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In autoimmune diseases, which affect more than 23 million Americans, the immune
system mistakenly attacks healthy tissue. This occurs when the process that normally
controls self-reactive inflammatory cells (i.e. tolerance) fails. In multiple sclerosis
(MS), the myelin sheath, which insulates nerves, is recognized as a foreign antigen.
Demyelination by immune cells results in serious symptoms of neurodegeneration.
Current treatments for MS are not curative, but rather manage symptoms by broadly
suppressing the immune system, leaving patients unable to fight infection. New
therapies that are more specific and effective could greatly improve the quality of life
for patients. Biomaterials offer specific advantages for generating antigen-specific
tolerance, such as cargo protection, targeted delivery, and controlled release of signals.
Additionally, recent reports demonstrate that materials themselves can be intrinsically

immunogenic. Two promising biomaterials-based strategies for combating

autoimmunity involve: 1) delivery of self-antigen with a regulatory molecule or 2)



delivery of self-antigen alone. Aim 1 of this dissertation focuses on the first strategy,
creating a novel delivery system for myelin peptide and GpG, an immunomodulatory
oligonucleotide. This approach involves electrostatic self-assembly of the two immune
signals, eliminating the need for a carrier that could exacerbate inflammation, while
still offering attractive features of biomaterials, such as co-delivery. The goal is for
immune cells to encounter both signals simultaneously, biasing the response towards
tolerance. This work represents the first studies using self-assembled materials to target
toll-like receptor signaling, recently shown to be implicated in many autoimmune
diseases. Aim 2 of this dissertation is based on the second strategy above, which relies
on evidence that changing the trafficking and processing of a self-antigen can impact
the development of inflammation or tolerance. Quantum dots, NPs that are intrinsically
fluorescent and rapidly drain to lymph nodes, can be decorated with a large and
controllable number of myelin peptides. These key features of QDs were exploited to
reveal that parameters of self-antigen display (i.e. dose, density) impact biodistribution
and immune cell uptake, and are directly correlated to the level of tolerance induced.
Together, the described nanotechnologies offer opportunities to probe important

questions towards the design of antigen-specific therapies.
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Chapter 1: Introduction

During autoimmune diseases like type 1 diabetes (T1D) or multiple sclerosis (MS), the
immune system mistakenly recognizes and attacks healthy tissues in the body. In MS,
myelin, which surrounds and protects the axons of neurons, is attacked by
inflammatory cells leading to neurodegeneration. The current standard of care for MS
patients is regular injection (i.e., daily or weekly) of immunosuppressive drugs. A
major issue with these treatment strategies is that they suppress immune function,
leaving patients immunocompromised and open to opportunistic infection. These
treatments are also not curative, meaning that disease often still progresses. Researchers
are currently aiming to address these limitations by creating vaccine-like therapies that
reprogram the response to myelin but leave a functioning immune system intact to fight

infection.

Many new investigations are focused on creating immunotherapies that promote
myelin-specific tolerance. Two distinct strategies have emerged in this field. One
involves the delivery of self-antigen along with a regulatory signal aimed to polarize
the response away from inflammation and towards tolerance. The second strategy is to
alter the form in which self-antigen is delivered as recent reports also reveal that the
development of inflammation or tolerance against certain molecules is influenced by
the concentration and form of self-antigen presented to immune cells. Biomaterials
provide unique properties for immune signal delivery including tunable cargo loading,

targeted delivery, and controlled release. Additionally, biomaterials themselves can be



intrinsically immunogenic, promoting the induction of an inflammatory or tolerogenic
response. Materials-based strategies are among the most promising in the
immunotherapy field, yet the immunogenicity of even the most commonly used
biomaterials has yet to be fully characterized. This creates an opportunity to determine
specific design rules for inducing tolerance or inflammation by materials-based

delivery of immune signals.

Recognizing this need, my dissertation work combined techniques from the fields of
materials science, engineering, and immunology to design biomaterials-based
strategies to study autoimmune disease. Engineering techniques were used to design
and synthesize two novel nanotechnologies: self-assembling immune complexes and
self-assembling peptide-coated nanoparticles (NPs). Characterization of the
technologies was carried out using materials science tools such as dynamic light
scattering (DLS), zeta potential measurement, and spectrophotometry. These were
paired with biological and immunological techniques including cell culture, flow
cytometry, enzyme-linked immunosorbent assay (ELISA), immunofluorescent
staining, and important animal models of disease. The combination of tools were used
to complete two aims:

1) Design of carrier-free complexes composed entirely of immune signals to

reprogram the immune system for autoimmune disease treatment.

2) Exploit quantum dots (QDs) as well-defined a NP tool to understand

parameters for materials-based tolerance induction in autoimmunity.



The objectives outlined above explore novel therapeutic strategies for combatting
autoimmune disease. Polyplexes are typically formed by condensing a nucleic acid
with a polymer and are often used in vaccination and gene therapy. The first aim
describes the synthesis of “polyplex-like” structures by instead condensing a nucleic
acid with a cationic peptide. This platform does not require a polymer carrier and allows
the isolation of the effects of immune signals. The QDs, by comparison, allow tunable
conjugation of biomolecules, enabling new knowledge about threshold densities and
doses of self-antigen to drive tolerance. Additionally, both described platforms are
modular and therefore can be applied to a number of disease models. New insight
gained from this work could inform the rational design of materials-based

immunotherapies.

The work completed in the above aims addresses the broad goal of bringing
fundamental insight and materials design rules to the area of autoimmune disease
treatment. Chapter 2 provides a detailed overview of the immune system and discusses
key classes of biomaterials that have been used in immunological applications,
including materials that are intrinsically immunogenic. Chapter 3 described inorganic
nanomaterials (NMs) in this context. The materials may be have inflammatory or
regulatory properties and can be applied to vaccination against infectious disease or to
immunotherapies aimed at treatment of cancer or autoimmunity. Chapter 4 describes
a strategy that has the advantages of biomaterials, but eliminates the potentially
inflammatory material. The “carrier-free” polyplexes are formed by condensing an

immunomodulatory DNA sequence with a self-antigen peptide. The tolerizing effect



of these complexes was studied in vitro and in an animal model of progressive MS.
Chapter 5 investigates a particular example of an inorganic material delivering an
immune signal, in which QDs are decorated with self-antigen as a strategy to combat
autoimmunity. This nanotechnology is tested in a mouse model of MS, and is used to
probe the effects of self-antigen dose and peptide ligand density on tolerance. In
Chapter 6, the QDs are used as a tool to determine design rules for induction of
tolerance by biomaterials-based strategies. The unique features of the particles are
exploited to elucidate how the number and density of self-antigen impacts development
of tolerance, and the underlying trafficking and processing of self-antigen, changes in
APC function, LN remodeling, and T cell polarization. Chapter 7 provides an outlook
on the work discussed in the preceding chapters and details ongoing and future studies.
The in vitro mechanism of immune polyplexes described in Aim 1 will be investigated
and the QDs described in Aim 2 will be used to define particle parameters for inducing
tolerance Chapter 8 discusses scientific contributions of this work, including the
design of two novel nanotechnologies for combatting autoimmunity, and my
contributions to the field such as dissemination of knowledge in peer-reviewed journals
and serving communities underrepresented in science. Finally, there is an appendix

listing my publications and intellectual property filings and a library of references.



Chapter 2: Biomaterials-based strategies to promote immunological
tolerance

2.1 Immunological processes and the development of autoimmune disease

2.1.1 Antigen recognition initiates the adaptive immune response

Innate immunity provides the first line of defense to foreign pathogens through physical
and chemical barriers such as the epithelia, phagocytic and natural killer cells, blood
proteins, and cytokines.[1] Adaptive immunity develops in the days to weeks following
infection and has extreme specificity for distinct molecules, called antigens, and the
capacity to create a memory response. These antigen-specific responses are generated
in highly organized secondary lymphoid organs (SLOs) such as the spleen and lymph
nodes (LNs).[2, 3] Antigens must reach SLOs either by passive drainage through
lymphatic vessels or through phagocytosis by antigen-presenting cells (APCs) such as
a dendritic cells (DCs) that carry antigens to SLOs.[4-6] APCs process and present
antigen to naive T and B cells in LNs, leading to the generation of cell-mediated and
antibody-mediated immunity, respectively. These responses can create CD8" cytotoxic
T cells (CTLs) that destroy infected host cells or antibodies that are secreted by B cells
and bind to and neutralize antigens.[7, 8] Antibody-mediated immunity requires
interaction with CD4" helper T cells (Tw) including Tnl, Tn2, and TH17 cells. The
activation of both CD4" and CD8" T cells requires recognition of antigen presented in
major histocompatibility complexes (MHCs) and binding of costimulatory factors such

as CD40, CD80, and CD86 (Figure 2.1).[7]
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and expand T cels g? b _
A _—7 r o ),
/ .

¥ <A

Naive antigen
Dendritic cell specific T cell Cytotoxic T cells destroy infected
host cells (intraceliular pathogens)
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Figure 2.1: The immune response begins by antigen recognition. DCs engulf and process
antigen before presenting it along with costimulatory factors to naive T cells. T cells then
polarize towards CTLs that can directly kill infected cells or Ty cells that assist in the
production of antibodies by B cells.

