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Biomaterials that provide precision control over immune function could enable next
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linking physicochemical features of these formulations to inflammatory mechanisms
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Chapter 1 : Scope and Organization

The immune system is a central player in human health, and its reach goes far beyond
protecting us from infectious disease. Immune function can become dysregulated,
causing autoimmune disorders like multiple sclerosis and type 1 diabetes, and it can
support biological conditions that permit cancer to thrive. Fortunately, medical
interventions through immunotherapies and vaccines provide promise in combating
these dysregulated states, and many of the pharmaceutical industry’s best-sellers
directly target immune pathways. Yet, despite significant progress in this area, we have
yet to see a significant number of clinical treatments that take advantage of biomaterial
delivery vehicles: technologies that offer co-delivery, controlled release, and targeting.
These biomaterials could provide precision control over interactions with the immune
system, supporting public health benefits in efficacy, robustness across patient
populations, and patient compliance. Moreover, biomaterials provide new
opportunities for formulating treatments for autoimmune diseases and cancers where

more traditional approaches have not achieved desired efficacy.

One of the emerging challenges in this space involves the effects of individual
biomaterial carriers on the immune system, including those that result from the
physicochemical features of important synthetic polymers. For example, recent studies
reveal that particles widely used in the field of controlled drug release can initiate
inflammatory responses when engulfed by immune cells. Work in our lab has shown
that activation of immune cells may depend on a polymer’s molecular weight,

degradation, and form of delivery (i.e. particulate or soluble). To rationally design
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vaccines and therapeutics with biomaterials to elicit desired immune responses, we
need to understand how these materials modulate immune function. This thesis centers
on self-assembly platforms combining degradable synthetic polymers and nucleic acids
in self-assembled nanoparticle complexes. The studies elucidate how features of these
complexes — which mimic a common vaccination and immunotherapy scheme based
on nucleic acid condensation — elicit responses in immune cell lines and primary
immune cells. In particular, the work focuses on the pro-inflammatory response
induced by the platform in common primary and immortalized antigen presenting cells
(APCs) derived from mice. These efforts were untaken in two aims:

1. Characterization of the intrinsic immunogenicity of a poly(3-amino ester)
(PBAE) in soluble and complexed form as a delivery vehicle for DNA encoding
antigens or RNA interfering (RNAI) with immune pathways and

2. Investigation of the intrinsic immunogenicity of rationally designed RNA
nanostructures (RNA NS) — rings and cubes, for example — in soluble and

PBAE complexes for use as pro-inflammatory signals.

To carry out the aims, characterization of immune responses elicited by polymer and
nucleic acid components were assessed in vitro using the RAW264.7 immortalized
mouse macrophage cell line and in primary dendritic cells (DCs) isolated from mice.
Other major components of the investigation included characterization of 1)
physiochemical properties of complexes formulated with PBAE and dicer-substrate
small interfering RNAs (DsiRNAs) or RNA NS and 2) potential immune pathways

responsible for intrinsic immunogenicity. In each case, the RNAs selected do not target



immune cell function via RNA interference, but certain forms are able to activate

immune pathways, likely by triggering immune danger signals.

In Chapter 2, a broad survey provides context for the use of biomaterials in controlling
immune function, ending with more specific background in the area of self-assembled
materials for vaccines and immunotherapies. Complex characterization and immune
response elicited by soluble or complexed PBAE and DsiRNA is first described in
RAW264.7 cells in Chapter 3, while Chapter 4 describes immune activity in both
immortalized and primary APCs using RNA displaying designed nanostructural shapes
in soluble and complexed form. Both Chapter 3 and Chapter 4 discuss specific
ongoing and future directions for elucidating the mechanisms responsible for immune

stimulation.



Chapter 2 : Engineering materials to control the immune
system’

2.1 Introduction

The traditional view of vaccines is one of technology to arm the immune system against
specific infectious diseases. This prophylactic approach has helped fight off
chickenpox, measles, influenza, and other pathogens. Vaccines have also profoundly
reduced the incidence of polio with only 37 confirmed polio cases in 2016 worldwidel!!
and are responsible for the global eradication of smallpox. These advances have
radically improved health and quality of life around the globe, but the need for new

vaccines continues to grow.

While the conventional view of vaccines is certainly important, there is a lesser known,
equally provocative, wave of researching emerging around selective, therapeutic
vaccines designed to treat, rather than prevent, non-infectious diseases. In particular,
these vaccine-like therapies aim to specifically target tumors — which normally evade
the immune system — and to stall autoimmune diseases such as multiple sclerosis (MS)
and type I diabetes, diseases in which the immune system erroneously attacks one’s
own tissues. Important studies in the past decade or so — some of which are highlighted
below — make clear that immune cells respond directly to certain synthetic material
features. Yet, we are only in the early stages of understanding how materials can be

engineered in a rational way to control specific functions of immune cells and tissues;

* Adapted from: NM Dold, CM Jewell. “Engineering materials that control the immune system.” CEP
Magazine. 2017. (in review).
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this is the same trial-and-error challenge facing the vaccine and immunotherapy field
more broadly. Understanding these fundamental interactions will be important in

enabling a new generation of materials that actively program immune response.

Here, we discuss some of the most recent advances in vaccines for infectious diseases
and emphasize how new vaccine technologies are being applied for therapeutic
applications in cancer and autoimmunity. We introduce approaches that rely on
engineered materials and discuss how these biomaterials can modulate immunity.
Therapeutic vaccines fit into the broader scheme of immunotherapies that try to correct
or enhance the immune system’s behavior. For more details of the topics discussed
here, the interested readers are referred to recent reviews focused on biomaterials in

infectious disease, cancer, and autoimmunity-°l,

2.2 The basics of a healthy immune response via innate and adaptive

pathways

Vaccines for infectious disease arm the immune system against safe formulations of a
particular pathogen — protein fragments or killed virus, for example — enabling the body
to quickly recognize and destroy this same pathogen during an actual infection. These
pathogen-specific responses are faster following vaccination because, vaccines create
immunological memory that can last for decades. Achieving such feats requires an
elaborate signaling cascade that exploits proportional, integral, and derivative control

systems. The immune system must be able to recognize and quickly destroy pathogens



with molecular precision, while avoiding attack or toxicity of self-cells and tissues

through a programmed a feature known as tolerance.

A healthy immune response to a pathogen

Activated T cells and B cells expand and Recognition and killing
Innate immune response migrate from lymph nodes ot ofinfected cell
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Figure 2.1 Normal immune response to a pathogen

The immune system successfully clears foreign pathogens through cooperation of non-specific innate
response that arise faster but lack memory, and highly specific adaptive response that require time to
develop initially but create long-lasting immunological memory. Adapted from: NM Dold, CM Jewell.
“Engineering materials that control the immune system.” CEP Magazine. 2017. (in review).

Foreign invaders can be eliminated because mammalian immune systems have evolved
non-specific (“innate”) responses that form a first line of defense, along with highly
specific (“adaptive”) responses that target pathogens and generate memory against
pathogens (Figure 2.1). Innate immune cells — including macrophages, dendritic cells
(DCs), neutrophils, and natural Killer cells — can recognize biological patterns that
occur in pathogens and are normally absent in human tissues. Some of these include
lipopolysaccharides from bacteria and single stranded DNA from viruses. Within
minutes and hours of detecting these pathogen-associated patterns, innate immune cells
mount responses to directly kill infected cells, phagocytose (i.e., engulf) pathogens,
and release signaling molecules called cytokines to signal danger and recruit more

immune cells. These processes underpin the inflammation associated with tissues sites



of infection and wounds. Innate immune cells do not possess the capacity for memory,
so they share information with cells of the adaptive immune system by digesting and
presenting the peptide fragments from digested pathogens. These fragments, called
antigens, are presented on specialized proteins called major histocompatibility
complexes (MHCI and MHCII) alongside co-stimulatory signals to activate T and B
lymphocytes, key players of adaptive immune response. In contrast, presentation of
antigen without co-stimulatory signals will not generally trigger response against the
antigen. While antigen encounter occurs throughout the body, after encounter, DCs and
other antigen presenting cells (APCs) migrate to lymph nodes and spleen to present the
antigen to naive T and B cell residing in these immune tissues. Additionally, free
antigen can drain to lymph nodes and spleen for processing by antigen presenting cells

and presentation to T and B cells.

Each B cell or T cell has a unique receptor, a B cell receptor (BCR) or T cell receptor
(TCR), respectively. BCRs and TCRs are highly specific for a single antigen and
determine the specificity of the resulting immune response. Countless BCRs and TCRs
exist, but each exists with a very low frequency — roughly 1 of a specific BCR or TCR
per 10°-10° lymphocytes — prior to binding the corresponding antigen. When pathogen
reach a lymph node, innate immune cells present the processed antigen to a TCR via
one of the MHCs, whereas BCRs can detect the pathogen without the aid of antigen
presentation. Yet, B cells often require the aid of helper T cells to be fully activated
and matured. Helper T cells are activated by DCs and other innate cells presenting

antigen on MHC 11, while other cytotoxic T cells — those able to directly combat



pathogens — are activated through antigen presentation in MHCI. This complexity
highlights a small fraction of the diverse number of levers regulating the immune

system.

Once activated, B cells and T cells specific to the antigen being presented divide,
expand tremendously to a frequency of up to 1 in 3 lymphocytes depending on cell
type. B cells mature and secrete antibodies that can neutralize extracellular pathogens
or identify pathogen for destruction by other immune mechanisms. Cytotoxic T cells
carry out effector functions by directly seeking and destroying pathogens and infected
host cells. Importantly, a fraction of these cells remain in the body after a pathogen is
cleared, leaving up to 100-fold more pathogen-specific lymphocytes than the naive
state. These persistent cells provide the immune system with memory of the pathogen,
allowing lymphocyte populations to expand against previously encountered pathogens
much faster during re-exposure. Generation of this protective memory — the goal of
most traditional vaccines — is not always efficient or long lasting, which is why multiple
immunizations may be required over a short period of time (e.g. hepatitis vaccines),
and why adults receive periodic booster shots for certain diseases (e.g. tetanus). More

information about immune responses beyond this brief overview can be read in ['-°,



2.3 Dysregulation of immunity in autoimmune diseases and cancer
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Figure 2.2 Immune dysregulation in autoimmunity and cancer

Dysregulation of biological signals can cause immune cells to attack one’s own tissues in autoimmune
diseases (A) or to ignore unhealthy cancerous tissues that needs to be cleared by the immune system (B).
Adapted from: NM Dold, CM Jewell. “Engineering materials that control the immune system.” CEP
Magazine. 2017. (in review).

