaw/sonication in a 50°C water bath until all suspensions became clear. These
liposome solutions were then serially extruded using polycarbonate filters (T&T Scientific) with

pore sizes of 200, 100, and 80 nm at T > Tc for all liposomes. Liposomes were passed through

each filter 20 times. Following the final extrusion, the liposomes were split into batches, the
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phospholipid concentration was determined using the commercially available phosphatidylcholine
assay kit, and the particle concentration was calculated using previously reported methods.! To
generate L-SNAs, liposome stocks were split into several aliquots and 50, 100, 150, or 200
strands of cholesterol-modified DNA (Table 12, entries 1 and 3) or lipid-modified DNA (Table 12,
entries 2 and 4) per particle was added to each aliquot and incubated overnight at T > Tc for all
lipids. The resulting constructs were subjected to native gel electrophoresis using 2% agarose at
160V for 45 min to analyze L-SNA formation and DNA loading capability by tracking DNA using
either GelRed DNA stain or endogenous Cy5 signal. As a control, free oligonucleotides were run
in their own lane to monitor for any unincorporated oligonucleotides into the L-SNA structures.
Evidence of L-SNA formation was seen by the change in migration rate, relative to free
oligonucleotide and confirmed by an increase in hydrodynamic diameter via dynamic light

scattering (DLS) using a Wyatt DynaPro® plate reader system (Table 13).

Table 13. Representative hydrodynamic diameter of liposomes and L-SNAs. (D =
hydrodynamic diameter; PDI = polydispersity index)

Lipsomes SNA (50 strands/particle)  SNA (100 strands/particle)

Lipid Core
D (nm) PDI D (nm) PDI D (nm) PDI
DOPC 89.9 0.19 110.0 0.12 127.5 0.24
DMPC 81.8 0.15 115.6 0.22 120.3 0.23
DPPC 83.6 0.06 129.1 0.027 127.7 0.01
DSPC 94.3 0.05 125.7 0.19 129.8 0.17

To prepare FRET-capable L-SNAs, lipid thin films were prepared as described above, but
with the addition of 1% Rhodamine B-labelled phosphothenolamine lipid with an identical diacyl
tail. Rhodamine-maodified lipids (Rho-DOPE, Rho-DMPE, and Rho-DPPE) were purchased from

commercial sources, while Rho-DSPE was synthesized in house (vide infra). The rhodamine-
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incorporated thin films were formed into liposomes in the same manner as described above,
followed by formation into SNAs by incubating Cy5-labelled DNA (Table 12, entries 1 and 2) with

labelled liposomes at 100 strands per particle overnight at T > Tc.

4.5.2.3. Synthesis of Rhodamine-modified DSPE
To synthesize rhodamine-modified lipids with distearoyl-lipid tails for the generation of

fluorescent DSPC liposomes (Figure 62), sulforhodamine B acid chloride (77 mg, 0.1335 nmol,
1.0 equivalent) was dissolved in 250 mL anhydrous dichloromethane (DCM) in a 500 mL round
bottom flask (RBF) at RT. In a separate RBF, DSPE (100 mg, 0.1336 nmol, 1.0 equivalent) and
triethylamine (27 mg, 0.267 nmol, 2.0 equivalents) were taken up in a solution of anhydrous DCM
and stirred at RT for 10 min to form a homogenous mixture. To this, the sulforhodamine B solution
was added dropwise. The reaction was stirred for 1 h at RT while maintaining a pH between 7.0
and 8.0, with the solution becoming clear over the course of the reaction, indicating that DSPE
was reacting with the fluorophore and forming a soluble product. Solvent was then removed using
a rotary evaporator. The crude product was dissolved in DCM, washed with 5% HCI (3x), washed
with distilled water (3x), and dried over magnesium sulfate. Following filtration to remove
desiccant, the product was purified using a CombiFlash® automated purification system
(Teledyne ISCO), with a mobile phase of 2% methanol in DCM. The purified product was
collected, solvent evaporated via rotary evaporation, and stored at -20°C until use. Product

identity was confirmed by NMR and MALDI-MS ([M+Na] identified, MW =1329.17).
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Figure 62. Synthesis of Rhodamine-modified DSPE.
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4.5.2.4. Uptake of L-SNAs by HelLa Cells
In a typical experiment, HelLa cells (ATCC) were cultured in a 96-well plate in DMEM

(Gibco) supplemented with 10% FBS (Atlanta Biologicals) and 1% penicillin-streptomycin (Gibco).
Once 80% confluent, cells were treated with L-SNA variants (20 pL, 2.4 uM DNA) for 2 h in serum-
containing media in triplicate. Post-treatment, cells were washed with 1X PBS, trypsinized
(Gibco), and fixed in 4% paraformaldehyde (Thermo Fisher Scientific) and subsequently analyzed
by flow cytometry using a BD LSRFortessa measuring the fluorescence (excitation 640 nm,
emission 655-685 nm) of at least 10,000 single-cell events per sample. Raw FCS files were gated

based on forward and side scatter intensities and analyzed on FlowJo.