2.1.2 Tolerance prevents inflammatory responses to self-antigens

Immune cells regularly develop with receptors specific for self-antigens (e.g. host
proteins) rather than foreign antigens, but a normal functioning immune system
controls these autoreactive cells with two processes known as tolerance.[9] Central
tolerance occurs as lymphocytes mature in generative lymphoid organs, such as bone
marrow or the thymus, and can lead to apoptosis, changing of self-antigen receptors, or
differentiation into regulatory T cells (Trecs). Trecs Can migrate to the periphery and
inhibit activation and effector functions of inflammatory T cells upon recognition of
self-antigen. Not every self-antigen that a cell may encounter is expressed in the
thymus, meaning that central tolerance alone is insufficient. Peripheral tolerance
maintains unresponsiveness to self in peripheral tissues by ensuring that mature
lymphocytes become incapable of responding to antigen (anergy), die by apoptosis
(deletion), or are suppressed by Trecs. When tolerance fails and an inflammatory

response is mounted against self-antigens, autoimmune disease develops. There are
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more than 80 such diseases, including rheumatoid arthritis (RA), allergies, and MS,

affecting more than 23 million people in the United States.[10]

2.1.3 Myelin antigens are recognized and attacked in multiple sclerosis

MS is an autoimmune disease affecting more than 2 million people worldwide in which
myelin, which insulates and protects the axons of neurons in the central nervous system
(CNS), is recognized as a foreign antigen.[11, 12] Myelin membranes feature a protein-
lipid-protein-lipid-protein structure and are part of Schwann cells in the peripheral
nervous system, and oligodendroglial cells in the CNS. Oligodendrocytes produce
myelin which spreads as a sheet around axons and provides nutritional support and
accelerates neural conduction.[13, 14] Myelin protein-derived antigens are thought to
be the targets of auto-reactive cells in MS.[15] For example, CD4" T cells have been
found to recognize myelin basic protein (MBP), proteolipid protein (PLP), and myelin
oligodendrocyte glycoprotein (MOG) (Figure 2.2).[16] Beyond just CD4" T cells, the
attack on myelin is carried out more broadly and also involves innate immune cells,
myelin-reactive CD8" T cells, and even myelin-specific antibodies secreted by B
cells.[17, 18] These cells first develop in LNs where signals are presented, and then
migrate to the CNS where they demyelinate neurons and secrete inflammatory
cytokines that recruit more immune cells to the site.[]17, 19-21] Inflammatory
lymphocytes cross the blood brain barrier (BBB) through interactions with adhesion
molecules, chemokines, and matrix metalloproteinases. At disease onset, monocyte-
derived macrophages initiate and mediate demyelination by the production of toxic

factors such as nitric oxide.[15]
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Figure 2.2: Myelin antigens are the targets of auto-reactive cells in MS. Oligodendrocytes
produce myelin which surround and protects the axons of neurons. Myelin contains multiple
potential self-antigens such as MOG, MBP, and PLP. Reprinted with permission from [16].

A hallmark of MS is the presence of areas of focal demyelination throughout the CNS
known as plaques or lesions that vary in early and late stages of disease.[22] The
neurodegeneration characteristic of MS leads to serious symptoms such as loss of
motor skills, vision problems, and seizures. The four clinical types of MS are relapsing-
remitting (RR), primary progressive (PP), secondary progressive (SP), and progressive
relapsing (PR).[17] RRMS is the most common and while it has many clinically
approved treatments, none of these treatments are curative. Existing therapies involve
regular injection of immunosuppressive drugs or molecules that are non-specific and
therefore can leave patients severely immunocompromised.[23] For example, one form
of treatment involves subcutaneous (s.c.) injection of the cytokine interferon beta,
which blocks the number of inflammatory cells that cross the BBB but can lead to an

overall reduction in immune cells capable of fighting infection. Monoclonal antibody
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therapy is an improvement over small molecule drugs, but still targets both healthy and
dyfunctional cells. Additionally, the described treatments only manage symptoms and
are not curative. Thus, current treatments are limited by i) off-target effects that
immunocompromise patients, ii) lack of efficacy in progressive MS, and iii) life-long
dosing. These hurdles have driven great interest in vaccine-like therapies that promote

myelin-specific tolerance.

2.2 Biomaterials offer advantageous features for immunological applications

2.2.1 Biomaterials have become ubiquitous in the field of medical research

Biomaterials are being investigated to improve the delivery and efficacy of immune
signals, drugs, and other molecules. The term “biomaterial” refers to vast library of
materials including polymers, engineered cells, inorganic materials such as carbon
nanotubes (CNTs) or QDs, and self-assembled structures.[24] These materials can be
used to synthesize particles that deliver cargo[25], be formulated to build hydrogels or
scaffolds[26], or to build devices and biosensors[27]. One commonly referenced
advantage of biomaterials is encapsulation of multiple cargos (e.g., small molecule
drugs) in a particle, ensuring that the cells or tissues of interest receive all intended
signals. The biodegradation of these particles can be tuned to release cargo on different
time scales including a classing burst release or a sustained release profile, depending
on the desired application.[28] polymeric particle. Release of cargo at a desired area
can be improved by adding targeting moieties onto the particle surface. The
combination of these features is useful for protecting cargo from degradation and for

reducing systemic effects.



The above advantages, as well as the ability of biomaterials to promote trafficking to
SLOs, and the capacity of APCs to engulf particulates, are specifically attractive for
the delivery of immune signals [29] An area of increasing research focus in recent years
has been the use of delivery vehicles to engineer a response towards immunity or
tolerance.[7, 30] For example, some researchers design materials that enhance antigen
uptake by APCs through targeting the DC endocytic receptor DEC205 with
antibodies[31] or by the use of particles that degrade to form a gradient of DC
chemoattractants.[32] Biomaterials can also target therapies intracellularly exploiting
the pH change[33, 34] and reduction-oxidation state[35, 36] in lysosomal
compartments. Size of particles encapsulating immune signals can also be tuned to
promote trafficking to LNs either by passive drainage[4] or phagocytosis by APCs.[6,

37]

2.2.2 Biomaterials can be intrinsically immunogenic

While biomaterials offer many attractive features for immunotherapy delivery, several
recent reports have shown that biomaterials themselves can properties that can promote
inflammation or tolerance.[7, 28, 38-41] Widely used biomaterials including
poly(lactic-co-glycolic acid) PLGA and polystyrene have been shown to activate a
general inflammation pathway known as the inflammasome through induction of IL-
1B secretion.[38, 39] The intrinsic immunogenicity of many common biomaterials has
been linked to their physicochemical properties such as molecular weight, particle size

and shape, surface chemistry, and hydrophobicity.[40, 41] For example, it was recently
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reported that a class of polymers frequently used in vaccination induce DC activation
in vitro and in vivo.[28] When in particle form, poly(beta-amino esters) induced
inflammation without the addition of antigen or an immunostimulator used to enhance
vaccination response (adjuvant) (Figure 2.3A). Interestingly, the level of activation
was dependent on the extent of particle degradation. These studies reveal that carriers
commonly used for delivery of immune signals can elicit inflammation, which may be
desirable when designing vaccines. Intrinsically immunogenicity of materials can be
detrimental, however, when developing therapies for autoimmune disease, as the
inflammation resulting from a delivery vehicle could exacerbate disease. Other studies
have demonstrated that certain materials can have a tolerizing effect rather than an
inflammatory one.[42, 43] For example, a recent report demonstrated that graphene
QDs can promote the secretion of regulatory cytokines and suppress inflammatory
cytokines in human immune cells.[44] Peripheral blood mononuclear cells (PBMCs)
were stimulated with phytohemagglutinin and incubated with graphene QDs, which led
to a dose-dependent decrease in IL-6 and increase in IL-10, compared to the stimulated
controls (Figure 2.3B). Until the effects of biomaterials on the promotion of
inflammation or tolerance are fully characterized, platforms that are “carrier-free” but
still offer features of biomaterials such as codelivery and cargo protection, may be of

interest.
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Figure 2.3: Biomaterials exhibit properties that can promote inflammation or tolerance
without additional signals. A) PBAEs activate DCs in a manner that is dependent on
molecular weight. B) Graphene QDs reduce inflammatory IL-6 secretion in stimulated PBMCs
but enhance secretion of regulatory I1L-10. Reprinted with permission from [28] and [44].