Unfortunately, the normal immune processes just discussed can fail, with cancer and
autoimmunity representing two pervasive examples. Autoimmune diseases occur when
immune cells inappropriately target one’s own cells as if they were foreign or infected.
Some of the most common autoimmune diseases are multiple sclerosis (MS), type 1
diabetes, rheumatoid arthritis, and lupus. In MS, for example, the immune system
degrades the myelin sheath around neurons, leading to neurodegeneration. In type 1
diabetes, pancreatic islet cells that produce insulin are Killed and blood sugar levels
become dysregulated. Consequently, therapies that direct the immune system to stop
attacking specific “self” molecules could have the potential to stop or reverse
autoimmune disease without the broad suppression characteristic of many existing

treatments (Figure 2.2 A).



In an opposite setting, during cancer, unhealthy cells lose metabolic control and divide
in an unrestrained manner. Cancer cells are able to avoid attack by the immune system
by presenting and secreting suppressive signals to immune cells. Therefore, evenifa T
cell is activated against a cancer antigen and infiltrates a tumor, the tumor may signal
the T cell to ignore the tumor (tolerance) or the tumor may develop new self-antigens
not recognized by infiltrating cells. Moreover, cancer vaccines aimed at generating
tumor-specific T cells must be cautious, as there is a risk of lymphocytes recognizing
non-cancerous tissues. Effective cancer vaccines must therefore program the immune
system to recognize tumor with a high degree of specificity, and to overcome the

tumor’s immunosuppressive microenvironment (Figure 2.2 B).

Regulating the immune system’s overzealous mistakes in autoimmunity and its lack of
action toward cancer presents a multitude of opposing challenges. Below, we discuss
some of the insight gained from biomaterials in the context of prophylactic vaccines
for infection disease before discussing new studies building on this knowledge to tackle

cancer and autoimmune disease with therapeutic vaccines.

2.4 Biomaterials in conventional vaccines

Vaccines for infectious disease generate memory against a particular pathogen using
attenuated pathogens (e.g. modified by chemicals or heat), or specific antigens isolated
or derived from the pathogen. Consequently, most vaccines formulate antigens

alongside additives — known as adjuvants — that exhibit immunostimulatory properties.
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Oil-in-water emulsions and aluminum compounds, both biomaterials that adsorb
antigens, have been used since the early 20" century.! Surprisingly, it’s only in the
past few decades that adjuvant properties have been interrogated in-depth with respect
to materials characterization to reveal particulate size distributions, surface charges,
and interactions with innate immune cells™!l. Newer adjuvants on the market include
liposomes/virosomes and monophosphoryl lipid A (MPL), a molecule that binds a
pathogen recognition receptor from the toll-like receptor (TLR) family!,
Interestingly, in the case of the recently developed HBV and HPV vaccines, MPL is
adsorbed onto aluminum hydroxide, presumably taking advantage of each compound’s
immunostimulatory mechanisms. Conventional vaccines adjuvants are further

reviewed in (191,

Biomaterials offer unique features that could enable a new generation of vaccines and
immunotherapies. Interestingly, recent studies reveal that many biomaterials are not
immunologically inert, instead exhibiting physiochemical features (e.g., shape, charge,
chemical functionality) that interact with immune signaling pathways. For example,
polymers such as poly(lactide-co-glycolide) (PLGA) and poly(styrene)i?,
polyanhydrides!™®], and poly(B-amino esters)*¥ are all capable of stimulating innate
immune responses. Biomaterials also benefit from well-known drug delivery and tissue
engineering features unavailable with traditional vaccines such as co-delivery, cargo
protection, targeting moieties, and controlled release. All of these features can be
harnessed for infectious disease, as well as cancer and autoimmunity. In autoimmunity

for example, one new materials approach involves delivering immunosuppressive
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molecules along with self-antigens to restore tolerance against these antigens. In
cancer, new strategies are harnessing biomaterials for personalized vaccines that
maintain anti-tumor immunity within immunosuppressive tumors while avoiding
unregulated responses that could damage healthy tissue. Below we highlight four broad
delivery approaches — particulate formulations, implanted scaffolds, microneedles, and
self-assembled immune cues — that are revealing new lessons that could help transform

vaccines and immunotherapies (Figure 2.3).

2.5 Particulate formulations enhance bioactivity of vaccine components

through controlled release and physical interactions with immune cells

As described above, most conventional vaccines are delivered in a poorly localized or
largely soluble dose, while few rational design approaches have been implemented for
either conventional or biomaterial-based vaccines and immunotherapies. Yet, the
immune system benefits from the physiochemical properties of particles and the other
general advantages just mentioned. PLGA is a popular choice for particle delivery, in
part because of past precedent as a material for use in humans and the tunable
degradation properties achieved by controlling the relative composition of lactide to
glycolide polymer subunits. PLGA also offers co-encapsulation and stabilization of
hydrophobic and hydrophilic cargos using a simple double-emulsion method.
Exploitation of materials to improve the stability and robustness of existing vaccines is
one important emerging trend (Figure 2.3 A). In one recent example, the inactivated
polio virus was combined with excipients — sugars, gelatin, salts — to preserve the

integrity of the vaccine during sonication and dehydration.*>! A soluble methacrylate
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copolymer (Eudragit® E PO) was added to enable release of two distinct bursts
separated by 2-3 weeks. This control demonstrates another emerging principle,
controlling delivery kinetics to mimic priming and booster injections with a single
treatment (Figure 2.3 B). This advance could greatly improve patient compliance,

catalyzing a transformative impact in regions with limited access to medical care.

Vaccines may be the next line of defense against virulent bacterial diseases like
methicillin resistant Staphylococcus aureus (MRSA), which no longer respond to many
antibiotic treatments. Wang and colleagues developed a MRSA vaccine by coating
PLGA nanoparticles with red blood cell membranes and by doping the membrane with
a-hemolysin — one of the toxins expressed by MRSAI®l. Mice treated with the vaccine
produced antibody responses against the toxin, and when exposed to MRSA, exhibited
reduced bacterial colonization and disease progression owing to neutralization of the
toxin by the antibodies. Vaccine-based approaches for bacterial infections are poised
to become more important as strains become increasingly resistant to antibiotic

regimens.
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Figure 2.3 Benefits of biomaterial delivery vehicles in vaccines

Biomaterial particles (A-E), scaffolds (F), microneedles (G), and self-assembled structures (H) have
unique advantages that can promote desired immune functions. Adapted from: NM Dold, CM Jewell.
“Engineering materials that control the immune system.” CEP Magazine. 2017. (in review).

In the area of immune tolerance to combat autoimmunity, simple cargo encapsulation
and controlled release kinetics are also experiencing a revitalization as important
features. One approach involves co-encapsulation of self-peptides, such as the myelin
peptides attacked during MS, with regulatory immune signals in nanoparticles (Figure
2.3 C). The goal is to reprogram T cells during self-antigen presentation to expand T
cells specific for the self-antigen that exert a regulatory function that enables control
disease with vaccine-like specificity”8l. These approaches require nanoparticle

encapsulation and have demonstrated promising therapeutic effects in stopping or
14



reversing disease in mouse models of MS, allergies, and other inflammatory states.
Another platform being developed involves co-encapsulation of peptide and tolerizing
drugs into microparticles.[*®! These particles are injected directly into lymph nodes of
mice and designed to be too large to drain away, creating a local depot that reprograms
the microenvironment of these tissues. Of note, a single lymph node treatment

permanently reversed disease in a mouse model of MS in a myelin-specific manner.

Also in the context of autoimmunity, several particle strategies seek to change how
self-antigens are processed to selectively restore tolerancel?®?%l. These approaches
involve delivering self-antigen, in various particulate forms, to antigen presenting cells
expressing scavenger receptors or other features associated with clearance of apoptotic
self-cells, to which tolerance is generally required (Figure 2.3 D). Thus, nanoparticles
are being used to co-opt natural regulatory pathways, another important theme in the
immune engineering field. Several new studies in this general area seek to define the
specific design features needed for tolerance. In one approach using a mouse model of
MS, uniform quantum dot decorated with defined densities of self-peptides were used
to reveal that delivering many quantum dots, each with a low density of peptide, is
more effective in promoting tolerance compared with fewer quantum dots each
displaying a high density of peptide.??l The Santamaria lab has developed an approach
to directly control how self-antigen is presented to T cells using iron nanoparticles
displaying self-peptides in MHCs?l. Work reported with this system reveals the dose
of self-antigen/MHC determines the extent of expansion of antigen-specific T cells,

while the density of these complexes determines the polarization of the expanding cells
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toward regulatory T cells).[?®! These types of fundamental studies will be increasingly
important in supporting more rational and efficient design approaches as the

complexity of new therapies increases.

In the cancer field, an important emerging trend is the use of biomaterials to create
candidates for personalized cancer vaccination (Figure 2.3 E). Kuai and colleagues
decorated nanodiscs formed from synthetic high-density lipoproteins, a small protein
domain, and cholesterol-modified nucleic acid molecules that serve as adjuvants by
activating TLR pathways. Multiple peptide tumor antigens could be readily attached to
these nanodiscs vaccines.?®! These vaccines were not only effective in expanding T
cells against a well characterized model peptide antigen to prevent tumor growth in
mice, but importantly, could be assembled using new tumor peptides identified from
sequencing mouse tumor cells. When these personalized nanodiscs were delivered with
in combination with two gold-standard immunotherapies, the treatment led to complete
regression of tumors in nearly all mice compared to less than half in groups receiving
soluble versions of the vaccine along with the immunotherapies. Using biomaterials as
flexible platforms for quickly customizing cancer vaccines and immunotherapies (e.qg.,
by simply switching peptide antigens or other components) has significant implications
for personalized medicine by exploiting the specific antigens or other features of a

patient’s own tumor.