4.5.2.5. Uptake of L-SNAs by DCs

DCs were isolated from femoral bone marrow of C57BL/6 mice and cultured in RPMI-1640
supplemented with 10% heat-inactivated FBS, 1% penicillin-streptomycin, and 20 ng/mL of
mouse granulocyte-macrophage colony-stimulating factor (GM-CSF). Media was replenished on
day three and cells were harvested on day six. DCs were added to 24-well plates at 300,000 cells
per well, and immediately treated with FRET-capable L-SNAs at 0.1 uM for 30 min. Cells were
washed, fixed with 4% paraformaldehyde for 10 min at room temperature, and resuspended in

DPBS for flow cytometry (BD LSRFortessa).

4.5.2.6. In Vitro Serum stability of L-SNAs
FRET-capable L-SNAs (50 pyL each at same particle concentration) at either 50 or 100

strands of DNA per particle were added to a 96-well plate in triplicate. 50 uL DPBS was added to
each well, followed by 10 pL FBS. The well-plate was incubated at 37°C and fluorescence
measured every 3 min for a total of 180 min with the Cytation™ 5 fluorescence reader (BioTek
Instruments), using an excitation wavelength of 565 nm and emission wavelength of 690 nm. The

rate of FRET signal disappearance was evaluated as a function of starting fluorescence, plotted
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in GraphPad Prism, and the initial rate of decay was calculated for each plot using the built-in

analysis function.

4.5.2.7. In Vivo Blood Clearance of L-SNAs
FRET-capable L-SNAs comprised of either DOPC or DSPC were prepared at a

concentration of 5 nmol DNA per 200 uL solution in DPBS. Balb/C mice were anesthetized with
isoflurane and administered L-SNASs via intravenous injection through the tail vein. At 4, 20, 40,
and 90 min post-injection, blood was collected from the retroorbital sinus and serum isolated by
spin centrifugation at 1000xg for 10 min and stored on ice for transportation. Serum samples were
immediately analyzed for FRET signal using the Cytation™ 5 fluorescence reader, using an
excitation wavelength of 565 nm and emission wavelength of 690 nm. The serum half-life was
evaluated by plotting the change in fluorescence (I:/lo) as a function in time using Microsoft Excel,
fitting the data to a one phase decay (R? = 0.9952 for DSPC and 0.9808 for DOPC), and using
the generated equation to calculate the time at which 50% of the initial fluorescence intensity

remained.

4.5.2.8. Activation of DCs by L-SNAs

DCs were isolated and cultured as described above. On day 6, DCs were harvested and
incubated (300,000 DCs/sample) with L-SNAs. After 24 h, cells were washed with DPBS (3x)
and stained with antibodies against CD11b, CD11c, and CD86, as well as with a live/dead stain,
by incubation with the appropriate antibodies for 20 min at RT. Cells were washed with DPBS
(3x) and fixed with paraformaldehyde prior to analysis using flow cytometry. Immune cells were

identified by gating for CD11b*/CD11c* double-positive cells, followed by gating for CD86* cells.



Table 14. Calculated Increase in CD86 Expression for L-SNAs

CD86
DNA Anchor Lipid Core

Average MFI  St. Dev.  Fold-Increase over DOPC-SNA

cholesterol DOPC 1304 212 n/a
cholesterol DMPC 4288 791 3.3
cholesterol DPPC 12411 2003 9.5

cholesterol DSPC 9862 393 7.6

144
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CHAPTER 5. SPHERICAL
NUCLEIC ACIDS AS A PLATFORM
FOR INFECTIOUS DISEASE
VACCINES

Material in this chapter is based upon on-going work:
Teplensky, M.H.; Kusmierz, C.D.; Distler, M.E.; Mirkin C.A. “Spherical Nucleic Acids as a Platform for