2.2.3 Two promising materials-based strategies to combat autoimmunity

As introduced above, existing therapies for MS are non-specific and therefore cause
broad suppression. This can leave patients immunocompromised and increasingly
susceptible to opportunistic infection.[45] Therefore, treatments that can inhibit the
inflammatory response to myelin without non-specific suppression are of great interest.
Biomaterials-based strategies for the delivery of immune signals have been heavily
researched for this application and two general platforms have emerged. One approach
involves the co-delivery of a self-antigen that is attacked in a particular autoimmune
disease alone with a regulatory or suppressive immune cue.[25, 46-48] In autoimmune
disease, the T cell population is skewed towards inflammatory effector T cells (Tw1,
Thl7). Treatments that polarize self-antigen specific T cells towards regulatory
populations could control disease.[9] For example, one recent report describes PLGA
NPs that coadminister the model antigen ovalbumin (OVA) and rapamycin, an inhibitor

of the mTOR pathway, that promotes a tolerogenic DC phenotype capable of polarizing
12



Trecs. The particles were capable of inducing antigen-specific tolerance in models of
allergy and adoptive transfer (Figure 2.4A).[47] This strategy has also been applied to
a mouse model of MS, EAE, with PLGA particles encapsulating MOG and
rapamycin.[25] Another group synthesized particles through layer-by-layer deposition
of MOG and GpG, an antagonist to an inflammatory pathway implicated in MS,
creating a carrier-free codelivery system.[49] This system resulted in the development

of antigen-specific Trecs and eliminated disease in a mouse model of MS.
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Figure 2.4: A promising strategy to induce tolerance involves delivery of self-antigen and
aregulatory signal. A) PLGA NPs delivering OVA and rapamycin induced Tregs. B) Capsules
composed entirely of MOG and GpG induced tolerance in EAE. Reprinted with permission
from [47] and [49].

The second strategy towards developing antigen-specific tolerance focuses on
changing how self-antigens are encountered in SLOs (i.e., by particle delivery), without
the addition of a regulatory signal.[50-52] Display of self-antigen on particulate
materials can promote trafficking to microdomains within LNs that are associated with
tolerance. In one example, polystyrene beads (PSB) that had been coated with MOG
and drained to LNs and colocalized with MARCO, a receptor found on macrophages
(Figure 2.5A).[53] These cells are involved in the clearing of apoptotic cell debris, but

do not initiate an inflammatory immune response to the debris, indicating a tolerogenic

13



capacity. It is thought that antigen derived from apoptotic debris drive tolerance
through T cell anergy or depletion. One report described a self-antigen from a T1D
model bound to the surface of red blood cells (RBCs), a cell type known to be quickly
recycled.[54] This platform protected mice from diabetes onset in an aggressive model

that results in severe disease in a matter of days (Figure 2.5B).
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Figure 2.5: Delivery of self-antigen in particulate form, without a regulatory signal, can
induce tolerance. A) PSBs coated with MOG localize in tolerogenic MARCO domains of
LNs. B) A T1D self-peptide bound to RBCs protects mice from the development of disease.
Adapted with permission from [53] and [54].

This chapter briefly discussed intrinsic immunogenicity of biomaterials. Current
research is focused on harnessing the immunostimulatory or immunomodulatory
properties of these materials. Chapter 3 describes the application of inorganic
materials (i.e. gold nanoparticles (AuNPs), QDs, CNTs) to immunotherapy with
specific focus on to infectious disease, cancer, and autoimmunity. This sets up
Chapters 5 and 6, which detail Aim 2: self-antigen coated QDs as a strategy to induce

tolerance and establish design parameters for particle-based immunotherapies.
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Chapter 3: Developing inorganic nanomaterials for immunological
applications?

3.1 Introduction

Materials-based approaches to tune immunity have received increasing interest in
recent years due to advantages such as co-delivery of immune signals, cargo protection,
and specific targeting capabilities.[55-57] Notably, many materials themselves exhibit
immunomodulatory properties, leading to direct stimulation or regulation of immune
pathways.[28, 38, 39, 58-60] One realization from this discovery is that material
properties are critically important in determining the effectiveness of candidate
vaccines or immunotherapies because these carriers impact the response to the active
immune components. From another perspective, these same studies highlight the
potential impact of gaining greater control over the interactions of vaccines and
immunotherapies with target immune cells and tissues. Inorganic materials differ from
materials (e.g., polymers, lipids) that have been widely reviewed in the immune
engineering field [7, 61-64] because they are derived almost entirely from non-natural
materials. This characteristic creates unique structural, optical, electric, and magnetic
properties that can be exploited for immunological applications through targeting of
multiple immune signals, enhanced stability, and delivery otherwise insoluble cargo.
Here we discuss this topic across four areas, including i) the immunomodulatory

properties of inorganic materials, and the application of this material class to ii)

!Adapted from KL Hess, IL Medintz, CM Jewell; “Developing inorganic nanomaterials for
immunological applications” (invited review in preparation)
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infectious disease, iii) cancer immunotherapy, and iv) autoimmune disease. While a
vast library of inorganic NMs is currently developing, we illustrate key themes using
categories such as AuNPs, QDs, CNTs, and silicon or iron oxide nanoparticulates. We

first provide some key immunological background and material considerations.

3.1.1 The immune cascade is triggered by antigen recognition

The immune system functions across interconnected types of responses: innate and
adaptive. The innate immune system is the body’s first line of defense and includes
cells such as macrophages that engulf pathogens and natural killer cells that induce cell
death (“apoptosis”) in infected host cells. This arm of the immune response relies on
the ability of pattern recognition receptors to respond to molecular patterns associated
with viruses and bacteria, or other types of danger (e.g., heat, toxins). In the adaptive
immune system, pathogens travel to the LNs either by passive drainage through
lymphatic vessels or are phagocytosed by APCs and actively trafficked to the node.
APCs such as DCs then process and present the antigen in MHCs, along with
costimulatory molecules, to T cells with specific receptors. T cells can then become
CTLs with antigen-specific direct killing cell capabilities or Tw cells that can be further
characterized based on the types of inflammatory signaling molecules, or cytokines,

they produce.

The processes just outlined are not carried out unchecked, but instead, are part of a

constant balance between immune activation (e.g., against a pathogen) and immune

16



regulation that conserves resources and protects self-tissue from inadvertent attack by
the immune system. These latter processes — termed immune tolerance — are
particularly important, as some T and B cells naturally develop receptors with reactivity
with for molecules found in the body. Inflammation and other detrimental outcomes
are avoided through functional tolerance by receptor editing, deletion of these self-
reactive cells, or suppression by Trees. During autoimmune diseases such as MS and

T1D, aspects of tolerance fail, leading to inflammation and attack of host tissue.

3.1.2 Vaccination and immunotherapy have revolutionized disease treatment and

prevention

Over the past century, prophylactic vaccination has become a standard practice,
resulting in the eradication of diseases such as polio and small pox. This strategy relies
on the host immune system’s ability to respond to antigen exposure and create
“memory.” Most existing vaccines drive B cells to produce antibodies that can, even
years later, protect against subsequent antigen exposure. A typical vaccine consists of
an antigen and an immunostimulatory molecule, termed an adjuvant. The mechanism
of the most commonly used adjuvants, aluminum salts, is still not understood. For this
reason, a strategy being heavily investigated for vaccination is to include agonists that
stimulate specific immune warning pathways, promoting a more predictable molecular
response. One such pathway involves TLRs, which recognize mainly bacterial and viral

products and can induce a high level of inflammation in response. Agonists of these
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receptors have been investigated in hundreds of clinical trials for conditions ranging

from cancer to allergies.[65]

The immune engineering field is rapidly developing, with exciting ideas emerging to
improve prophylactic vaccines against infectious agents, as well as new therapeutic
vaccines or immunotherapies targeting cancer and autoimmunity. For example, the
tumor microenvironment fosters growth and metastasis in part due to
immunosuppression, which deactivates immune cells seeking to destroy the tumor.
These and other challenges have driven interest in strategies to generate potent, tumor-
specific T cells that can overcome this immunosuppressive environment.[24] As
alluded to above, immunotherapy also has potential to turn off or correct defects during
autoimmune disease, where the immune system recognizes and attacks healthy cells.
These are both examples of therapeutic vaccines.[62] Materials, including natural and
inorganic, are increasingly investigated in the field of immunotherapy as delivery
vehicles for immune signals, for their intrinsic immunogenicity, or even as imaging

agents.

3.2 Considerations for designing inorganic materials

There is no universally accepted definition for what constitutes a NM, but one of the
more accepted definitions is a material derived by an engineered process that has at
least one of its dimensions at a scale of <100 nm. [66, 67] This engineered derivation

is meant to define the material as man-made and not naturally occurring, while use of
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the word “material” distinguishes NM from synthetic chemicals. NMs come in two
generalized categories, hard NMs and soft NMs. Hard NMs are typically synthesized
from metals or semiconductors while, soft NMs include polymers, dendrimers,
liposomes, and biological derivatives such as DNA origami and recombinantly-
modified viral protein scaffolds.[66, 67] The number of available NMs continues to
grow with each passing year and now include subclasses such as NPs, nanorods,

nanotubes, nanocapsules, nanosheets, and others.

There are many considerations to account for in designing NMs for a given biological
application — with many yet to be discovered, but several of are particular relevance to
immunology, including physicochemical properties, how NMs are modified for a given
purpose or made biocompatible, and the available characterization tools for a specific

application. Key considerations across these areas are described below.