16



2.6 Implanted scaffolds recruit immune cells and program pro-

inflammatory or tolerogenic responses

Implanted scaffolds enable cell recruitment and can act as a classroom, similar in some
ways to lymph nodes or spleen, where innate and adaptive immune cells can interact to
promote a desired function or phenotype (Figure 2.3 F). These approaches are also
drawing on innovations in the tissue engineering field, where recent studies are
revealing the role of adaptive immune cells in responding to implants®” and key
immune signaling pathways that help determine how the body will respond to polymers

or other foreign bodies!??,

One early example of engineered scaffolds to promote and control immune response
involved a macroporous PLGA matrix loaded with tumor lysates, a pro-immune
recruitment molecule (GM-CSF), and CpG — synthetic DNA that activates immune
function. In mice, DCs were successfully recruited to this site, subsequently migrating
to lymph nodes and initiated T cell responses that conferred prolonged survival during
tumor models that were typically fatal?®. More recently, a spontaneously assembling
scaffolds with larger pores were prepared using high aspect ratio mesoporous silica
rods to recruit innate immune cells — particularly DCs.% Recruitment was highest in
scaffolds assembled with the greatest aspect ratios, which correlated to larger pore sizes
to accommodate recruited cells. Moreover, scaffolds loaded with a model antigen,
OVA, and the immune signals described in the previous enabled release of each
component over a period of weeks. When applied to mice bearing a tumor cells that

express the OV A antigen, 90% of the mice treated with the full vaccine were still alive
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when untreated mice had succumbed. This example demonstrates the integration of
multiple emerging findings from the immune engineering field — tailored
physicochemical material features, sustained release, and adjuvant selection — to
provide better control over immune cell recruitment and function. Others are using
scaffolds to directly deliver and sustain, rather than recruit, immune cells for anti-tumor
immunity — an approach that combines materials with the adoptive cell therapies

discussed in this issuel31,

With an opposite goal — restraining immune function — one recent approach sought to
treat autoimmunity in a mouse model of type | diabetes using a layered scaffold
constructed from a 5mm diameter PLGA disk.®? This approach involves
transplantation of functional pancreatic islet cells — cells destroyed during diabetes — to
produce insulin and restore control of blood glucose. However, immune tolerance is
required to prevent these new islet cells from meeting the same fate as the original islets
in the host mouse: destruction by malfunctioning self-reactive immune cells. Thus, the
outer disc layers were porous to support islet cell seeding, while an inner solid PLGA
layer contained transforming growth factor-beta 1 (TGF-f1). TGF-B1 is known to
reduce antigen presentation by innate cells and to promote differentiation of T cells into
tolerogenic regulatory T cells. Scaffolds loaded with TGF-B1 and islets extended islet
cell function and lowered inflammatory cytokine secretion compared to mice receiving
scaffolds lacking TGF-B1. By exhibiting control over local inflammation at the site of
transplantation, this approach motivates additional vaccine strategies that deliver other

signals locally to control the immune environment in and around transplant sites.
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2.7 Microneedles deliver vaccines with local precision, cargo stability,

and increased compliance

Microneedle arrays are alternatives to hypodermic needles that deliver cargo loaded in
or on the surface of dozens of micro-scale features, each several hundred microns in
height (Figure 2.3 G). At this size scale, application is nearly painless because the
microneedles reach few pain receptors. Their small size also confers other unique
properties: microneedles can efficiently deliver cargo intradermally to skin-resident
immune cells. A recent first-in-humans phase | clinical trial demonstrated 650um
dissolvable microneedle arrays could be used to effectively deliver the inactivated
influenza vaccine.®3l Interestingly, the arrays could be stored in unrefrigerated
conditions, self-administered by patients, and discarded following use more safely than

traditional sharps.

Another important area microneedles are being developed for is DNA vaccination,
which relies on expression of antigens encoded in DNA such that cells internalize and
express an engineered DNA vector to display or secrete the antigen of interest. Demuth
and colleagues demonstrated the utility of coated polymer microneedle arrays to release
DNA alongside adjuvants and excipients that promote transfection.*4 Arrays molded
from poly(L-lactide) (PLLA) were layered with four distinct polyelectrolytes: (1) a
polymer responsive to both light and pH to promote release from the needle surface,
(2) an immunostimulatory adjuvant that mimics viral RNA, (3) poly(p-amino esters)

known to promote transfection, and (4) plasmid DNA encoding antigen from HIV or
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fluorescent reporters. The anionic nucleic acids and cationic polymers formed
polyelectrolyte multilayers on the array’s surface, and sustained release of antigen and
adjuvant following application of the array to mice and non-human primate skin. In
mice, immune responses against the antigen were comparable to those induced by DNA
vaccines delivered using electroporation. In primates, the fluorescent reporter

demonstrated gene expression orders of magnitude higher than intradermal injection.

More recently, microneedles are being developed for cancer vaccination and
combination immunotherapies. For example, Wang and colleagues fabricated
hyaluronic acid based microneedles containing dextran nanoparticles that encapsulated
the glucose oxidase enzyme to achieve pH responsive release of an important antibody
targeting the immunosuppressive PD-1 pathway that tumors use to block anti-tumor
responset®®. Thus, delivery of anti-PD-1 prevents tumors from inactivating T cells
through PD-1’s pathway by blocking this receptor. In another approach, robotic
automation was used to coat PLL microneedles arrays with up to 128 nano-scale layers
juxtaposing tumor antigens and nucleic acid TLR agonists as adjuvants.®®® In mice, this
co-delivery promoted expansion of T cells specifically reactive to the tumor antigen.
This first example of microneedle delivery of tumor antigens highlights the ability to
combine features from different ends of the design space, automated manufacturing
and co-delivery, for example, to control immune responses more precisely. Together,
the advances presented in this section show microneedles are already finding clinical

utility in infectious disease, while holding exciting potential cancer and autoimmunity.
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2.8 Self-assembly of bio-derived immune signals simplifies design

Synthetic biomaterials and existing vaccine excipients may affect the immune system
in ways that are difficult to characterize — the intrinsic immune effects already
discussed are one important example. Avoiding unanticipated inflammation is
especially important in autoimmunity — where inflammation might make disease worse
—and in avoiding off-target effects from immunotherapies. Materials made entirely of
well-defined immune signals, but that mimic attractive features of biomaterials — such
as co-delivery and tunable loading — provide an opportunity for more modular design
strategies that also eliminate confounding intrinsic immune effects of polymers or other
materials. Self-assembly is well suited for this goal, owing to spontaneous, molecularly

defined processes.

An approach developed in our group involves electrostatic self-assembly of
immunological polyelectrolytes (i.e. peptide antigen and immune modulating nucleic
acids) on a calcium carbonate particle template (Figure 2.3 H).B1 The template is
subsequently removed with EDTA to create “carrier free” immune polyelectrolyte
multilayer (iPEM) capsules. iPEMs enable co-delivery, tunable sizes, and control over
the absolute and relative loadings of the antigens and nucleic acids. In mice, capsules
built from model tumor antigens and a nucleic acid TLR agonist confer anti-tumor
immunity. By exploiting the modularity of this platform, this system has also been
extended to autoimmunity.8 iPEMs built from myelin peptide and a regulatory

nucleic acid eliminates disease in a mouse model of MS. These IPEM capsules also

21



reduced inflammatory cytokines in samples from human MS patients, while iPEMs

formed myelin and scrambled nucleic acid did not.

Self-assembled immunological cues can also borrow directly from pathogens. Virus-
like particles (VVLPs) are constructed from protein subunits of viruses, but they do not
include components that can make viruses infectious. These VLPS rely on the intrinsic
immunogenicity of viral proteins and can be harnessed in the context of cancer
vaccination to combat cancer by co-delivering cancer antigens in the VLP. VLP
vaccines are sometimes ineffective if the patient has previously been exposed to the
virus proteins because immunity is not directed against the cancer antigen.
Consequently, several are investigating use of viral proteins that humans do not
commonly encounter such as those derived from bacteriophages®®! and plant
viruses*l, In one example, a carbohydrate tumor antigen that is normally a difficult
target for the immune system was attached to the surface of a bacteriophage subunit,
and it induced substantial antibody production against the antigen in micel®. An
approach using a plant virus particle induced similar antibody responses against a

lymphoma protein antigen while substantially enhancing survival of mice®,

Other researchers are working to design vaccines with self-assembling peptides
overexpressed in tumors. A recent example from Sun and colleagues using MUC1
glycopeptides with two adjuvants — CpG ODN and PamzCSK4 (a TLR1/2 stimulant) —
involved electrostatic assembly of a library of particles using different combinations of

and slight variations to the structure of each component.”! They reported significant
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increases to inflammatory cytokine secretion and antibody secretion. Finally, Hudalla
and colleagues engineered protein moieties that can self-assemble into nanofibers,
while exposing multiple different proteins along the length of the fibers?l. This
approach was successful in inducing significantly higher antibody responses against
the engineered protein fibers in comparison to soluble forms. Although each of these
strategies for self-assembly of immune signals are still in the pre-clinical phase, they
represent an exciting frontier for exerting exquisite control over immune function

without the worry of unanticipated effects from excipients.

2.9 Outlook

The complexity of the immune system and the diversity of biomaterials available for
vaccine development are enormous. This complexity underscores the need for
fundamental studies that reveal the role of specific design parameters. Interdisciplinary
partnerships are also needed to combine immunology expertise with engineering
expertise in materials design and characterization. Additionally, the expertise of
process and quality engineers will be vital because many of the strategies employed in
pre-clinical studies will require significant resources to scale up in a manner that meets

applicable regulatory standards for human use.