Infectious Disease Vaccines.” In preparation.
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5.1. Introduction
In late 2019 a novel coronavirus (COVID-19, SARS-CoV-2) emerged.??! 222 The resulting

pandemic had disastrous health, social, and economic ramifications, of which the impacts have
yet to be fully realized. The integration of social distancing and heightened hygiene efforts
minimized the virus’s effects; yet, the rapid development of vaccines turned the tide for this
pandemic. Through a partnership between public and private sectors, vaccine development,
testing, and distribution was vastly accelerated, resulting in Pfizer/BioNTech and Moderna being
given an emergency use authorization by the FDA in December 2020.?% 24 These COVID19
vaccines—Ilipid nanoparticle-encapsulated mRNA that encodes the spike protein—are prime
examples of nanotechnology’s value for preventing infectious diseases and gives credence for its
future development.??® One particular extension is the subunit vaccine, formulations that co-
deliver recombinant viral proteins to serve as an antigen source combined with adjuvants to mount
an immune response.??® Like mRNA vaccines, subunit vaccines are safer than live-attenuated
vaccines; additionally, they are more stable and less reliant on cold chain distribution, making
them practical for distribution in third-world and developing settings.??” 2226 The COVID-19
pandemic cemented the need for various vaccine platforms that can be easily applied to evolving
variants and different infectious diseases.

Vaccines elicit protective immunity and memory to a pathogen by activating T and B cells
accompanied by the formation of memory cells (Figure 63). Subunit vaccines consist of specific,
purified macromolecules derived from pathogens.??° For example, the first antigen vaccine used
clinically was for hepatitis B, developed by recombinantly expressing the surface antigen of the
virus in yeast cells.?*° Inoculation with the pathogenic proteins induces protective immunity, and
as a result, viral infection has decreased 95% after the institution of vaccination programs.?3!
However, with other infectious diseases, the antigen alone is not immunogenic enough to raise a

protective immune response against these proteins. Instead, adjuvants such as alum, CpG, LPS,
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Figure 63. Inmune Response to Subunit Vaccines. Dendritic cells endocytose the subunit vaccine and
process the antigen, presenting the protein on MHC-I or MHC-II, which allow recognition by T-cells. If a
CD8" T cell binds MHC-I, it will undergo clonal expansion and directly target the pathogen, secreting
inflammatory mediators. If a CD4" T cell binds MHC-II, it can activate B cells which in turn differentiate into
plasma cells. These cells secrete antibodies which specifically target the pathogen, preventing infection.

or Freund’s complete are included to activate dendritic cells and macrophages via Toll-like
receptors, which mobilize the adaptive immune response.?3?

The spike (S) protein is a glycoprotein that decorates the surface of SARS-CoV-2 and is
in charge of the host cell recognition and cell membrane fusion.” A portion of the S protein—on
the S1 subunit—contains the receptor-binding domain (RBD), which recognizes and binds to the
cell's angiotensin-converting enzyme 2 (ACE-2) receptor.”® 222 The S protein is essential for viral
infectivity. Moreover, immunity to this protein correlates with COVID-19 protection; thus, both the

RBD and S proteins are attractive antigen sources.?3#2% When considering scalability and cost,
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the RBD is a particularly appealing target because it exhibits higher expression levels (on an mg
protein/L scale) than the spike trimer in mammalian host systems.?%’

A combination of efficient lymph node draining, enhanced stability, and high codelivery of
adjuvant and antigen to antigen-presenting cells (APCs) are all elements to maximize humoral
responses. The Mirkin Group has demonstrated the utility of rational vaccinology in designing
effective cancer vaccines (see Chapter 4) and demonstrated that the immune response is
dependent on the SNA'’s privileged architecture.'? 16 178.238.23% Therefore, we sought to push the
boundaries of the SNA, beyond oncology, into a new platform for infectious disease vaccines. As
a first step, SNAs were designed to incorporate RBD proteins in a liposomal core and decorated
with CpG immunostimulatory sequences (Figure 64). These vaccines activate B-cells in human
peripheral blood mononuclear cells (hPBMCs) in vitro. Furthermore, in a mouse model,
inoculation with SNA vaccines generated specific and robust neutralizing antibodies on par with

current commercial alternatives. These results suggest that SNA structure matters and can be

Receptor Binding Domain B. Liposomal SNA
L-SNA

Spike
(S)

SARS-CoV2

Figure 64. Encapsulating RBD into SNA Architecture will Improve Immunogenic Responses. A) The
spike (S) protein is an attractive antigen sources of SARS-CoV2. In the S1 subunit, the receptor binding
domain (RBD) recognizes and binds to a host's ACE2 receptor. B) Liposomal-SNAs (L-SNAs) are
composed a liposomal core which encapsulates RBD proteins and have a DNA shell of CpG which serves
as a immunostimulatory adjuvant. The representation was adapted from PDB ID 6VXX and made using
BioRender.com.
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leveraged to co-deliver viral proteins and CpG DNA at fixed stoichiometries to trigger a humoral

immune response for infectious diseases.