3.2.1 Physicochemical Properties

In addition to unique quantum confined properties, NMs differ from molecules like
drugs or proteins in significant ways, even though these classes may be in the same size
range. The molecules that make up a drug or a monoclonal antibody formulation are
often all considered identical, particularly for approved therapeutics. This is not true
for a NM formulation which is an ensemble containing many distinct, but closely
related, species. Using AuNPs as an example, a given sample is typically polydisperse

with a distribution of sizes exhibiting a Gaussian profile centered on the average
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diameter. This means the number of atoms constituting such NPs are also variable.
Given the nanoscale size, NMs have incredibly high surface-to-volume ratios, but the
surfaces are not uniform and may display vertices, defects, lattices, and edges amongst
other facets. Many NPs, such as semiconductor QDs, have multilayer structures with a
core and shell, or multiple layers of shells. The coatings used to make NMs
biocompatible and any biological moiety attached at the surface can be considered
further layers in this structure. The net charge of a NM is dictated by the groups present
and displayed around its surface at the bulk solution interface. Moreover, in solution,
NPs commonly exhibit a Debye-Huickel charge counter layer surrounding the particle,
making prediction of the charge character complicated.[68] Lastly, NMs can diffuse in
solution, albeit at a slower rate than a similarly-sized biomolecule, and display complex
hydrodynamic diameters that are hard to predict given they consist of a hard, insoluble

material surrounded by dissolved components.

3.2.2 Colloidal Stabilization

Aside from certain small metallic oxides, most hard NP materials have no intrinsic
solubility of their own, thus requiring surface modification with what are termed
“surface ligands” to enable dissolution or stabilization. Some NPs such as AuNPs are
synthesized directly in buffer using nucleating/stabilizing surface ligands that provide
colloidal stability through either intrinsic charge (e.g., cetyltrimethylammonium
bromide - CTAB) or the presence of appended poly(ethylene glycol) (PEG) groups.[69,

70] Other NPs, such as QDs, are frequently synthesized at high temperature in organic

20



phase and require either encapsulation or a complete surface “cap” exchange for phase
transfer to aqueous.[71] Large molecular weight amphiphilic polymers provide a set of
hydrophobic groups that interdigitate with the organic molecules already present on the
NP’s surface while their hydrophilic surfaces mediate colloidal stability. This approach
tends to add significantly to the NP’s hydrodynamic diameter but helps maintain good
guantum yield by protecting the core/shell structure from water and charge interactions.
Smaller, more discrete modular ligands are used for cap-exchange. In these cases, a
terminal thiol, for example, provides direct surface coordination, while charged,
zwitterionic, or PEG groups mediate colloidal stability. If the charged groups are
exclusively amines or carboxyls, this composition will limit stability to a pH regime
dictated by that group’s pKa. These groups are also often used for further
bioconjugation. Monothiolated ligands suffer a strong dynamic off rate which can be
ameliorated using multidentate thiol groups.[66, 71] The choice of which NP surface
chemistry to utilize is primarily application driven since each approach is defined by
both benefits and liabilities that must be carefully balanced. Carbon allotropes such as
CNTs and graphene have similar requirements although colloidal stability is usually
provided by direct chemical or plasma modification of the surface to display hydroxyl

and carboxyl groups.[72]

3.2.3 Bioconjugation

For most biological applications, NPs are further modified with some type of

biomolecule; these span proteins, peptides, nucleic acids, carbohydrates, drugs, and
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lipids.[66] The biomolecules are meant to provide wide-reaching features, such as
cell/tissue targeting, improved cellular uptake, or antigen presentation. These
capabilities are accomplished through either heterogeneous or homogeneous
bioconjugation chemistry, with the latter being the most desirable. In-depth discussion
can be found in other reviews.[66, 73, 74] Heterogeneous chemistry such as a
carbodiimide (EDC) linkage targets the ubiquitous groups on proteins such as amines
or carboxyls, for example, and will result in a NP-bioconjugate where the proteins have
different orientations, mixed avidity, and different ratios per NP. Homogeneous
chemistry provides far more control over pertinent variables such as ratio of
biomolecule per NP, their relative orientation, the attachment strength, and linkage or
separation distance, and reproducibility.[75] These characteristics can all be critical for
immunological applications, where the combination and density of antigens or
stimulatory cues determine the nature of immune response. Bioorthogonal chemistries
are undergoing concerted development to accomplish the latter with minimal
perturbation to either the biomolecule or the NP through the use of non-natural
chemical functional groups such as azides and alkynes.[76] Attaching a single
biomolecule or similarly low densities to a NP may result in conjugates actually
displaying a Poisson distribution centered around the average value. In contrast,

attempting to add very large numbers may perturb the NP’s colloidal stability.

3.2.4 Nanoparticle Interfacial Phenomena

NP physicochemical properties rarely conform exactly to predictions from models or

simulations.[68] In seminal work, Zobel and colleagues confirmed that NPs structure
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their surrounding environment regardless of whether the environment is organic or
aqueous, and that this structure can extend to almost twice the NPs diameter.[77] Such
structuring is believed to give cause and strongly influence complex phenomena at the
NP-bulk interface including pH, pKa, and ionic gradients, charge layers, changes in
localized density, and creation of boundary zones. Understanding these phenomena
may help clarify some of the unexplained interactions between NPs and their
bioconjugates. Prominent amongst these are the observation that activity of an enzyme
can be enhanced when attached to a NP. Examples includes enzymes acting on NPs
displaying a substrate or NPs displaying the enzymes themselves. Preliminary
mechanistic studies suggest these enhancements result from high, localized avidity for
enzyme acting on NP-substrate along with alleviation of rate-limiting steps for NPs
displaying enzymes: the latter presumably arises from the many changes that occur in

the structured environment.[78, 79]

Corona formation is another critically important phenomena that arises once a NP-
bioconjugate is transferred to a biological environment or is introduced in vivo. This
process is characterized by the rapid binding of proteins and other biomolecules to the
NP surface with a continuous dynamic process whereby lower concentration species
with higher affinity replace higher concentration species with lower affinity.[80, 81]
The corona is influenced by the type and character of the NP materials themselves and
will obscure molecules on the NP surface, thus directly affecting in vivo function, along

with altering distribution, excretion, long-term fate, and toxicity profiles. Our poor
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understanding of the protein corona phenomenon and how it alters downstream

immunological effects severely limits NP translation attempts.

3.2.5 Characterization

To allow for proper control over experimental formats and subsequent data analysis, it
would be ideal to have a full physicochemical characterization of a NP-bioconjugate
including NP polydispersity (PDI), size, hydrodynamic diameter, stability, average
number of biomolecules attached, their orientation, and their effective binding
constants. The primary issue here is that very few analytical techniques exist that can
provide such detailed information, and those that do exist only provide either indirect
data or data averaged over the ensemble, like DLS.[82] Thus, characterization is
usually an amalgam of several indirect techniques along with interpretation of
functional results. Along with characterization come many concerns about NP toxicity
in vivo. These concerns arise from the presence of materials such as Cd, in the case of
QDs, along with a lack of understanding of how nanoscale size and architecture
influences biological interactions and can make a material previously considered inert,

such as gold or silicon, potentially problematic.[83-85]

Of course, the above overview is a simplification of all the considerations that go into
the use of a NM or NP for a given biological application. What it does reflect, however,
is that use of NMs within the context of biology, let alone an immunological focus, is
not a plug-and-play process; concerted thought is required in both designing
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experiments and analyzing data. It is not always a given that what worked in one model
system can be readily transferred to another system. Pertinent issues surround the
choice of NM, its size, how it is colloidally stabilized, what its surface chemistry is, its
potential toxicity, what is attached to it, confirming that the conjugate is actually that

desired, and ultimately how it is applied.

3.3 Biophysical parameters of inorganic materials impact intrinsic immunomodulatory

properties

As the previous section demonstrates, the physicochemical properties of inorganic
materials play an important role in the interaction with biological molecules. This is
true to an even greater extent for vaccines and immunotherapies because studies in the
last decade reveal that many inorganic materials can actually induce inflammatory or
tolerizing immunological effects. Not surprisingly then, a new focus is elucidating the
mechanisms behind intrinsic immunomodulatory properties of inorganic materials such
as AuNPs, QDs, silver NPs[86], iron oxide nanomaterials[87, 88], titanium dioxide
NPs[42, 86], and others. These materials and the effects of factors such as size, shape,
charge, and surface functionalization relating to their roles in promoting or inhibiting

inflammation will be discussed below and are summarized in Table 4.1.
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Inorganic

Setting . Effect Ref.
material
Block IL-1B-induced activation 140
AuNPs Increased hydrophobicity correlates
with increased gene expression of pro- 143
inflammatory cytokines
QDs Modulate NF-kB inflammatory pathway 148
Mimic response due to TLR agonists 43
MWCNTs Induce macrophage activation by a 151

calcium-dependent signaling cascade
Increase antigen-specific killing ability 153
Induce apoptosis by NF-kB pathway and 154
Graphene QDs autophagy by p38MAPK pathway
Polarize T cells towards TH2 phenotype 44
Particle size, charge, and

Intrinsic immunogenicity

hydrophobicity impact immunogenicity 156
Silica NPs Ind_uce antigen-specific T cell and 157

antibody responses

Particle size and charge impact uptake 160

and inflammatory cytokine secretion
Table 3.1: Inorganic materials can promote inflammation or tolerance in the absence of
other immune signals.