Perhaps the greatest challenge for those working on biomaterial vaccines is the balance
between understanding immunological mechanisms and eliciting a prophylactic or
therapeutic benefit. Do we need to characterize new and existing adjuvants more fully

before we champion their use? Or, should striking results that shrink tumors or reverse
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autoimmune symptoms be a focus, even at exorbitant cost or inefficient processes? Of
course, the answers to these questions is likely a balance: more rigorous analysis in
basic studies, in translation, and in manufacturing would be useful in assessing the risks
and rewards of these questions. Regardless, materials-based vaccination and
immunotherapies are enabling new ground to be broken on pathogenic and non-
infectious disease, and we will continue to learn more about exciting potential and most
prominent challenges in the coming years. In Chapter 3, we discuss the ability of a
polymer to stimulate immune responses and its utility as a nanoparticle therapeutic

delivery vehicle for nucleic acids.
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Chapter 3:  Poly(B-amino esters) activate  mouse

macrophages in soluble and nanoparticulate form

3.1 Introduction

Biodegradable polymer delivery vehicles for gene therapies that provide protection
against premature nucleic acid degradation, controlled release, and passive targeting
have been intensely studied to enhance efficacy and durability of nucleic acid vaccines
and therapies. These approaches are generally designed to enhance the expression of
proteins that the immune system should target or to act as stimulatory signals by
mimicking the nucleic acid structures of viruses or bacteria, which bind
immunostimulatory receptors such as toll-like receptors (TLRs)M344. Poly(B-amino
esters) (PBAES) are biodegradable polymers that can complex with nucleic acid cargos
through electrostatic condensation owing to the cationic nature of the polymer’s amine
groups and anionic phosphate backbone of nucleic acids. Together, they can self-
assemble into structures such as layered films on microneedles®! and nanoparticle
complexes. PBAEs are known to promote cellular uptake and endosomal escape into
the cytosol via the proton sponge effect], which could promote interactions with
TLRs that are localized to endosomes or to other similar receptors (e.g. RIG-I,
MDAGSM 8 localized in the cytosol. PBAEs also can be synthesized with varying
features (e.g. molecular weight, end groups, etc.) that may affect intracellular delivery

— i.e. transfection efficiency — and interactions with individual cell types 14454751
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Because nucleic acid cargos can have off-target effects including immune
stimulation25%! and because PBAES can exhibit intrinsic immunogenicity, it is vital to
understand the ability of these materials to either mitigate or enhance pro-inflammatory
signaling. In the context of immunotherapies and vaccines for cancer or infectious
disease, activation of the immune system is a desired effect when it remains under
control; however, immunostimulatory effects can be undesirable when they thwart
attempts to suppress pro-inflammatory signaling to prevent transplant rejection or

autoimmune diseases.

Antigen presenting cells (APCs) such as dendritic cells (DCs) and macrophages are
innate immune cells that surveil the body for pathogens and damaged tissues. These
cells are important players in the response to biomaterial vaccine carriers. When these
cells encounter immunostimulatory signals — biological patterns that appear in
pathogens, but not in humans — APCs coordinate the immune response by
phagocytosing and presenting antigen molecules to lymphocytes in lymph nodes,
which initiate the adaptive immune responsel®l. Consequently, polymeric delivery
vehicles that activate specific functions in APCs are valuable tools in targeted
stimulation of the immune system for vaccines and immunotherapies that require pro-

inflammatory responses.

Particles are attractive vehicles for vaccine delivery because they can be formulated
into different sizes and shapes that generally encourage interactions with APCs through

phagocytosist®>®¢l and they can promote gene transfection®’l. Moreover, polymeric
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particles can directly enhance activation of immune pathways via intrinsic immune
effects through a range of inflammatory pathways including: the NALP3
inflammasomel*?, toll-like receptors (TLRs) and MyD88 signaling™8l, IRF-dependent

signaling™, and complement[©°64],

Our lab has previously used primary DCs to show that PBAEs exhibit some intrinsic
immune function when in particulate form following complexation with a polyanion,
poly(sodium 4-styrenesulfonate); PBAE degradationt**l and molecular weight(%
played roles in the nature of the immune response to these particles. Because PBAES
were designed and characterized as nucleic acid delivery vehicles>*’l, we extend our
studies here to nucleic acid delivery using a different in vitro model of immune
activation: the RAW264.7 mouse macrophage cell line. RAW264.7 cells are a popular
in vitro model for innate immune responses to biomaterials because they are a well-
established cell line that exhibits behaviors similar to primary APCs!®?; they are also
recommended for use in international standards for implanted biomaterials testing®3l.
Moreover, macrophages represent an alternative therapeutic target for particles that
stimulate immune responses against diseases like cancer because they reside in all
tissues and have unique capabilities in phagocytosing and clearing particles and/or

cellular debris!®489],

Another area of particular interest in nucleic acid delivery for immunotherapy is RNAI,
which can be carried using small interfering RNAs (SiRNA)©¢71 These short, double

stranded RNAs cause degradation of target mRNAs through the RISC complex, and
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they generally lead to lower expression of the associated protein. Therefore, RNAI
could be used to attenuate activity of immune checkpoint molecules (e.g. CTLA-4, PD-
1, TIM-3), which are overexpressed in tumor microenvironments and suppress immune
cell activity against tumors!®®. Silencing these checkpoint molecules could restore

function to immune cells and promote tumor killing.

To avoid sequence-specific RNAI effects when examining intrinsic effects of PBAE
and siRNA delivered by these polymers, we selected a commercially available dicer-
substrate SiRNA (DsiRNA a form of siRNA with enhanced silencing activity!®®)
duplex (NC1, from Integrated DNA Technologies) that does not target any part of the
mouse or human transcriptome. Here, we investigate the intrinsic ability of PBAE to
enhance pro-inflammatory pathways in both soluble and particle form. For particle
studies, we show that PBAEs and DsiRNA can be assembled into nanoparticle
complexes with tunable size and charge. We also show that PBAEs activate RAW264.7
cells in both particulate and soluble form. Further, we provide data suggesting this
activation arises independently of two important inflammatory immune pathways,

those of NF-xB and IRF.

Finally, we show that the RAW264.7 cell line can be used as a model for RNAI
silencing of immune checkpoint molecules because they express the TIM-3 immune
checkpoint. Stimulating tumor associated macrophages while silencing checkpoint
expression would reduce the immunosuppressive effects of checkpoint molecules that

are overexpressed in cancers and restore functions to macrophages, which could further
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stimulate tumor killing by T cells via cytokine expression and pro-inflammatory
antigen presentation(® 7%, Using a commercial transfection reagent, we show that
DsiRNA can be used to effectively attenuate TIM-3 expression and modulate immune
function. Together, these studies motivate future work involving PBAES as an immune
adjuvant and the RAW264.7 cell line as model for immune checkpoint studies in cancer

models.

3.2 Materials and Methods

3.2.1 Materials

PBAE was synthesized in a Michael-type addition reaction using standard methods
previously described**, DsiRNAs were purchased (Integrated DNA Technologies)
and resuspended at 20uM in nuclease free water. Dulbecco’s modified eagle medium
(DMEM) and fetal bovine serum (FBS) were purchased from Gibco and Corning,
respectively. Antibiotics — Normocin and Zeocin — and low molecular weight
polyinosinic-polycytidylic acid (LMW polylC) were purchased from Invivogen.
Lipofectamine RNAIMAX was purchased from ThermoFisher Scientific. Sodium
acetate buffer was purchased from Sigma-Aldrich. Antibodies for maturation markers
(CD40, CD80, and CD86) and for Fc receptor blocking were purchased from BD
Biosciences. A mouse IL-6 ELISA set was purchased from BD Biosciences. Antibodies

for TIM-3 were purchased from BioLegend.
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3.2.2 Cell culture

RAW264.7 cells and RAW-Dual (IRF-Lucia/KIN-[MIP-2]SEAP) cells were
purchased from ATCC and Invivogen, respectively. Both cell types were maintained
in DMEM containing 4.5¢/1 glucose and 4mM I-glutamine, and the media for both cell
types was supplemented with 10% FBS. For RAW-Dual cells only, antibiotics were
added per the supplier’s recommendation with Normocin at 100ug/ml for all passages
and Zeocin every other passage at 200pug/ml to maintain selective pressure. Cells were
grown in tissue culture-treated polystyrene flasks, while experimental treatments in 96-
well plates were performed using non-treated polystyrene. RAW-Dual assays were
performed without either antibiotic following a passage containing both Normocin and

Zeocin.

3.2.3 Nanoparticle complex formulation

Nanoparticles were produced by complexation of PBAE and DsiRNA in 25mM sodium
acetate buffer (NaAc, pH 5). All buffer solutions for complex formation were filtered
(0.2um). Complexes were formed at varying w/w ratios while v/v at a constant 1:1 with
each component — polymer and DsiRNA duplex — added in 25uL volumes for 50uL
total volume per batch. DsiRNA duplexes were diluted to 40ug/mL for 1ug in 25uL
NaAc, and PBAE solutions were serially diluted to vary the w/w ratio of a complex
components following 0.2um filtration of PBAE in solution at either 2mg/mL or
1mg/mL. Complexes were mixed vigorously by pipetting and used immediately for

either physiochemical characterization or cell treatments.
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3.2.4 Nanoparticle size and zeta potential measurements

Dynamic light scattering (DLS, size) and electrophoretic light scattering (ELS, zeta
potential) were performed using a Malvern Zetasizer Nano ZS90. Measurements were
performed in disposable 50uL cuvettes and capillary cells for DLS and ELS,
respectively. ELS measurements were conducted using the diffusion barrier
techniquel™!; briefly, immediately following DLS, sample was transferred from the
disposable cuvette and concentrated at the bottom of a capillary cell previously filled

with NaAc using a flexible gel-loading pipette tip.

3.2.5 Quantification of macrophage cell line activation by flow cytometry

RAW264.7 cells were passaged (no greater than P10) by cell scraping and seeded at
50,000-55,000 cells per well for all experiments in 96-well plates on top of prepared
treatments (e.g. complexes, soluble polymer or RNA, TLRa). At 24 and 48 hours, cells
were collected and, after blocking the Fc receptors, were stained with fluorescent
antibodies for surface activation markers (i.e. CD40, CD80, and CD86) and with a
viability dye (DAPI). Flow cytometry (BD FACSCanto Il) was used to determine
relative levels of activation through analysis using FlowJo (v.10.2, TreeStar, Ashland,

OR). Cell supernatants were saved for analysis by ELISA.

3.2.6 Immune pathway characterization in RAW-Dual reporter cell line

RAW-Dual cells were prepared and treated in the same manner as RAW264.7 cells
described above. Following 24 or 48 hour incubation, supernatants were collected and
aliquots were tested for the secreted Lucia luciferase and secreted embryonic alkaline
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phosphatase (SEAP) reporters (IRF and NF-kB, respectively) using Invivogen’s
QUANTI-Luc and QUANTI-Blue detection reagents with values were recorded for

luminescence and absorbance per manufacturer’s protocol.