5.2. SNA Design and Characterization
To generate COVID-19 SNA vaccines, we utilized the modular nature of the liposomal SNA

(L-SNA) to simultaneously deliver both protein antigens (encapsulated within the liposome) and
CpG adjuvants (adsorbed on the liposome’s surface). In this way, the ratio of adjuvant to antigen
could be varied to assess the optimal ratio of the vaccine’s constituents as it relates to
downstream immune function. L-SNAs were synthesized using protocols previously established
by our group. Protein antigens were first encapsulated in 80-nm liposomes prepared from 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and subsequently incubated with 3’-cholesteryl-
modified CpG sequences to generate L-SNAs. Successful DNA incorporation was confirmed by
both dynamic light scattering (DLS) or agarose gel electrophoresis, which shows shifts
commensurate with the increased size upon DNA addition (Figure 65). The average protein
loading per liposome is 5.6 + 1.9 RBD (n = 5) and CpG DNA loadings were varied from either 75

to 200 DNA strands per liposome.
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Figure 65. DNA Loading Capacity onto 80 nm Liposomes. DNA intercalation into DOPC liposomes was

assessed using agarose gel electrophoresis. A maximum loading of 200 for 80 nm liposomes is evidenced
by lower mobility into the gel and lack of free DNA signal.
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5.3. B-Cell Activation in hPBMCs
The principle of vaccination for disease prevention depends entirely on the immunological

memory carried by memory B cells and memory T cells. SNAs have repeatedly been shown to
activate dendritic cells (DCs)—through the expression of CD86—which in turn prime cytotoxic
(CD8") T cells for cancer immunotherapy.'® However, there has yet to be a demonstration of
whether SNAs can activate B cells. To test this, we treated human-derived peripheral blood
mononuclear cells (hPBMCs) with L-SNAs composed of an RBD-encapsulated liposomal core
and CpG7909 adjuvant (human TLR-9 agonist) DNA shell. After one day of incubation, cells were
stained with a memory B cell marker (CD27) to assess whether SNAs can activate B cells. CD27

is a key marker for memory B cells, and its signaling promotes further differentiation into plasma
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Figure 66. L-SNA Vaccine Activates B-cells in hPBMCs. hPBMCs were treated for 24 h with RBD
encapsulated SNAs or a simple mixture of RBD and CpG at 25 nM by protein and 5 uM by DNA. CD27
expression—a memory B-cell marker—is significantly increased for the SNA group which demonstrates an
SNA'’s ability to induce B-cell activation. Each dot is a single replicate, the bars represent the mean, and
the error bars show standard deviation. Groups were compared by ANOVA where * is p <0.1.
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cells.?*® We quantified a significant difference in CD27 expression for SNAs when compared to
simple mixtures of RBD and CpG, likely due to an SNA'’s superior biological properties such as
higher cellular uptake, stability, and greater codelivery of both components (Figure 66). This more
prominent B-cell activation demonstrates that SNAs can affect the adaptive immune system and

bodes well for downstream in vivo analyses.

5.4. Response to SNA Vaccination in Mouse Models
5.4.1. Antibody Production

To evaluate whether COVID-19 SNA vaccines can elevate the humoral response to an
encapsulated antigen, we quantified RBD-1gG specific antibody production and neutralization
following a subcutaneous injection in C57BL/6 mice (n = 3 - 6). An indirect ELISA assay on mouse
sera collected two weeks post-injection demonstrate a 3000-fold enhancement in the production
of antigen-specific antibodies in SNA-treated mice when compared to the control (Figure 67C).
Furthermore, after performing a neutralizing assay, the SNA-treated mice exhibited a pronounced
17-fold increase in neutralizing titers after one dose and 558-fold difference after two doses
(Figure 67D). The neutralizing assay validated that antibodies produced can recognize the RBD
domain and block its binding to the ACE-2 receptor. These trends compound following a second
injection two weeks later. This showcases the importance of structuring components into an SNA
architecture. RBD proteins and CpG DNA alone exhibit poor biodistribution to draining lymph
nodes and rapid clearance.?*! By contrast, these results uphold that SNAs distribute to lymph
nodes and exhibit high uptake and codelivery of cargo to immune cells in vivo. Moreover, high
neutralizing antibody levels correlate with protection against infection; therefore, these results
establish that SNA vaccines could be a viable vaccination strategy for COVID-19.2*> When
compared to end-point titers in mice inoculated with the Moderna vaccine, the SNA matches in