3.3.1 Gold Nanomaterials

Gold has been used in modern medicine since the 1920’s when it became a common
treatment for tuberculosis.[89] Its use in autoimmunity began shortly after when it was
thought that tuberculosis led to RA. More recently, gold has been used in other
applications such as cancer and as an antimicrobial agent. AUNPs can range in size
from 1 nm to 100 nm and have strong optical absorption and light scattering due to
localized surface plasmon resonance (LSPR).[73] This optical phenomena occurs when
light interacts with conductive NPs that have a diameter smaller than the incident
wavelength. Resonance can be tuned by altering the aspect ratio of gold NMs. These
features make AuNPs desirable for imaging applications and photothermal therapy.
Additionally, they can be conjugated with a wide variety of biomolecules such as

immune signals.
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Despite its long-term use, the mechanism of gold’s ability to modulate immune
responses is still widely unknown. One study probed the effectiveness of gold in
treating inflammatory diseases that are dependent on IL-1B, a pro-inflammatory
cytokine associated with inflammation, pain, and autoimmunity. [90] Citrate-stabilized
AuNPs measuring 5, 15, 20, and 35 nm in diameter were incubated with THP-1 human
myeloid leukemia cells because they express numerous IL-1B receptors per cell.
Interestingly, treatment with 5 nm particles specifically blocked activation induced by
IL-1pB. Since larger particles did not have the same result on activation, size effects
were further probed by normalizing overall surface area of the AuNPs, irrespective of
the diameter of the particles used to treat. Interestingly, this approach revealed that
activation decreased with decreasing particle size, suggesting that the anti-
inflammatory activity is related to the ability of AuNPs to interact with extracellular
IL-1B (Figure 3.1). AuNP size has also been implicated in other important
immunological steps: particle size was shown to impact the mechanism by which they
are internalized [91] and the ability to blunt inflammatory TLR9 signaling [92] in

macrophages.
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Figure 3.1: The ability of AuNPs to block IL-1p-induced cell activation is dependent on
particle size. A) AuNPs interact with extracellular IL-1p, blocking interactions with receptors.
B) The effect of AuNPs on pro-inflammatory cytokine expression is dependent on size.
Adapted with permission from [90].

Using a systematic approach, the effect of hydrophobicity on immune response was
analyzed by developing AuNPs functionalized with different surface groups.[93]
Importantly, a spacer was employed to remove background effects and specifically
isolate the effects of the increasingly hydrophobic groups. The immune response to
eight different functionalized particles, with a core size of 2 nm, was investigated by

treating splenocytes isolated from mice and quantifying mRNA expression by QT-PCR
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(Figure 3.2A). Remarkably, an essentially linear correlation was found between
increasing hydrophobicity and increased expression of a number of pro-inflammatory
genes including TNF-a, I1L-6, and IFN-y (Figure 3.2B). This work reveals important
information about activation of the innate immune response, as hydrophobicity is
essentially a danger-associated molecular pattern because hydrophobic regions of the

cell membrane are exposed during necrosis or protein denaturation.
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Figure 3.2: Pro-inflammatory cytokine expression is dependent on AuNP surface charge.
A) AuNP surfaces were modified with surface groups of increasing hydrophobicity. B)
Increased hydrophobicity resulted in increased gene expression of three pro-inflammatory
cytokines. Adapted with permission from [93].
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3.3.2 Quantum Dots

Luminescent QDs are nanocrystals consisting of binary combinations of 11-1V or 11-V
semiconductors with radii that are usually found in the 2-10 nm range. Their nanoscale
size gives rise to discrete energy bandgaps that allow tuning of their photoluminescence
as a function of their diameter from the visible to the near infrared. This tunable
photoluminescence, high multiphoton action cross section, photostability, and strong
resistance to degradation suggest them as unique fluorescent probes for direct use or in
multiplexed analysis, participants in energy transfer, and deep-tissue imaging agents.
In addition, their non-trivial surface area allows QD to serve as a nanoscaffold and
undergo conjugation with multiple different biomolecules. Their preparation,
bioconjugation, and utility for biological applications are described in more detail in

several reviews.[74, 94-96]

The properties of QDs mentioned above, including ultra-small size and intrinsic
fluorescence, were exploited to develop a real-time imaging modality to track the flow
through lymphatics and into LNs.[97] This is important information to gather, as it is
the primary route that antigens travel through to reach LNs, the tissues where immune
responses develop. CdSe/ZnS core/shell QDs were tracked by fluorescence microscopy
and allowed rapid visualization of flow through the cervical lymphatics into the
cervical LNs (Figure 4.3A). This approach provided impressive spatial information,
revealing that within LNs, the QDs flowed first around the edges of the node through
the subcapsular sinuses, then flowed through the intermediate sinus into the medullary

sinus (Figure 3.3B). This work could be especially important for determining which
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regions of LNs antigens or immunotherapies may gather in first, which could help

predict the development of an inflammatory or tolerogenic response.

AR

Figure 3.3: QDs serve as a tool to visualize lymph flow. A) Interstitial injection of QDs at
the chin allowed rapid visualization of lymph flow through cervical lymphatics into cervical
LNs. B) QDs flowed first through the subcapsular sinuses, then the intermediate sinus and into
the medullary sinus. Adapted with permission from [97].

Another study investigated the immunological impact of QDs on human epidermal
keratinocytes (HEK) and human dermal fibroblasts (HDF).[98] Skin cells are
considered one of the first lines of defense in the immune system and one possible route
of exposure to QDs. Fluorescence microscopy revealed that internalization of the 15
nm CdSe/ZnS-COOH QD nanocrystals by either cell line increased with concentration
and exposure time. Analysis of 84 genes associated with the innate and adaptive
immune systems revealed that many of the genes impacted by QD treatment were
linked to the NF-kB pathway, which plays an important role in inflammation. A
decrease in nuclear NF-kB over time was also seen, indicating that QDs may alter

pathways associated with oxidative stress, inflammation, or apoptosis.
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3.3.3 Carbon Nanomaterials

Numerous NMs, such as CNTs, can be derived from carbon allotropes.[73] For
example, single-walled CNTs (SWCNTSs) are a single sheet of rolled up graphene and
multi-walled CNTs (MWCNTSs) are composed of multiple sheets of graphene rolled
concentrically. Additionally, these materials can be metallic or semiconducting, as in
the case of graphene QDs. The electronic and optical properties, as well as the large
surface-to-volume ratio of CNTs make them attractive for biological applications.
Important to note is that CNTs are hydrophobic, meaning that functionalization is
typically required before use in these applications. Carbon NMs offer specific
advantages for immunotherapy such as flexible surface chemistry and enhanced
internalization by cells.[99] As they are increasingly used in research, it is important to
understand both desirable and undesirable effects they may have on the immune
system.[100] These effects can, in part, be attributed to material characteristics of
CNTs. Below we will discuss factors including length, charge, and surface

functionalization.

Whole genome expression was utilized in an attempt to better understand the complex
interactions between CNTs and the immune system.[43] Multi-walled CNTSs
(MWCNTS) of two different sizes (20 — 30 nm diameter or 9.5 nm diameter) were either
oxidized or oxidized and modified with ammonium. Treatment of T cells or monocytes
with any of the four types of CNTSs led to changes in genes associated with a wide range
of pathways, including those related to DC maturation, NF-kB signaling, and Tnl

chemokine secretion. Interestingly, each treatment had a different effect on gene
32



expression, with no single gene being affected by all four types of CNTs studied.
MWCNTSs that were modified with ammonium had very little effect on gene expression
in T cells compared to those that were unmodified. When analyzing cytokine secretion,
however, it was seen that the surface-modified CNTSs led to a much larger increase in
the secretion of IL-6, IL-1B, and TNF-a. Further, this effect was enhanced with the
ammonium-modified CNTs that had a smaller diameter. The changes in gene
expression and cytokine secretion seen with CNT treatment mimic those induced by
pathogen interaction with TLR, meaning they may produce responses similar to

infection or vaccination.

Other studies have continued probing what immunological pathways surface-
functionalized CNTs activate to gain understanding of the intrinsic immunogenic
features of these materials. For example, one study assessed the stimulation and
migration of macrophages following treatment with carboxylated MWCNTSs. [101]
While quiescent RAW?264.7 macrophages showed little capacity for migration in vitro,
incubating the cells with CNTs led to a high level of migration, indicating that they can
act as a chemokine. Analysis of cells that had migrated towards the MWCNTSs revealed
a high level of internalization, and further led to activation. Due to recent revelations
that calcium mobilization initiates immune cell activation, the impact of calcium
transport inhibitors on CNT-induced activation and migration was also studied.[102] It
was discovered that inhibitors significantly blunted migration, leading to the

conclusion that carboxylated MWCNTSs lead to macrophage activation through a
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calcium signaling cascade (Figure 3.4). These studies may shed light on specific

mechanisms of the effects CNTs have on a cellular level.
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Figure 3.4: Carboxylated MWCNTSs induce macrophage activation and migration
through a calcium-dependent signaling cascade. Reprinted with permission from [101].