3.2.7 TIM-3 knockdown screening in macrophage cell line

RAW?264.7 cells were reverse transfected with TIM-3 targeted and NC1 DsiRNA
duplexes prepared using Lipofectamine RNAIMAX per manufacturer’s instructions.
Transfection was carried out in 96-well plates with 20,000 cells per well plated on
untreated surfaces over the treatments for a final concentration 10nM DsiRNA. After
blocking the Fc receptors, surface expression of TIM-3, CD40, and CD80 among live

(DAPI) cells was quantified by flow cytometry using fluorescent antibodies.

3.2.8 IL-6 ELISA

Cell supernatants were collected during flow cytometry experiments. ELISA against
IL-6 was performed according to manufacturer’s instructions (BD Biosciences) with
5x dilutions, except for LPS-treated samples, which were diluted 10x. Standard curves

were generated for using a five-parameter logistic model in GraphPad Prism 7.

3.2.9 Statistical analysis
Multiple pairwise comparisons were performed using the Tukey method in Minitab 17
with a p-value less than 0.05 indicating significance. All error bars are reported as

standard error of the mean (S.E.M.) unless stated otherwise.
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3.3 Results

3.3.1 PBAE/RNA ratios tune size and charge of complexes

PBAE (Figure 3.1 A) and DSiRNA were assembled into particles at varying w/w ratios
ranging from 50:1 to 0.5:1 and immediately characterized for size and zeta potential.
Nanoparticle complexes formed with diameters between 125nm and 400nm (Figure
3.1 B) and zeta potential from -10mV to +22mV (Figure 3.1 C) with the most highly
charged particles forming smaller particles at the extreme ends of the range of w/w

ratios.
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Weight ratio of PBAE RNA
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o

100

Weight ratio of PBAE:RNA

Figure 3.1 PBAE-DsiRNA complex characterization.
Complexes formed with PBAE (A) and DsiRNA in NaAc were characterized for size (B) and zeta
potential (C) at varying weight ratios of PBAE:RNA.
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3.3.2 PBAEs induce RAW264.7 activation in free and complexed form

In our lab’s previous studies, free PBAE was unable to activate primary DCs, whereas
PBAE particles were able to cause activation**°, In the present studies, we find that
PBAE was able to activate RAW264.7 macrophages in both free and complexed form
with NC1 DsiRNA as measured by flow cytometry (Figure 3.2 and Figure 3.3).
RAW264.7 cells in non-adherent 96-well plates were treated with soluble PBAE
ranging from 0.5ug/mL to 4pg/mL and complexes from 1ug/mL to 3ug/mL. Complex
treatments were matched to equivalent soluble PBAE dose using PBAE:RNA ratios
from 0.5:1 to 25:1 (Table 3.1). At 24 and 48 hours following treatment, the cells
receiving PBAE treatments were compared to cells receiving control treatments of
buffer and various TLRas. Soluble PBAE and PBAE-RNA complexes increased
expression of all measured markers in a statistically significant, dose-dependent

fashion.

We observed only a modest increase in CD40 expression (Figure 3.3 A,B) from PBAE,
while there were more striking dose-dependent increases in CD80 and CD86 at both
24 and 48 hours (Figure 3.3 C-F). Complexed PBAE treatments were no more potent
than the soluble form, but they appeared in some cases to contribute to statistically
significant decreases in viability similar to that of LPS in statistical significance, but
not magnitude (Figure 3.2 A,B), which is expected to cause some macrophage cell
senescence or death®721, No decreases in viability were apparent with the soluble

PBAE treatments.
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Table 3.1 Dose matching of soluble and complexed treatments

Soluble (S) and complexed (C) treatments were plated in groups to match soluble PBAE doses with
complexes of varying w/w ratios of PBAE:RNA. Dose matching PBAE leads to varying amounts of
DsiRNA based on PBAE:RNA ratio.

PBAE
pg/mL 4 3 2 1 0.5
Type 251 51 21 11 251 11 25:1 51

S S C C C C S C C S C C 051 S

DsiRNA
0 0 012 06 15 3 0O 008 04 0 004 0.2 2 0
pg/mL
A 100 24 hours ) B 100 48 hours
o 2 ¢ - #
50 b
g g *
| 3
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PBAEpg/mL 4 3 2 1 0.5 0 PBAEpg/mL 4 3 2 1 0.5 0

Figure 3.2 Viability of RAW264.7 cells treated with PBAE

RAW?264.7 cells treated with soluble and complexed PBAE at specified w/w ratios were assessed for
viability (DAPI") at 24 and 48 hours using flow cytometry. Statistical symbols (* p <0.05, **p<0.01, ***
or # p<0.001) directly above individual bars indicate significance against equivalent soluble controls
for complexes and TLRa. Error bars: S.E.M.

Additionally, RAW264.7 cells did not mature in response to the TLR3 agonist (TLR3a)
polylC, but they were activated by TLR4a (LPS) and TLR7/8a (R848) (Figure 3.3 A-
F). LPS, R848, and the highest doses of PBAE also caused drastic changes in cell
culture morphology (Figure 3.4) — spreading, culture density, and intracellular bodies
depending on treatment — whereas polylC and buffer controls did not appear to be
different. Treatments with DSiRNA alone, which can act as a TLRa since it is not

chemically modified®® also did not induce maturation.
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RAW264.7 cells treated with soluble PBAE and PBAE complexed with NC1 at PBAE concentrations
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0.5ug/mL-4pg/mL (green) and compared to soluble controls without PBAE (gray). Cells were stained
with fluorescent antibodies to evaluate surface expression of maturation markers (CD40 (A,B), CD80

(C,D), and CD86 (E,F)) by flow cytometry at 24 and 48 hours among live (DAPI") cells. Statistical
symbols (* p <0.05, **p<0.01, *** or # p<0.001) directly above individual bars indicate significantly

higher mean than buffer. For clarity, brackets indicate key statistical relationships (using “n.s.” for not

significant) among soluble treatments only. Error bars: S.E.M.

Figure 3.3 RAW264.7 activation at 24 and 48 hours.



Soluble PBAE Controls
Buffer (negative)

R848 (positive)

LPS (positive)

Figure 3.4 RAW264.7 morphology after overnight treatment.
Representative micrographs of RAW264.7 cells (phase contrast, 10X, scale bar: 100um) following
overnight treatment with soluble PBAE from 0.5ug/mL to 4ug/mL and controls (LPS 100ng/mL, R848
1pg/mL, polylC 10ug/mL, and sodium acetate buffer).
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3.3.3 PBAEs do not induce IL-6 secretion

From the samples tested in assays above, cell supernatants were taken for examination
by ELISA for IL-6 secretion because IL-6 is implicated in a wide range of pro- and
anti-inflammatory pathways in cancer, infection, autoimmunity and injury"®l. Despite
induction of IL-6 secretion by both LPS and R848 above baseline levels, PBAE,
polylC, and other controls showed no sign of IL-6 production at either 24 or 48 hours
(Figure 3.5 A,B). This result suggests that activation of RAW264.7 cells by PBAE is

mediated by different pathways than those activated by TLRa such as LPS or R848.
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Figure 3.5 IL-6 secretion in RAW264.7 cells at 24 and 48 hours

Secretion of I1L-6 was measured by ELISA. Results from soluble treatments of PBAE ranging from 0.5-
4ug/mL, complexed treatments at 3pg/mL and controls including TLRa are shown. Error bars: 95%
confidence intervals.

38



3.3.4 PBAEs do not stimulate reporter cells through NF-«B or IRF

Because PBAE appears to activate RAW264.7 cells via a different mechanism than
LPS and R848, we decided to quantify transcription factor activity as a more general
indicator of RAW264.7 cells” PBAE-induced pro-inflammatory activity mechanism.
We hypothesized that PBAE would act through one of the NF-xB and/or IRF families
of transcription factors, which respond to a broad array of immune signalst’*7. To
test this idea we used RAW-Dual reporter cells, a cell line chosen for further study of
intrinsic immunogenicity because they are derived from RAW264.7 cells. The RAW-
Dual cells secrete reporter proteins (secreted embryonic alkaline phosphatase (SEAP)
and Lucia luciferase) in response to NF-kB and IRF activity via two independent
inducible promoters. Cells were treated with soluble PBAE or LPS as a positive control
in the same manner as RAW264.7 cells, and supernatants were collected to assess
reporter activity. PBAE treatments that successfully matured RAW264.7 cells did not
induce activity through NF-xB nor IRF despite apparent dose-dependent responses of
both reporters to LPS (Figure 3.6). This result provided further evidence that
inflammatory phenotype of PBAE-treated RAW264.7 cells is distinct from those

receiving the TLRa used in these experiments.
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Figure 3.6 Activity in RAW-Dual reporter cells.

Cell supernatants from RAW-Dual cells were screened for NF-xB secreted embryonic alkaline
phosphatase (A) and IRF secreted Lucia luciferase reporters (B) in absorbance and luminescence assays
following 24 hour incubation with PBAE and controls. Statistical symbols (* p <0.05, **p<0.01, *** or
# p<0.001) directly above individual bars indicate significantly higher mean than buffer. For clarity,
brackets indicate key statistical relationships among treatments as labeled. Error bars: S.E.M.

3.3.5 TIM-3 silencing alters activation marker expression

To motivate future studies using PBAE in delivering functional DSiRNA moieties, we
chose an immunological target, TIM-3. Since TIM-3 is an immune checkpoint
implicated in the suppression of tumor-infiltrating immune cellst’®"8, and it is often
co-expressed with other checkpoint and regulatory molecules such as PD-1 and
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FoxP3[°81 we hypothesized that reducing TIM-3 expression might lead to a more
pro-inflammatory phenotype. In vivo, this phenotype might restore tumor killing
function to cells that are normally suppressed in tumor microenvironments. RAW264.7
cells were set up as an initial model for knockdown of the TIM-3 checkpoint protein,
which is expressed on the surface of RAW264.7 cells. Here, we used a commercial
transfection reagent (Lipofectamine RNAIMAX) as a preliminary benchmark for

future studies with complexes of PBAE and DsiRNA.
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Figure 3.7 TIM-3 silencing with DsiRNA in RAW264.7 cells

RAW264.7 cells were transfected with TIM-3 targeted DsiRNA and NC1 DsiRNA at 10nM with
Lipofectamine RNAIMAX and screened for viability (A, DAPI’), TIM-3 expression (B), and co-
stimulatory markers CD40 (C) and CD80 (D) by flow cytometry. Controls of RNAIMAX without any
RNA, OptiMEM and media were also measured. Statistical symbols (* p <0.05, **p<0.01, *** or #
p<0.001) directly above individual bars indicate significant difference with NC1, while brackets indicate
key relationships as labeled. Error bars: S.E.M.