antibody production and increases in neutralizing antibodies titers (reciprocal [IC50] titer for
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Figure 67. Robust Production of Antigen Specific Antibodies Following L-SNA Inoculation. A)
Schematic of an indirect ELISA assay which is used to quantify RBD IgG titers in mouse serum. In this
assay, a plate coated with RBD is first incubated with mouse serum. Antibodies in sera specific to RBD
specifically bind to the target antigen. Incubation with HRP-conjugated IgG secondary antibody followed by
a HRP colorimetric enzyme reaction indicates the quantity of RBD-specific antibodies present in each blood
sample. B) In a neutralization assay, RBD-HRP solution is first incubated with serum samples, and
antibodies specific to RBD are able to bind. In a subsequent incubation of mixtures to an ACE2 coated
plate, when neutralizing antibodies are present, the RBD-HRP binding to ACE2 is blocked. The lack ol
HRP-RBD binding to wells is correlated to low absorbance signal following an HRP colorimetric enzymatic
reaction. C) Following an indirect ELISA assay, serum from SNA-treated mice has significantly higher levels
of RBD-specific antibodies when compared to a simple mixture of RBD and CpG. D) Likewise, antibodies
produced in SNA-treated mice inhibit RBD binding to ACE2, indicating that antibodies are capable of
inhibiting viral entry via a host cell's ACE2 receptor. Each dot is a single replicate, the bars represent the
mean, and the error bars show SEM . Groups were compared by ANOVA where ** is p<0.001.



153
of mRNA delivered with the Moderna vaccine, these approximations validate that the SNA

produces an immune response comparable to vaccines currently on the market.

5.4.2. Comparison to Commercial Adjuvants
As previously discussed, to increase the immunogenicity of the RBD protein, we

incorporated CpG1826 DNA as an adjuvant source. In addition to its immunostimulatory activity,
when adjuvant DNA is presented in a densely packed, multivalent, and radially orientated fashion
around the liposome core, this SNA architecture enables the ability to enter cells without the need

for auxiliary transfection agents. To assess the influence adjuvant identity has on vaccine
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Figure 68. Antibody production following inoculation of RBD with other clinically-relevant
adjuvants. The importance of the SNA architecture and anchoring CpG adjuvants to a liposome core
emerges when comparing SNA-treated mice to mice inoculated with RBD mixed with commercial adjuvant
alternatives. The antibodies produced by SNAs—-which have a dense, radial orientation of CpG into a
multivalent DNA shell—is significantly more than a linear mixture of CpG and RBD, demonstrating that
structure matters when formulating vaccines. Mice were injected subcutaneously with either SNA or a
mixture of components at a concentration of 1.4 nmol by RBD. Each bar represents the mean of n = 5-6
replicates and the error bars is the SEM. Groups were compared by ANOVA where * is p <0.1 and ** is
p<0.001.
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performance, we compared the SNA platform against other alternatives. We evaluated vaccine
performance in mice treated with mixtures of RBD and commercial adjuvants such as Alum,
MF59, and ASO1b and compared their antibody production to mice vaccinated with the SNA. By
both ELISA and neutralizing assays, SNAs outperform other adjuvants in the production of RBD-
specific antibodies, doubling titers of the best performing commercial adjuvant ASO1b (Figure
68). Worthy of mention, when CpG is not formulated as an SNA—instead injected as a mixture
with RBD—the oligonucleotide adjuvant fails to compete. This tells us that by restructuring this
adjuvant as an SNA, we can significantly increase its efficacy, affirming the power of the SNA’s

structure.