As previously mentioned, many factors are thought to influence the immunogenicity of
inorganic materials. For this reason, the impact of size and surface charge of MWCNTSs
on immune response is also of interest. Short (~122 nm) and long (~386 nm) CNTSs that
were positively or negatively charged were tested in bone marrow DCs (BMDCs).
[103] Interestingly, short MWCNTSs with a negative charge (-23.4 mV) were much
more readily internalized by BMDCs than long, positively charged (+5.8 mV) CNTSs.
The tubes were also conjugated with a model antigen, OVA, to test the impact on T
cells. T cells were isolated from transgenic mice expressing a T cell receptor that

recognizes OVA. When BMDCs treated with OVA-MWCNTSs were co-cultured with
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T cells, those that were short and negatively charged increased proliferation and IFN-y
secretion, which correlates with uptake in BMDCs (Figure 4.5). Additionally, mice
that were injected with short, negatively charged CNTs had an increased antigen-
specific killing ability. This fundamental information could improve the rational design
of CNT-based immunotherapies which specific emphasis on how to enhance

internalization by immune cells.
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Figure 3.5: Cellular uptake of CNTs and subsequent T cell response is dependent on both
size and charge. Reprinted with permission from [103].

The interaction of graphene QDs with macrophages was studied by focusing on two
important inflammatory pathways.[104] It was first determined that increasing doses
of QDs (~3 nm) induced increasing levels of apoptosis and autophagy in cells. QD
incubation increased the activity of p38 MAPK, which responds to stress factors and
inflammatory cytokines, and NF-kB, which regulates the level of pro-inflammatory
cytokines. Inhibitors of each pathway were used to further probe the mechanisms of
immunotoxicity, and revealed that QD-induced apoptosis was regulated by the NF-xB

pathway and autophagy was regulated via the p38MAPK pathway. Understanding the
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cellular pathways at play in intrinsic immunogenicity of materials is a key aspect to the

design of immunotherapies.

While the previous example investigated graphene QDs in a macrophage cell line, it is
important to probe interactions of materials with human cells. In stimulated human
PBMCs, non-toxic doses of QDs inhibited proliferation. [44] The oval-shaped QDs
were 2 nm high and 23.6 £ 7.0 nm long with a surface charge of -9.4 £ 0.8 mV. The
treated cells also produced less inflammatory and TH1 associated cytokines, such as IL-
6 and IFN-y, respectively. Interestingly, QD treatment induced enhanced secretion of
anti-inflammatory and T2 associated cytokines. Additionally, while QD treatment had
little effect on immature DCs, stimulated DCs produced less Thl and TH17 associated
cytokines. When these stimulated and treated DCs were incubated with T cells, less
proliferation was seen compared to control co-cultures. Intracellular cytokine staining
also confirmed a polarization towards the Tn2 phenotype, away from the Tyl and TH17
phenotypes. This polarization away from inflammatory phenotypes demonstrates a

tolerizing effect from graphene QDs.

3.3.4 Silica Nanomaterials

Silica NPs, which can range in size from tens to hundreds of nanometers, are
biocompatible and relatively low cost. These materials have been investigated as
delivery vehicles for vaccine components because the size, surface chemistry, and

morphology can be tuned during synthesis. Through silane chemistry, a silica particle
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can be modified to include a variety of functional groups such as carboxyl, amine, or
thiol.[105] Functionalization ability and large surface area are desirable for conjugation
of biomolecules. Additionally, silica NPs can be formed with pores of tunable size by
manipulating reaction conditions. Mesoporous NPs are specifically useful for cargo

transport and release.

The surface characteristics of monodisperse silica NPs can be controlled by coating
them with numerous poly(amino acid)s (PAAs).[106] To study the impact of surface
character on immune response, N-hydroxysuccinimide (NHS)-coated particles were
decorated by either polymerization of amino acids or conjugation of an amino acid to
the particle surface. Cytokine production was measured in response to the synergistic
immunostimulatory effect of silica NPs and one of two TLR ligands. The secretion of
IL-1B by mouse BMDCs was found to be correlated with both NP size and
hydrophobicity. Highly hydrophobic particles coated with poly(histidine) were found
to be the most immunogenic and were used to compare particles of different sizes
(Figure 3.6A). Interestingly, the smallest particles (300 nm) induced the highest IL-
1B levels compared to 1 um or 10 um particles. Surface charge, which was controlled
by amino acid conjugation, had no effect on immunogenicity in BMDCs. This varied
greatly when IFN-y production levels were measured in T cells activated by treated
BMDC:s. In this case, cytokine secretion was enhanced as surface charge of the NPs
became more cationic (Figure 3.6B). Like in BMDCs, more hydrophobic particles

were found to be more immunogenic. Experiments that systematically control
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biophysical parameters of particles provide essential information for understanding

interactions with the immune system.
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Figure 3.6: Immunogenicity of silica NPs is dependent on size, charge, and
hydrophobicity. A) Secretion of IL-1p by BMDCs increases with increasing hydrophobicity
of amino acid groups added to the particle surface. B) IFN-y secretion by T cells increases with
increasing hydrophobicity and charge of NP surface. Adapted with permission from [106].

Rather than testing particles in conjunction with TLR agonists, one study investigated
the self-adjuvanting abilities of mesoporous silica NPs delivering OVA in mice.[107]
The 91 nm NPs were formed with 3.6 nm pores. Interestingly, when particles were
amino-functionalized by co-condensation, they were able to adsorb OVA with 2.5-fold
greater efficiency than non-functionalized NPs. Mice receiving either a low dose or a

high dose of OVA bound to NPs showed a strong antibody response. Interestingly,
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however, a much stronger antigen-specific T cell-mediated response was seen when
mice were treated with the higher dose. Interestingly, other studies have found that the
inflammatory effects of silica NPs can be inhibited by functionalizing the particle

surface with carboxyl, phosphate, or amino groups. [108, 109]

In an investigation probing size effects on immunogenicity, silica-titania core-shell
hollow NPs were synthesized with distinct sizes: 25, 50, 75, 100, and 125 nm.[110]
Silica NPs were prepared and titanium tetraisopropoxide was added to create the
titania-coated layer. Silane treatment was then used to modify these particles with
cationic (amine), anionic (carboxylate), or neutral (methyl) surface groups. Cellular
uptake, toxicity, and immunogenicity were measured in mouse alveolar macrophages
and human breast cancer cells. A correlation was found between increasing cell uptake
and decreasing NP diameter. There was also a trend associated with surface charge,
where cationic NPs were taken up more efficiently than neutral or anionic particles.
The impact of size and charge on the innate immune response was then tested by
measuring the expression of IL-1, IL-6, and TNF-a by macrophages. The 50 nm
particles, which were internalized most efficiently, induced the highest secretion levels
of each cytokine in macrophages. Size-dependent effects on inflammatory cytokine

secretion were also observed in the THP-1 macrophage cell line.[111]
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3.4 Inorganic materials can improve vaccination strateqgies targeted at infectious

diseases

The goal of vaccination against infectious diseases is to produce a robust, antigen-
specific response that protects against future exposure. While there has been great
success with existing vaccine strategies, challenges still exist such as the need for
controlled release, targeting to specific tissues, and the delivery of insoluble molecules.
Inorganic materials offer unique properties in this regard. Researchers have studied a
wide array of materials such as gold NMs, QDs, silica NPs, CNTs,[112-114] and iron
oxide NPs[115] as delivery platforms for immune signals and/or as self-adjuvants in
infectious disease vaccination. Some examples are summarized in Table 4.2 and

discussed in detail below.

Setting Inorgamc Effect Ref.
material
Delivering antigen and adjuvant
reduces viral load in liver infection | 171
model
AuNPs Adjuvant delivery results in 100% | 174
survival in a glanders lethal | 176
challenge model 177
Surface area is correlated to
Au NMs cyto_kine and ar_1tib0(_:iy production 178
Infectious disease against West Nile virus envelope
protein
Delivery of a DNA vaccine results in
100% protection from Newcastle | 182
Silica NPs disease virus challenge
Antigen delivery results in strong, | 183
long-lasting antibody and cell- | 184
mediated responses 185
QDs Ir_lhibit replication of herpes simplex 186
virus-1

Table 3.2: Efficacy of vaccines can be enhanced by inorganic materials.
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3.4.1 Gold Nanomaterials

Gold NMs have been investigated in immunotherapeutic applications to infectious
diseases such as HIV[116, 117], listeria[118], and malaria[119] with successful results
seen in mice and rabbits. As demonstrated above, material characteristics can play a
crucial role in the inflammatory response generated by NMs. AuNP size can be easily
and precisely controlled over a large range from a few to several hundred nanometers.
Additionally, they can be decorated with a large amount of antigen or adjuvant by

simple chemistry.