Upon reverse transfection at 10nM DsiRNA, RAW?264.7 cells saw no change in

viability for any condition, and we succeeded in drastically reducing TIM-3 expression
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from ~60% to ~3% following a two day incubation (Figure 3.7 A,B). Moreover, a
statistically significant increase in CD40 expression was detected among cells
receiving the TIM-3 DsiRNA treatment (Figure 3.7 C); however, the increase observed
in CD80 expression for both TIM-3 and NC1 DsiRNAs was not significant in

comparison to media and vehicle controls (Figure 3.7 D).

3.4 Discussion

Our group’s previous work with PBAEs using C57BL/6J mice in vivo and in primary
DCs isolated from the same strain elicited stimulatory effects only when the PBAEs
were formulated into particlest5. First, we showed that PBAEs can be formulated
into particles with both negative and positive charges (Figure 3.1) by varying w/w ratio
of PBAE:RNA. At the extremes of the ratios for particle could be assembled, the

complexes were smaller and more highly charged.

Next, we tested the soluble and complexed forms in RAW264.7 cells to see if we could
increase maturation marker expression. Interestingly, our results here — in a different
model from previous reports where PBAES only activate in particle form*45 —suggest
that PBAESs may act as an immunostimulatory adjuvant in both soluble and particle
form. Given that RAW264.7 cells are derived from BALB/c mice, we cannot rule out
possible immunological differences due to mouse strain®83. Our findings are
important because 1) new immunological adjuvant strategies are needed to enable more
effective vaccines and immunotherapies and because 2) these types of pro-

inflammatory effects should be taken into consideration when developing therapies
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with PBAEs that might cause unwanted inflammation. Additionally, the intrinsic
immunogenicity of polymers and other therapeutic delivery vehicles remains under
studied, and the structure-function relationships of the most common clinically used
adjuvants (e.g. alum) are still being established™®1, Although these findings should
not be immediately extrapolated to all PBAEs, they should motivate investigations into
the immunogenicity of the wide array of PBAEs already known to modulate cell

interactions, transfection efficiency, and in vivo trafficking 1950841,

Although the PBAE used here clearly activated the RAW264.7 cells, our observations
suggest that the effects are mechanistically distinct from the TLRa studied. LPS
(TLR4a) induced a unique change in morphology (Figure 3.4) combined with much
higher expression of CD40 (Figure 3.3 A,B) and more cell death (Figure 3.3 G,H)
than PBAE and all other treatments and induced. This strong response to LPS including
cell death is expected!®, but differs somewhat from primary DC cultures, which tend
to have increased survival with similar LPS treatmentsi**%Y. In contrast, polylC
(TLR3a) showed no signs of activating the cells, while R848 (TLR7/8a) and PBAE
induced moderate to high levels of activation on both CD80 and CD86 (Figure 3.3 C-
F), nearing that of LPS without compromising viability (Figure 3.3 G,H).

Furthermore, PBAE and polylC were unable to induce IL-6 expression (Figure 3.5).

We hypothesized that the PBAE immunogenicity would be regulated through the IRF
and/or NF-xB transcription factors due their broad roles in regulating many of the most

common pro-inflammatory signaling pathways™*"!. Intriguingly, PBAE showed no
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sign of signaling through either IRF or NF-kB (Figure 3.6). Although this is only one
means of measuring IRF and NF-kB induction, these preliminary results support the
notion that PBAE is activating RAW264.7 cells by some means other than pathogen
recognition receptors such as TLRs, which tend to signal through one or both of those
transcription factors. It will be important to establish the inflammatory pathway
activated by PBAE because different pathways have distinct functions in the context of
disease. For example, macrophages can become activated when repairing tissue or
resolving inflammation caused by wounds, and they can become activated in response

to a pathogen or when effecting anti-tumor activity®4641,

3.5 Ongoing and Future work

3.5.1 Isolating the mechanism for PBAE intrinsic immunogenicity

Additional work is required to confirm that PBAE is not activating RAW264.7 cells
through IRF and NF-xB and to identify how maturation of these cells is occurring.
Measurement of IL1-R could show interaction of PBAE with the inflammasome, but
may require priming with another TLRa due to NF-xB’s role in IL1-R secretion(®],
Alternatively, inflammasome activity might be regulated with an inhibitor such as
glybenclamide to determine whether inhibition reduces PBAE activation by arresting
K* efflux(®l. Another potential mechanism involves the complement receptor 3, CR3,
which is expressed on RAW?264.7 cells® —and is involved in
phagocytosis/opsonization of certain pathogens in a MyD88-indpendent manner, may

preclude IRF and NF-kB[®",
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3.5.2 Resolving the utility of different models

As mentioned above, immunological variation among mouse strainst®! and cell type
(i.e. DCs versus macrophages) may explain some of the differences from this study in
comparison to our lab’s previous work. Additionally, because RAW264.7 cells are
immortalized, they may further differ from data collected with primary cells.
Additional in vivo investigations and in vitro experiments primary cell experiments
mirroring previous work could elucidate whether these differences are primarily due to
strain or due to the specific nature of RAW264.7 cells. Moreover, because distinctions
from mouse to human immune systems also exist[®, the cataloging the changes across
pre-clinical models is of considerable interest to abate the frequent failure to translate
candidate therapies to clinical successes — fewer than 10% of pharmaceutical
candidates make it from Phase | trials to approval, with success for oncology
indications resting at 5.1% 8291 Experiments with ex vivo human cells could provide
also be used for comparison to these mouse models as another indicator of clinical

potential.

3.5.3 Synergy with functional nucleic acid delivery

Our preliminary model for screening effects of DsiRNA silencing of TIM-3 shows
promise in regulating TIM-3 expression and modest effects on RAW264.7 activation.
Given successful, tunable formulation of PBAE with DsiRNA, these formulations
should be tested for efficacy in attenuating TIM-3 expression while simultaneously
promoting further activation of these cells. Studies incorporating these complexes in

tumor models (e.g. B16F10, EG7-OVA) via intratumoral or intra-lymph node delivery
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could reveal further effects on other antigen presenting cells and lymphocytes by
restoring their effector functions. Moreover, this platform is modular in that any
DsiRNA could be substituted including other checkpoint molecules or genes that
suppress pro-inflammatory responses in cancer. Finally, these complexes could be
delivered alongside model (e.g. OVA) or tumor differentiation antigens (e.g. gp100,

TRP2PY) to assess whether they can promote antigen-specific effector functions.

Above, we detailed the results of our first aim in which we show that PBAES activate
RAW?264.7 cells in soluble and particulate forms. In Chapter 4 we use the same
RAW264.7 model and a primary DCs (in which soluble PBAEs are not
immunogenic®*) to study this thesis’s second aim: investigating the intrinsic
immunogenicity of rationally designed RNA nanostructures in soluble form and in

PBAE complexes for use as pro-inflammatory signals.
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Chapter4: RNA nanostructures stimulate antigen
presenting cells with and without a delivery vehicle

4.1 Introduction and motivating work

Therapeutic cancer vaccines that arm immune cells against antigens over-expressed on
cancer cells have the potential to transform cancer therapy. However, these vaccines
have been hindered by 1) inefficient expansion of T cells against tumor antigens, 2) an
inability to maintain anti-tumor response in the immune-suppressive tumor
microenvironment, and 3) poor generation of tumor-specific T cell memory to prevent
relapse. More rational adjuvant design could address these challenges by activating
robust sets of pro-immune pathways to drive potent, durable expansion of tumor-

specific T cells.

Recent clinical trials show that activating pro-immune inflammatory toll-like receptors
(TLRs) in cancer therapy allows the immune system to access and mount responses to
tumor-associated antigenst®. Several of these TLR pathways detect nucleic acid based
signals (e.g. TLR3, dsRNA; TLR7, ssRNA; TLR9, CpG DNA) that occur in viral and
bacterial pathogens. Recent studies in Dr. Bruce Shapiro’s group have revealed
complete control over the assembly of RNA-DNA, DNA-DNA, or RNA-RNA
nanostructures (NS)®3-°71. Importantly, evidence of intrinsic immunogenic features of
these structures were also observed, triggering modest levels of inflammatory

cytokines®>°7l. Given these findings and the potential of RNA NS to trigger multiple
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TLRs, we hypothesize these materials might create a new class of potent, rationally

designed adjuvants.

Importantly, the kinetics and concentrations over which vaccine adjuvants are
delivered play a major role in the magnitude of response.®®%1 Thus, our strategy
incorporates a degradable cationic poly(p-amino ester) (PBAE) to investigate delivery

via electrostatic assembly with the anionic RNA NS.