5.4.3. Adjuvant-Antigen Stoichiometries Impact Immune Response

To evaluate the effect DNA loading has on vaccine efficacy, we varied both the liposome’s
size and the DNA surface coverage. L-SNAs were synthesized with adjuvant loading ranging from
75 to 200 per liposome, while RBD encapsulation remained similar. We hypothesize this will have
a two-prong effect: 1) higher cellular uptake correlates with more DNA loading?, 2) increased
adjuvant delivery will result in a better immune response. To test this, mice were inoculated with
vaccine variants, and two weeks post-injection, end-point IgG-RBD antibody and neutralizing
titers in mouse sera were quantified and plotted against adjuvant loading (Figure 69). The positive
correlation between adjuvant loading and immune response (R? = 0.99) is likely due to the
increased adjuvant and antigen delivery with larger liposomes and increased DNA surface
coverage. In future vaccine designs, we can include more hydrophobic DNA intercalation linkers
and more stable liposome formulations to increase CpG loading, which was previously shown to

be efficacious for cancer vaccines.** %%
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Figure 69. Adjuvant Loading Correlates with Immune Response. The quantity of neutralizing, RBD-
specific antibodies produced in SNA-treated mice correlates with the SNA’s CpG DNA loading. This may
be a combination of higher dendritic cell uptake due to higher valency of DNA and more immunostimulation
as a result of increased adjuvant delivery. Mice were injected subcutaneously with either SNA or a mixture
of linear components at a concentration of 1.4 nmol by RBD. Each point represents the mean of n = 5-6
replicates and the error bars is the standard deviation. The line is a trendline which was fit using GraphPad
Prism and for the SNA group the R?is 0.99.

5.4.4. Identification of Ig Classes Using Proteomics
In addition to RBD antibody titers, we identified different antibody classes and subclasses

present in SNA-treated mouse sera to get a holistic representation of immunoglobulins present.
Eighteen different immunoglobulins were identified using proteomics among different SNA
formulations (75, 150, or 200 adjuvant strands/liposome), with an additional five distinct Ig
proteins present in 200 DNA per liposome L-SNA treatment group. Furthermore, the quantity of
these proteins increases as the DNA loading increases (Figure 70). The IgM antibody was among
the proteins present in all SNA vaccine groups and is the first immunoglobulin class produced in

the primary response to antigens. It is involved in the early stages of the immune response and
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serves to recognize and eliminate pathogens. Other proteins secreted include the IgG subclass
IgG2b and Igk, which are produced by mature B-cells and participate in antigen recognition. At
the time of writing, we continue to identify proteins present in mouse sera several weeks after
inoculation. We expect Ig profiles to change and anticipate quantifying their expression over a

long duration.
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Figure 70. SNA Vaccines Formulated with Different Adjuvant DNA Loadings Result in Differential
Protein Expression. Upregulated immunoglobulin proteins present in sera samples from mice two weeks
post first SNA vaccine inoculation. When SNAs have higher CpG DNA loadings, there is an upregulation in
proteins present in sera correlating with a larger immune response. Each bar represents the mean of n =
1-3 replicates and the error bars is the SEM.
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5.5. Conclusions and Outlook
This work is the first representation of utilizing SNAs as a vaccine candidate for an infectious

disease. After incorporating COVID-19 specific antigenic proteins into liposomes decorated with
a shell of CpG-1826 DNA, these SNA structures demonstrate high antigen-specific, neutralizing
antibody production in an animal model. Importantly, this is only antigen source and adjuvant
sequence, and when one considers the modularity and programmability of the SNA architecture,
the rapid translation to variant antigens and human adjuvant sequences (CpG7909) is possible.
All in all, these initial results have broad implications in the development of nano vaccines for

COVID-19 and beyond.

5.6. Methods and Materials

5.6.1. Synthesis and Characterization of Liposomal Spherical Nucleic Acids COVID-19

Vaccines
5.6.1.1. Receptor Binding Domain (RBD) Protein Expression
Proteins were expressed using standard SARS-Cov.2 Spike Figure 71 SDS PAGE
] ) ] — gel of RBD and full-
protocols in Expi293 system (Thermo Fisher __ReP Full Sz size Spike protein
250 from which it
Scientific). A vector for the receptor-binding domain - derives.
130
(RBD) from SARS-CoV-2 (a.a. 319-541) was 95
72
obtained from BEI Resources (NR-52309). The
sequence was designed by fusing the RBD sequence 55
with a C-terminal hexahistidine tag and is intended for
pCAGGS mammalian expression under the AG 36
28

promoter. Successful expression was confirmed by

SDS-PAGE gel (Figure 71).
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5.6.1.2. Oligonucleotide Synthesis
Oligonucleotides (Table 15) were generated using an ABI-392 automated DNA