Several groups have systematically tested the effect of AUNP size on response to viral
proteins. For example, it was found that the antibody response to a foot-and-mouth
disease-related peptide was dependent on particle size.[120] In a study of AuNP size
effects in a codelivery system, particles ranging from 15 to 80 nm were screened for
optimal delivery of OVA and an oligonucleotide that interacts with TLR9, CpG. [121]
The antigen and adjuvant were directly conjugated to the particle surface through Au-
S bonds. 60 nm OVA-NPs led to the highest level of antigen presentation by DCs and
80 nm CpG-NPs induced the highest expression of activation markers. Both antigen
presentation and activation of DCs is necessary to induce a T-cell mediated and/or
antibody-mediated response. For this reason, DCs were pulsed with a cocktail of 60 nm
OVA-NPs and 80 nm CpG-NPs and injected into mice. After 48 hours, the pulsed DCs
largely accumulated in the spleen and in two liver-draining LNs (Figure 3.7). When a
robust antigen-specific T cell response to OVA was seen, the approach was next

employed to test protection against viral infection. Mice were immunized with DCs 5
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days prior to injection of OVA gene-containing adenoviral vectors that lead to liver
infection. Mice immunized with AuNP cocktail-pulsed DCs had a significantly reduced
viral load compared to control mice or mice receiving DCs that had been pulsed with
free CpG and OVA. In a similar strategy, AuNPs were decorated with the matrix 2
protein from influenza A and delivered along with soluble CpG.[122, 123] This
vaccination strategy led to complete protection from a lethal influenza challenge,
further demonstrating the utility of AuNPs as delivery vehicles for antigen and/or

adjuvants.

Cell apoptosis/death
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Figure 3.7: A cocktail of AuNPs found to induce APC activation and presentation
accumulates in liver-draining LNs and reduces viral load in a mouse model of liver
infection. Reprinted with permission from [121].

In another disease model, AUNPs were used as an immunization strategy to protect
against glanders, which primarily affects horses and results in death in just a few days.

[124] The bacterium responsible for glanders leads to a high mortality rate that is
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partially due to its expression of lipopolysaccharide (LPS), an agonist to TLR4. Limited
success has been seen with immunization with LPS alone, leading only to partial
protection, likely owing to LPS’s T cell-independent nature.[125] In an attempt to
improve this effort, LPS was conjugated to a protein carrier and covalently coupled to
the surface of 15 nm AuNPs.[124] Immunized mice produced significantly enhanced
IgG and IgM responses compared to control groups. Nano-glycoconjugates synthesized
with one of three protein carriers (TetHc, Hepl, or FliC) all improved survival in a
mouse challenge model of glanders compared to LPS treatments alone. In a Rhesus
macaque model, slightly increased protection was seen in vaccinated animals, but the
difference in overall survival was not significant. [126] For this reason, the vaccine was
resynthesized by first screening an array of antigens in silico.[127] Impressively, when
two proteins identified by this method (hemagglutinin and FlgL) were incorporated into
the nano-glycoconjugate vaccine, 100% survival was observed in Rhesus macaques
following a lethal challenge of glanders. This series of studies underscores the

importance of rational design in vaccine applications.

While both studies above demonstrated the conjugation of an adjuvant to AuNPs, it has
been shown that metallic NMs can, themselves, serve as the adjuvant in vaccination
strategies.[128] One study tested gold NMs as a self-adjuvanting delivery system and
vaccine. As previously discussed, biophysical parameters impact the degree to which
inorganic materials stimulate the immune system, leading the researchers to also test
the impact of size and shape on the immune response to a viral protein.[129] Spherical,

rod, and cubic NMs were developed and coated with West Nile virus envelope
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(WNVE) protein. Interestingly, each shape induced a different level of antibody
production against WNVE in mice, with 40nm spherical NMs causing the most
significant response (Figure 3.8). This did not correlate with uptake of the materials
by RAW264.7 macrophages where gold nanorods were internalized most efficiently
and led to the production of IL-1p and IL-18, indicating inflammasome activation. In
contrast, only the cubes and 40 nm spheres induced the secretion of other inflammatory
cytokines such as TNF-a, IL-6, IL-12, and GM-CSF. After analyzing a number of
material properties, surface area, which is related to both size and shape, was clearly
the most highly correlated parameter with cytokine and antibody production. This study
and the work previously described using silica NPs,[106] demonstrate that it is
necessary to systematically control multiple particle parameters to gain a more
complete understanding of the intrinsic immunogenicity of inorganic materials.
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Figure 3.8: Innate and adaptive immune responses induced by gold NMs are dependent
on surface area, which relates to both size and shape. Reprinted with permission from [129].

Antibody produciton

3.4.2 Silica Nanomaterials

Silica NPs have also recently gained the attention of researchers as a self-adjuvanting
delivery system for prophylactic vaccine applications.[130, 131] For example, layered
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double hydroxide SiO2 NPs have been synthesized to deliver a DNA vaccine aimed
against Newcastle disease virus (NDV), which mainly affects avian species but can be
transmissible to humans.[132] These 90 nm particles feature a core-shell structure,
protect plasmid DNA from enzymatic degradation, and promote controlled release over
288 hours. Importantly, plasmid-containing NPs could induce a similar level of
expression in HEK cells compared to plasmid delivered with a commercial transfection
agent. Serum antibody levels against NDV peaked 5 weeks post immunization in
chickens. Demonstrating the impact of the NPs as an adjuvant, titers remained
significantly higher through 8 weeks in mice that received the NP vaccine compared to
those that received naked DNA. Additionally, at weeks 4 through 6, this group also
produced the highest level of lymphocyte proliferation. Immunization of chickens with
the NP vaccine resulted in 100% protection from disease challenge with no clinical
signs observed, compared to 60% death with naked plasmid delivery, exemplifying the

unique advantages inorganic materials offer for improving vaccinations against viruses.

Following a previous study that demonstrated the self-adjuvanting abilities of
mesoporous silica NPs delivering OVA in mice[107], similar nanovesicles were tested
as an immunization strategy for Bovine Viral Diarrhoea Virus (BVDV).[133-135] The
NPs, which feature a 50 nm diameter, 6 nm wall thickness, and 16 nm pores, adsorb
the viral E2 protein, which is a major immunogenic determinant of BVDV. Mice
immunized with the nanovaccine elicited a 10-fold stronger antibody response
compared to mice receiving the E2 protein with a strong adjuvant.[134] Importantly,

the NPs also led to a strong cell-mediated response that was significantly higher than
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the traditional vaccine control. In an attempt to address the cold chain challenge of
vaccine storage and delivery, the group also investigated the ability of the nanovaccine
to produce long-term immune responses in mice and sheep once freeze-dried.[133, 135]
Shortly after vaccination, animals treated with the freeze-dried NPs showed a robust
antibody and cell-mediated response. Importantly, both responses were still detectable
after 6 months. These studies took the important step of comparing a nanotechnology-
based approach to a more traditional vaccine design including only an antigen and

adjuvant, which demonstrated a considerable advantage.

3.4.3 Quantum Dots

As discussed in the previous section, various types of QDs have been shown to affect
the NF-kB pathway.[98, 104] The mechanism behind NF-«B signaling inhibition was
further probed with aqueous synthesized QDs with emissions of 515 nm and 545 nm
and corresponding sizes of 2.2 nm and 2.7 nm.[136] Pretreatment of cells with either
QD type significantly reduced NF-kB activation induced by TNF-a or TLR agonists.
The NF-xB pathway is critical in regulating the expression of viral genes and is
implicated in cancer because it negatively regulates apoptosis. Accordingly, QD
treatment was shown to significantly inhibit herpes simplex virsus-1 induced activation
of NF-kB in cells, which suppressed viral replication. Additionally, QD treatment
promoted apoptosis in a human pancreatic cancer cell line, as evidenced by both a down
regulation of anti-apoptotic genes and the cleavage of proteins in the apoptotic

pathway. Interestingly though, the QDs had no effect on two other important signaling
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pathways that have implications in cancer. Unlike other studies discussed in this
section, this work analyzed QDs alone, rather than as a delivery vehicle for antigen
and/or adjuvant, and found significant effects in pathways related to but viruses and

cancer.

3.5 Cancer immunotherapies can produce more robust responses when delivered by

inorganic materials

A major challenge in cancer is the immunosuppressive environment that surrounds
tumors and limits the immune system’s ability to recognize and attack cancer cells. The
current treatment methods of chemotherapy and radiation are non-specific and highly
toxic to healthy tissues. The goals of cancer immunotherapy are similar to those of
infectious disease vaccination in that the desired outcome is a strong, antigen-specific
response. Of specific importance to cancer treatment and prevention is the development
of a robust T cell response.[137, 138] Recent developments in this field have included
checkpoint blockades that prevent Tress from suppressing CTLs and chimeric antigen
receptor (CAR) T cells that are developed ex vivo to be specific for an individual
patient’s tumor before being implanted back into the patient.[24] Despite these
advances, many challenges still face the field of cancer immunotherapy. Inorganic
materials present an interesting opportunity to face some of these challenges because
they can co-deliver multiple signals, target immune cell populations, and even serve as

an imaging modality. Table 3.3 lists examples that are detailed in this section.
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Inorganic

Setting . Effect Ref.
material
QDs Promote. apoptosis _in human 186
pancreatic cancer cell line
Antigen-decoration delays, reduces,
or inhibits tumor growth in B16F10, 194
B16-OVA and 4T1 cancer models. 195
Efficacy in EG7-OVA model was 196
AUNPs -
dependent on NP size.
Efficacy in B16-OVA cancer model is
dependent on adjuvant choice for | 199
immune signal coating
Antibody-coating targeted intratumor
) 200
but not peripheral Trecs
Cancer Taken up by monocytes, enter tumor
SWCNTs interstitium, and extravasate blood | 201

vessel walls.