We selected these RNA NS because work published by Dr. Shapiro’s group
demonstrates complete control over the assembly of nucleic acid nanostructures. RNA
NS that are computationally designed™®! have been successfully assembled in vitro
with predictable size and shape verified by gel migration, dynamic light scattering
(DLS), and electron microscopy [3-97:100-1021 - The four RNA NS studied here — the
nanoring, nanoring with arms, nanocube, and nanocube with arms — were not designed
explicitly to promote immune function. Rather, these RNA NS were assembled as
scaffolds for functional payloads such as aptamers, siRNAs, and fluorescent sensors.
For example, two of the RNA NS that we are studying include SIRNA “arms” that target
enhanced green fluorescent protein (eGFP, an exogenous reporter protein not normally
expressed in immune tissues), and these types of RNA NS have been shown to exhibit
functional activity against eGFP 495971 Because exogenous RNAs can trigger pro-
inflammatory responses, and initial studies with RNA NS delivered by lipofection
triggered cytokine secretion under certain conditions®>°1, we hypothesized that these

RNA NS may have intrinsic immunogenic properties.
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Previous work by the Shapiro group used Lipofectamine 2000 (L2000, a commercial,
lipid-based reagent for nucleic acid delivery in complexes) to deliver RNA NS to
human peripheral blood mononuclear cells (PBMCs) in two separate studies. In the
first study, L2000 delivery of RNA nanocubes and nanocubes with arms induced pro-
inflammatory secretion of type | interferon (IFNR) and IL-1, whereas similar DNA-
based nanostructures did not elicit the same level of cytokine secretion 1. In the
second study, cytokine secretion induced by nanostructures was measured in
comparison to a synthetic CpG oligonucleotide (ODN 2216), a TLR9 agonist’®’l. RNA
nanocubes caused secretion of IL-1R, IL-8, TNFa, and MIP-1a at consistently higher
levels when compared to DNA nanocubes, and IL-8 and MIP-1a were secreted at levels

similar to CpG.

We are motivated by these studies to understanding the intrinsic immunogenicity of
RNA NS, which appear to be more potent modulators of immunity than similar
constructs assembled from DNA. These properties could depend on content, shape,
functionalization, among other parameters that are of interest to inform rational design
of new vaccine adjuvants. Here, we investigate the ability of RNA NS to modulate
immunity on their own, and we attempt to enhance RNA NS immunogenicity through
complexation with a poly(R-amino ester) to form nanoparticles. We utilize two in vitro
mouse antigen presenting cell (APC) models: RAW264.7 cell line (immortalized

mouse macrophages) and freshly isolated mouse dendritic cells (DCs). These APCs
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recognize TLRa and are responsible for initiation pro-immune pathways. We

hypothesize that these RNA NS and associated complexes will activate mouse APCs.

4.2 Methods

4.2.1 Materials

PBAE was synthesized in a Michael-type addition reaction using standard methods
previously described™¥. Dulbecco’s modified eagle medium (DMEM), Roswell Park
Memorial Institute (RPMI) medium 1640, and fetal bovine serum (FBS) were
purchased from Gibco, Lonza, and Corning, respectively. NC1 DsiRNA was
synthesized by Integrated DNA Technologies and resuspended at 20puM in nuclease

free water as a control.

4.2.2 Cells and mice

RAW264.7 cells were purchased from ATCC and maintained in DMEM containing
4.5g/l glucose and 4mM [-glutamine for no more than 10 passages. DMEM was
supplemented with 10% FBS. Primary dendritic cell cultures were isolated from
C57BL/6J mice using CD11c positive selection microbeads (Miltenyi). Primary DCs
were cultured without passaging in RPMI 1640 containing 2mM [-glutamine and
25mM HEPES. RPMI was supplemented with 10% FBS and 55uM [-mercaptoethanol
and 1X penicillin streptomycin. All studies involving animals were conducted in
compliance with federal, state, and local guidelines, and in accordance with the policies

and review of the University of Maryland’s Institutional Animal Care and Use

Committee (IACUC).

50



4.2.3 RNA NS assembly

RNA NS were assembled from RNA monomer strands in solution (89mM Tris-borate,
2mM magnesium acetate, 50mM KCI) as described in previous work®®l. Briefly, DNA
was purchased (Integrated DNA Technologies) and transcribed into RNAs in vitro from
PCR-amplified template DNA using T7 RNA polymerase and purified on denaturing
urea gels. Equimolar RNA monomer solutions were prepared, mixed, heated, and
cooled per individual construct requirements in the one-pot assembly method!®®l,
Assembly was verified by running constructs on native PAGE gels to ensure

visualization of a single band per NS.

4.2.4 Complex formulation

Complexes were produced by mixing solutions of PBAE and RNA NS in 25mM
sodium acetate buffer (NaAc, pH 5). All buffer solutions for complex formation were
filtered (0.2um). Complexes were formed at varying w/w ratios while v/v was kept at
a constant 1:1 with each solution added in 25uL volumes for 50uL total volume per
batch. For cell studies, all complexes were formulated using 1:1 w/w mixtures. RNA
NS were diluted to 40ug/mL for 1ug in 25uL NaAc, and PBAE solutions were serially
diluted to vary the w/w ratio of a complex components following 0.2um filtration of
PBAE in solution at 2mg/mL and further dilution (40ug/mL for cell studies and
variable concentrations for certain physiochemical studies). Complexes were mixed

vigorously by pipetting and used immediately for either physiochemical
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characterization or cell treatments. Control complexes were formulated in the same

manner using NC1 DsiRNA.

4.2.5 Complex size and zeta potential measurements

Dynamic light scattering (DLS, size) and electrophoretic light scattering (ELS, zeta
potential) were performed using a Malvern Zetasizer Nano ZS90. Measurements were
made in disposable 50uL cuvettes and zeta potential capillary cells for DLS and ELS,
respectively. All measurements were conducted in 0.2um filtered 25mM sodium

acetate buffer.

4.2.6 Quantification of immune stimulation by flow cytometry

Complexes and soluble treatments were prepared to be plated in triplicate at 25ul/well
(500ng RNA NS and/or PBAE per well). Activation experiments took place with
RAW264.7 cells and primary DCs in the same manner other than cell
harvesting/isolation and culture mediaRAW264.7 cells were passaged (no greater than
P10) by cell scraping, while CD11c" splenic dendritic cells were freshly isolated. .
Single cell suspensions were seeded at ~55,000 cells per well in 175uL for a total
culture volume of 200ul over the prepared treatments (i.e. complexes, soluble polymer
or RNA, TLRa, and buffer/media controls). DCs were collected after overnight
incubation, while RAW264.7 cells were collected after two nights. After blocking the
Fc receptors, cells were stained with fluorescent antibodies for surface activation

markers (i.e. CD40, CD80, CD86, IA-IE (DCs only)) and with a viability dye (DAPI).

52



Flow cytometry (BD FACSCanto Il) was used to determine relative levels of activation

through analysis using FlowJo (v.10.2, TreeStar, Ashland, OR).

4.2.7 Statistical analysis
Multiple pairwise comparisons were performed using the Tukey method in Minitab 17
with a p-value less than 0.05 indicating significance. All error bars are reported as

standard error of the mean (S.E.M.) unless stated otherwise.

4.3 Results

4.3.1 Free RNA NS induce baseline activation of dendritic cells

In an initial study, we measured the baseline immunogenicity of nanocubes and
nanorings. We tested if free RNA NS exhibited intrinsic immunostimulatory properties
by treating CD11c* dendritic cells (DCs) isolated from mouse spleens with RNA NS
over a range of concentrations. The free RNA NS do not affect viability in comparison
to a vehicle buffer control (Figure 4.1 A). DC activation levels for one set of
concentrations (50nM) is indicated by the relative increases in CD86 (Figure 4.1 B)
and CD80 (Figure 4.1 C) in comparison to a strong nucleic acid adjuvant (polylC,
TLR3a) as a positive control. These baseline measurements suggest that these RNA NS
are intrinsically immunogenic and that their immunogenicity may be enhanced through
alternative dosing or delivery strategies. This finding motivated formulation of RNA
NS with PBAE and further study of both free and complexed RNA NS (Figure 4.2 B).

Further studies below delivered RNA NS at constant mass (rather than molar)
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quantities to avoid complications in study design when delivering free and complexed

RNA NS.
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Figure 4.1 Baseline immunogenicity of RNA NS

CD11c™ splenic DCs treated with free RNA NS, buffer control, and polylC (pIC) analyzed by flow
cytometry for viability (A) and baseline percent of high expression of markers CD86 (B) and CD80 (C)
among live, single cells. Viability normalized to polylC control. Error bars: S.E.M.; *p < 0.05; **p <
0.01; ***p < 0.001

54



4.3.2 PBAE and RNA NS assemble into charged nanoparticles

RNA NS and PBAE were mixed and assembled via electrostatic assembly in 25mM
sodium acetate. The complex charge and size were tunable based on the w/w ratio of
PBAE:RNA (Figure 4.2 C,D) with more highly charged particles tending to have
smaller diameters. We also assembled complexes from NC1 DsiRNA, which was
selected to be used as an additional control because it does not target any known
sequence in the mouse transcriptome, and because it is a linear duplex rather than a
complex nanostructure. To minimize effects of PBAE in cell studies, we selected the
1:1 wiw ratio so that we would be able to deliver sufficient mass of RNA NS to observe
an effect while staying well below the toxicity threshold of PBAE. When measured
immediately following assembly, complexes formed below 500nm in all cases (Table

4.1).

Table 4.1 Mean diameters and polydispersity of complexes
Means of at least two separate experiments are reported for Z-average diameter and polydispersity index
(PDI) of 1:1 w/w complexes with RNA NS and NC1 DsiRNA measured by DLS.

RNA Type: Ring Ring + arms Cube Cube + arms NC1
Mean Z-avg 316 407 359 384 243
diameter (nm)
Mean PDI 0.070 0.148 0.144 0.076 0.078

4.3.3 Complexes and free RNA NS or PBAE activate RAW?264.7 cells

Our first set of studies with complexed RNA NS use RAW264.7 cells, delivered at a
fixed mass dose of RNA NS (2.5ug/mL). Because complexes were assembled at 1:1
w/w ratio, complex treatments contained PBAE at that same volume. We used flow

cytometry to compare RAW264.7 maturation markers (CD40, CD80, and CD86)
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among live cells treated with free or complexed RNA NS to controls including a
matched dose of free PBAE and a positive control (LPS). No treatment group exhibited
viability lower than PBAE or LPS treated cells (Figure 4.3 A). For all maturation
markers (Figure 4.3 B-D), the PBAE soluble control activated RAW264.7 cells above
the media and buffer controls, but lower than the LPS controls (as expected and

discussed in Chapter 3 above).
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Figure 4.2 Structure of RNA NS and PBAE with representative complex charge and diameter.

RNA NS structures were assembled into complexes with PBAE (A) at varying w/w ratios. Charge (B)
and size (C) of the resultant complexes was measured (data for Nanoring w/ arms shown). Predicted
N/P ratio was calculated and is shown alongside measured particle charge (B).