synthesizer. 3’-cholesteryl-TEG CPG solid supports and phosphoramidites were obtained from
Glen Research. Sequences were synthesized with a phosphorothioate backbone per
manufacturer’s specifications using 4,5-dicyanoimidazole as an activator and 3-((Dimethylamino-
methylidene)amino)-3H-1,2,4-dithiazole-3-thione as the sulfurizing agent. Following synthesis,
sequences were cleaved from the solid support using ammonium hydroxide (30%, Sigma-Aldrich)
at room temperature for 24 hours and purified by reverse-phase HPLC (Shimadzu) on a C18
column, using a gradient of Buffer A (0.1M triethylammonium acetate [Sigma-Aldrich] and 3%
acetonitrile [Sigma-Aldirch] in water) to pure acetonitrile over 45 minutes. Purified oligonucleotides
were deprotected in 20% acetic acid (Sigma-Aldrich) for 1 hour and extracted following three
washed with ethyl acetate (Sigma-Aldrich). To ensure proper DNA synthesis, the molecular
weight of the sequences was measured by matrix-assisted laser desorption time of flight (MALDI-
TOF) with a Bruker AutoFlex-1ll and compared to calculated molecular weight estimates via the
IDT OligoAnalyzer Tool.

Table 15. DNA Adjuvant Sequences

Name Sequence (5’ to 3)

CPG1826 TCC ATG ACG TTC CTG ACG TT (Spacerl8). Cholesterol
CPG7909 TCGTCGTTT TGT CGT TTT GTC GTT (Spacerl8)2 Cholesterol

5.6.1.3. Synthesis of RBD-Loaded Liposomal SNAs (L-SNAS)
50mg of DOPC (Avanti Polar Lipids) was reconstituted in chloroform (Sigma-Aldrich) and

evaporated to a thin film using a MULTIVAP nitrogen evaporator. 2.5 mL of an RBD-solution (7
mg/mL) in Dulbecco’s phosphate buffer saline (DPBS, Gibco) was used to rehydrate the film.

Liposomes were formed following 20 freeze-thaw cycles (liquid nitrogen and sonication in a 37°C
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water bath), followed by extrusion to 80 nm. Unencapsulated RBD was removed by performing
three rounds of tangential flow filtration (TFF) using a filter with a pore size of 500 kDa (Spectrum).
The amount of RBD encapsulated was measured using a BCA assay (Thermo-Fisher) after
bursting liposomes with 1% SDS. The liposome concentration was measured using a
phosphatidylcholine (PC) assay (Sigma-Aldrich). To form SNAs, 3’ cholesterol-terminated
CPG1826 or CPG7909 DNA strands were added to the liposomes in a 75:1, 150:1, or 200:1
oligonucleotide to liposome ratio—depending on the experiment—and incubated at 37°C

overnight. L-SNAs were stored 4°C.

5.6.1.4. Characterization of RBD-Loaded Liposomal SNAs (L-SNAS)

Successful SNA formation was characterized by dynamic light scattering (DLS, Malvern
Zetasizer) as previously described® and visualized by agarose gel electrophoresis. Free linear
DNA and SNAs were loaded into a 1% agarose gel on ice and run at 100V for 45 min (Figure

65).

5.6.2. In Vitro Human Peripheral Blood Mononuclear Cell (hPBMC) B-Cell Activation

Human peripheral blood mononuclear cells (hPBMCs) were purchased from Zenbio and
thawed at the start of the experiment. The cell suspension was added to 3 mL of RPMI media
(Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Atlanta Biologicals) and 1%
Penicillin-Streptomycin (Gibco). Cells were concentrated by centrifugation (300 x g for 10 min),
resuspended in media, counted, and diluted to 1 x 10° cells/mL. Next, cells were treated with L-
SNAs and the appropriate controls at [RBD] = 25 nM and [CpG7909] = 5 uM. After 24-h, samples
were stained with antibodies (Live marker, UV; CD19, BV421; HLA-DR, PerCP Cy 5.5; CD27,
BV605; CD40, BB515) and fixed in 4% paraformaldehyde (Thermo Fisher Scientific). Cells were
analyzed by flow cytometry using a BD FACSymphony flow cytometer, and cell events were gated

and analyzed on FlowJo.
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5.6.3. In Vivo Immune Activation in Mouse Model
Female C57BL/6J mice (strain code: 027) were procured from Charles River Laboratory at

8 weeks of age and maintained in conventional housing. All animal experiments were carried out

in accordance with the approved IACUC protocol issued by Northwestern University.

5.6.3.1. Injection of L-SNAs and Blood Collection
Mice were injected subcutaneously with 1.4 nmol RBD (L-SNA and corresponding linear

mixture). In two-week increments following injection, blood was collected via a retro-orbital blood
draw. Animals were anesthetized with isoflurane, and once asleep, a heparin (Sigma-Aldrich)
lined pipette is inserted through the conjunctiva and into the orbital sinus by quickly rotating the
tube. Approximately 100 uL of blood is drawn and stored at room temperature for at least 30 min
to allow the blood to clot. The blood is then centrifuged at 1000 x g for 10min, and the supernatant
(serum) is carefully removed and transferred to a 96 well plate for downstream analysis. If not

used immediately, serum was stored at -80°C in 0.5 mL sterilized tubes.

5.6.3.2. ELISA for RBD-Specific IgG Antibodies
A Biolegend Nunc™ Maxi Sorp™ ELISA Uncoated Plate was coated with 2.5 ug/mL of RBD

protein diluted in 1X Biolegend ELISA Coating Buffer for 2 h at 37°C. After coating, the plate was
washed and subsequently blocked for 2 h at 37°C with 200 uL of DPBS-T, which consists of
Dulbecco’s phosphate buffer saline (DPBS, Gibco) supplemented with 10% fetal bovine serum
(Atlanta Biologicals) and 0.1% Tween-20 (Sigma-Aldrich). In the meantime, mouse sera were diluted
to various dilution concentrations (50x, 100x, 500x, 1000x, 2500x, and/or 5000x) in 5X ELISA dilution
buffer (eBioscience). After the blocking step, the blocking solution was removed, and 100uL of each
diluted sample was added to their respective well. The plate was incubated for 1 h at 37°C and
subsequently washed three times with DPBS-T. Next, 100 uL of a secondary antibody (Goat anti-
mouse lgG-HRP, Abcam), diluted 1:4000 in 5X ELISA dilution buffer, was added to each well and

incubated at room temperature for 1 h. Following three wash cycles with DPBS-T, 100uL of a 1:1
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mixture of TMB Reagent A and TMB Reagent B (BioLegend)—made immediately before addition—
was added to each well. The plate was incubated at room temperature for 3 min. Next, 100ul of TMB
Stop Solution (BioLegend) was added, and absorbance at 450nm was immediately read using a

BioTek Cytation 5.

5.6.3.3. Neutralizing Antibody Binding Assay

Neutralization titers were determined using a GenScript SARS-CoV-2 Surrogate Virus
Neutralization Test (SVNT) Kit. First, the following dilutions were made:
o Negative Matrix Control (NMC): Naive serum was diluted 10-fold with sample dilution
buffer.
¢ 1X Wash Solution: 20X stock wash solution was diluted 20-fold in sterile water.
e Standard Curve: Monoclonal antibody (MAB, A02051) was first diluted to a final working
concentration of 3 pg/mL with sterile water. A standard curve was created by diluting
the MAB in NMC at the following concentrations: [MAB] = 300, 150, 75, 37.5, 18.75,
9.38, 4.7 ng/mL.
e Samples: Serum samples were first diluted 10-fold in sample dilution buffer. A 1:3 serial
dilution was then performed in sample dilution buffer resulting in the following dilution
ratios: [Sample] = 1:10, 1:30, 1:90, 1:270, 1:810, 1:2430.
e Positive and Negative Controls: Samples were provided by the kit and diluted ten-fold
in sample dilution buffer.
¢ HRP functionalized RBD (RBD-HRP) Working Solution: RBD-HRP was provided by the
kit and diluted 1000-fold in HRP dilution buffer.
In a 96-well plate, 120 uL of the standard curve solutions and 60 uL of samples and positive/negative
controls were added to their respective wells. Quickly, an equal volume of RBD-HRP solution (120 uL
for standard curve solutions and 60 uL for samples and positive/negative controls) was added to all

wells, and the plate was incubated at 37°C for 30 min. Next, 100uL of these mixtures were transferred
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to the provided ELISA plate pre-coated with ACE2 receptors, and the plate was sealed and incubated
at 37°C for 15 min. Wells were washed four times with 1X wash solution, then 100uL of TMB solution
was added to each well and incubated at room temperature for 15 min, protected from light. Finally,
50uL of Stop Solution was added to all wells to quench the reaction, and the absorbance at 450nm

was immediately read using a BioTek Cytation 5.
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