All complexed RNA NS increased levels of CD80 and CD86 expression compared to
buffer controls (Figure 4.3 C,D). Soluble nanoring and nanocube exhibited statistically

higher levels of CD80 expression than media and buffer controls (Figure 4.3 C),
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whereas only the nanoring was the only soluble RNA NS able to upregulate expression
of CD86 under these conditions (Figure 4.3 C,D). RNA NS did not appear to affect

CDA40 expression in comparison to equivalent soluble controls (Figure 4.3 B).
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Figure 4.3 RAW264.7 cell activation by RNA NS and complexes

RNA NS delivered soluble without (-) and complexed with (+) PBAE at 2.5ug RNA/mL. Percent viability
(A) and of maturation marker expression (B:CD40*, C:CD80*, D:CD86") among live cells was assessed
by flow cytometry. Nanoring (NRO), nanoring with anti-eGFP arms (NRG), cube, and cube with anti-
eGFP arms (CubeG) in blue. Controls in gray. All samples in triplicate. For clarity, only key statistical
comparisons for maturation markers are shown (* p <0.05, **p<0.01, *** p<0.001) as indicated by
brackets between individual soluble (-) treatments. No complexed treatments (+) induced more
maturation than the soluble PBAE control. Error bars: S.E.M.

4.3.4 Complexes and free RNA NS activate primary DCs

Our experiments with RAW264.7 cells enabled us to set up a similar set of experiments
in primary DCs with an additional set of control treatments; the NC1 DsiRNA was
chosen and delivered as a soluble or complexed double-stranded RNA control because
it does not target any known part of the mouse transcriptome, nor does it form

nanostructures on its own. DCs were treated and assessed in the same manner as the
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RAW264.7 cells. As expected, soluble PBAE alone did not activate primary C57BL/6J
DCs*51  no groups experienced viability lower than their equivalent vehicle control
groups (buffer or PBAE, Figure 4.4 A), and all groups had high (>90%) expression of

MHCII (not shown).
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Figure 4.4 Dendritic cell activation by free and complexed RNA NS

RNA NS delivered without (-) and complexed with (+) PBAE at 2.5ug RNA/mL. Percent viability (A)
and of maturation marker expression (B:CD40*, C:CD80hi, D:CD86") among live cells was assessed
by flow cytometry. Nanoring (NRO), nanoring with anti-eGFP arms (NRG), cube, and cube with anti-
eGFP arms (CubeG) in blue. Controls in gray. All samples in triplicate except single sample of NRG-.
For maturation markers, statistical symbols (* p <0.05, **p<0.01, *** or # p<0.001) directly above
individual bars indicate significance against all three (PBAE, buffer, and media) vehicle controls.
Brackets show significance against both NC1 controls. Error bars: S.E.M.

Only the complexed nanocube and nanoring were able to induce modest, statistically
significant increases in CD40 expression (Figure 4.4 B). All RNA-containing
treatments and controls (soluble and complexed) induced upregulation of CD80 in

comparison to PBAE and buffer/media controls (Figure 4.4 C); however, the only set
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of RNA NS treatments to exceed both NC1 controls for CD80 was the nanoring group
— both soluble and complexed forms exceeded soluble and complexed NC1 CD80
expression. Finally, no RNA NS exceeded NC1 or PBAE/buffer/media controls in

CD86 expression (Figure 4.4 D).

4.4 Discussion and future work

4.4.1 Discussion

Motivated by previous findings that RNA NS elicited cytokine secretion in human
PBMCs when delivered by lipofection!®7, we sought to answer two questions: 1)
what is the nature of RNA NS intrinsic immunogenicity and 2) can we enhance/control
RNA NS immunogenicity by formulating them with PBAE. In our initial study, we
found that RNA NS delivered to primary mouse DCs at 50nM exhibited modest levels
of increases to DC maturation markers (Figure 4.1). In subsequent experiments with
RAW264.7 cells and primary DCs, we used smaller, fixed-mass doses (13-31nM,
depending on RNA NS structure), so that we could assemble similar, non-toxic

particles with PBAE (Figure 4.2).

Even at these lower soluble doses, we saw that soluble delivery of the nanoring and the
nanocube exhibited increased activity in RAW264.7 cells (Figure 4.3 C,D), whereas
the same structures with arms did not appear to induce additional maturation in soluble
form. Moreover, all RNA NS were able to stimulate RAW264.7 cells when complexed
with PBAE, but no treatment exceeded soluble PBAE potency, which can likely be
accounted for through PBAE’s intrinsic immunogenicity in RAW264.7 cells explored

in greater detail in Chapter 3 above.
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In contrast, PBAE alone did not induce primary C57BI/6J DC maturation, as expected
from our lab’s prior studies in this modell™*5. In all RNA-containing treatments
increased CD80 expression in primary DC culture when compared to negative controls
without RNA (Figure 4.4 C). In this model, the nanoring performed better than other
RNA NS, exceeding NC1 DsiRNA controls’ potential in both soluble and complexed
form to increase CD80 expression. Additionally, the nanoring and cube, when
complexed, were the only RNA NS to affect CD40 expression, causing modest
increases (Figure 4.4 B). Taken together, observations in both models suggest that
certain RNA NS — the nanoring without arms in particular — exhibit intrinsic immune
effects that may be enhanced by PBAE complexation. Future studies, some of which
are highlighted below, could provide greater support for RNA NS intrinsic

immunogenicity in mouse APCs.

4.4.2 Assessing  synthesis and stability limitations with additional
physiochemical characterization

Building on the measurements above, we can complete the physiochemical analyses to
understand any benefits of PBAE-complexed RNA NS. A nucleic acid intercalator (e.g.
SYBR) exclusion assay can be used to measure the affinity between the RNA NS and
PBAEs as a function of N/P ratio. Size and zeta potential measurements before and
after incubation with physiologic media/buffer and enzymes (e.g. RNAse) over time
could provide insight into the stability and protective capacity of the complexes, which
may correlate with their ability to act successfully as adjuvants. Following similar

incubations, we can assess complex ability to protect the RNA NS from degradation
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using gel migration assays. Electron microscopy at select PBAE:RNA NS ratios could
also be used to validate DLS size measurements and reveal the nature of the PBAE-
RNA NS complex morphology. This insight could improve our understanding of future

size/shape-dependent uptake in the studies in APCs described below.

4.4.3 Understanding mechanism of immune interaction and specificity by cell

type and pathway

Although our studies in these two APC models revealed some activation, it is unclear
whether the mechanisms involved are as potent in mouse cells as those previously
reported in human samples >, Further mechanistic studies could reveal whether we
see similar cytokine secretion, and could be used to verify whether there are any mouse
strain or human/mouse species differences 38 For example, APCs (DCs and/or
macrophages) could be isolated from the spleens of C57BL/6J and BALB/c mice and
be incubated with labeled PBAE-RNA NS complexes or soluble controls to measure
adjuvant uptake/association and cell viability (with DAPI) by confocal microscopy and
flow cytometry. Because most nucleic TLRa act in the endosome, uptake of these NS
might be correlated with potency®3. Similar studies could compare the ability of each
structure to activate DCs in free and PBAE-complexed forms by quantifying expression
of CD40, CD80, CD86, and MHC-II by flow cytometry and production of
inflammatory cytokines including IL-1, IFN-y, IL-8, TNFa, and MIP-1a by ELISA.
These results could be used to infer whether the RNA NS act in mouse cells similarly
to the previous reports, which relied solely on cytokine measurements as an indicator
of immunogenicity.
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In a second type of study, model peptide antigen (SIINFEKL) could be added to each
well of C57BL/6J cells to test if RNA NS drive increased antigen presentation,
measured using an antibody that binds the SIINFEKL epitope when presented in the
MHC-I complex — a pathway important in cytotoxic T cell responses. Further, we could
determine if each adjuvant formulation expands tumor-specific T cells by treating DCs
with each structure for 24 hours, along with a well-studied melanoma peptide antigen
(gp100 or TRP2) and initiating a co-culture with splenic CD8" T cells from Pmel-1 or
TRP-2 mice, respectively for 72 hrs. T cell receptors on CD8" T cells from the Pmel-1
and TRP-2 strains recognize gp100 and TRP2 presented in MHC-I1 by activated DCs
causing proliferation®®1%4  Moreover, the most effective treatments identified by

these experiments could then be used in similar mouse cancer models.

For example, initial in vivo studies might involve immunizing mice subcutaneously at
the tail base on day 0 with a booster immunization on day 14 using a vaccine
formulation containing both complexed RNA NS and one of the tumor antigens
mentioned above. Weekly collection of peripheral blood could be screened using a
MHC tetramer flow cytometry assay to identify antigen-specific CD8" T cell expansion
against the model antigen. Treatments that work best to stimulate antigen-specific
responses and other advantageous phenotypes (e.g. Twl7, Tul) would then be used as
treatments against tumor models such as EG7 thymoma. Treatments in this model could
also examine whether vaccination containing RNA NS without exogenous antigen (i.e.
not delivering EG7’°s dominant antigen (OVA)) might successfully activate immunity

against tumor antigens that drain to lymph nodes [105-1071,
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A third type of study could use flow cytometry with donated human samples to assess
maturation markers on human APCs and cytokine production by intracellular cytokine

staining or ELISAs on cell supernatants.

4.4.4 Modulating  functional  immunogenicity or  bioactivity — within
nanostructures by design

As mentioned in the introduction, the design of the RNA NS investigated in these
studies was not carried out specifically to induce or avoid immunogenicity. Currently,
the nanoring and nanocube are used as scaffolds for eGFP targeted siRNAs in the RNA
NS with arms; however, in some cases, eGFP siRNAs may exhibit off-target effects
due to sequence homology with other parts of the transcriptome®l. Consequently,
future work to isolate effects of these moieties and explore only the relationship of
RNA NS size/shape dependence could be carried out by replacing the arms with an
alternative structure such as the NC1 DsiRNA. Further, these NS could be designed to
be functionalized specifically with known densities of TLRa structures like CoG ODN
and polylC, or with their antagonists (e.g. GpG ODN, which downregulates TLR9
activity despite similarities to CpG structure %), In this manner, one could
specifically investigate potency of these structures and modulate the density of the
signals displayed through combinations or different numbers of these signals in place

of the arms on the RNA NS scaffolds.
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