Ablation results in strong local and
systemic anti-tumor response with | 208
memory

Magnetic targeting of IFN-y coated
NPs destroys tumors

Iron oxide NPs DCs containing tumor lysates and
heat shock protein-coated NPs | 212
increase survival in glioma model
DCs containing antigen-coated NPs
increase survival in CEA cancer | 214
model

210

Iron oxide-zinc
oxide NPs

Table 3.3: Inorganic materials promote strong anti-tumor responses.

3.5.1 Gold Nanomaterials

AUNPs have been heavily researched in cancer applications because they can deliver
cancer antigens[139] and adjuvants[140], can be imaged in vivo[141], and through
thermal application, can ablate tumors.[142] In a model antigen study, AuNPs were
coated with red fluorescent protein (RFP) and CpG as a cancer vaccination strategy
(Figure 3.9A).[141] RFP was attached through an Au-S bond and thiol-modified CpG
with a ten adenine spacer was attached to form 20 nm particles. Interestingly, RFP-
coated AuNPs were able to elicit antigen-specific antibody (Figure 3.9B) and T cell
(Figure 3.9C) responses regardless of the inclusion of CpG, indicating a self-
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adjuvanting ability of the particles. This translated to a delay in the growth of RFP-
expressing B16F10 tumors in mice for up to 4 weeks for both groups. Another study
reported similar results when co-delivering OVA-AuUNPs and CpG-AuNPs.[143]
OVA-coated particles alone were sufficient in inhibiting B16-OVA tumor growth and
the addition of CpG-AuNPs did not enhance this effect. Researchers that tested the
delivery of OVA and CpG on poly(propylene sulfide) NPs, however, reported that the
CpG coated particles were necessary to delay EG7-OVA tumor growth.[144] This
difference in these results further underscores the importance of understanding the
reaction of an inorganic material delivery system with the immune system when

developing cancer immunotherapy strategies.
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Figure 3.9: AuNPs can serve as a self-adjuvanting delivery system for antigens in multiple
cancer models. A) AuNPs coated with model antigen RFP induce a robust antigen-specific
antibody (B) and T cell (C) response without the inclusion of adjuvant. D) Conjugation of a
cancer antigen to OVA on AuNPs promotes cross presentation and results in a reduction in
tumor growth. E) CTL response and subsequent efficacy in cancer models depends on AuNP
size. Adapted with permission from [141], [145], and [146].
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The AuNP platform was next evaluated in the more relevant, 4T1 breast cancer model
that highly expresses extra domain B (EDB) of fibronectin.[145] Previous work
demonstrated a robust antibody response following an EDB-targeted vaccination, but
did not show a cell-mediated response.[147] It was hypothesized that the self-
adjuvanting ability of AuUNPs could promote a T cell response, thought to be necessary
for cancer treatment, to the tumor-associated antigen. By adding OVA to the C-
terminus of EDB and two cysteine residues to the N-terminus, the protein could bind
to AuNP surfaces (Figure 3.9D). The inclusion of OVA promoted cross presentation,
a process where antigen is displayed on MHCI to CD8" T cells — a necessary step in
the immune cascade for the development of antigen-specific CTLs. In addition, NP
treatment of mice with established 4T1 tumors significantly reduced growth.
Therapeutic studies are critical to determining translation potential of cancer
immunotherapies due to the unlikeliness of patients receiving prophylactic tumor

vaccinations.

Further studies aimed to elucidate the effect of AuNP size on delivery to LNs, where a
response against cancer antigens can develop, and the subsequent T cell response
(Figure 3.9E).[146] In vitro, there was a trend associated with increasing size of OVA
coated NPs and increases in DC uptake, DC activation, and inflammatory cytokine
secretion by T cells, all important steps in the development of robust anti-tumor
immunogenicity. Following injection in mice, greater uptake was seen in popliteal LN-
resident DCs for 22 nm and 33 nm particles compared to the smallest 10 nm NPs. This

uptake was directly correlated with an enhanced CD8" T cell response, an important
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consideration in cancer therapeutics. Next, prophylactic OVA-AuNP injection was
tested as a strategy to slow or prevent the growth of tumors in the EG7-OVA cancer
model. The effect of size on immunogenicity translated to this model where the larger
particles significantly slowed tumor growth, but the smaller particles had no significant
effect. This series of studies showed the efficacy of an AuNP delivery system in
multiple models of cancer, but underlines the importance of understanding parameters
such as particle size in initial steps of the immunological cascade and the ultimate

therapeutic outcome.

Another AuNP immunization strategy involves coating them with polyelectrolyte
multilayers composed entirely of immune signals (iPEMs).[148] The positively
charged antigen (OVA peptide) and negatively charged adjuvant (TLR3 agonist) can
be alternatingly deposited onto the particle surface as a method of codelivery (Figure
3.10A). Each bilayer added approximately 10 nm to the particle diameter to a final size
of 43.5 nm after four bilayers. iPEM-coated AuNPs treatment induced both activation
and antigen presentation in DCs. Additionally, injection of the NPs in mice produced a
strong antigen-specific T cell response. Understanding the need for more insight into
the mechanism of inorganic materials, the impact of injection route, immune signal
dose, and adjuvant choice on the T cell response was assessed.[149] Interestingly,
intradermal injection produced the most robust response, followed by s.c. and
intramuscular injections (Figure 3.10B). This result could be important for clinical
translation of particle-based therapies as intramuscular is the most commonly used

injection route in vaccination, but in these studies this route produced the weakest
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response. In a B16-OVA murine melanoma model, the adjuvanting abilities of TLR3
agonist poly(inosinic:cytidylic acid) (polylC) and TLR9 agonist CpG were compared.
While IPEMs consisting of OVA peptide and polylC delayed tumor growth, those
containing CpG had a more robust effect resulting in 50% survival, compared to 0% in
untreated mice. The rational design of future cancer immunotherapies will require
answering such fundamental questions as what the best route is for injection and what

the most effective adjuvant is.
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Figure 3.10: Immune signal-coated particles produce robust an immune response. A)
AUNPs coated with alternatingly deposited antigen and adjuvant induce an antigen-specific T
cell response in mice. B) The intradermal injection route produced the most robust response
over intramuscular and s.c. Adapted with permission from [148] and [149].

3.5.2 Carbon Nanomaterials

Tress have been increasingly implicated in cancer because they can blunt immune
responses directed at the tumor. NMs offer an opportunity to target and potentially
destroy this cell population. One group aimed to target intratumor Trecs, but not
peripheral Tregs with delivery of SWCNTs (Figure 3.11).[150] The first experiment
assessed the expression of a number of markers on Tregs and effector T cells. Because

glucocorticoid-induced TNFR-related receptor (GITR) displayed the highest
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expression on intratumor Treas, an anti-GITR mAb was chosen as the targeting agent.
A systematic analysis of the effects of antibody number per tube, SWCNT
concentration, and incubation time on Treg targeting efficiency in vitro was performed.
Five antibodies per 101 nm-length tube was found to be optimal and maximum
internalization occurred after a short incubation time. Relatively low doses (~5 ug) of
SWCNTs were most efficiently delivered to Tregs in the spleens of naive mice.
Additionally, in B16 tumor-bearing mice, the GITR-decorated tubes were targeted to
Trecs in the tumor with 3-fold higher efficiency than to splenic Trecs, indicating the

strategy’s specificity.

Figure 3.11: GITR-decorated CNTs specifically target intratumor Tregs, implicated in
blocking immune responses against cancer. Reprinted with permission from [150].

Studies show that SWCNTSs are one of the most efficiently delivered NMs in tumor
applications, but little focus has been put on understanding the method of tumor
targeting.[151] Following an initial publication demonstrating that SWCNTs can
accumulate in the tumor via both active and passive targeting mechanisms, additional
factors were assessed.[152] Mice were first injected with tumor cells, followed 10 days

later by i.v. injection of SWCNTs with a diameter around 1 nm and lengths between
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100 and 300 nm. The tubes were mixed with Cy5.5-NHS and sulphosuccinimidyl 4-N-
maleimidomethyl cyclohexane-1-carboxylate to enable imaging and were found to be
taken up by circulating blood cells, specifically Ly-6C" monocytes. The monocytes
then entered the tumor interstitium and appeared to extravasate blood vessel walls.
Interestingly, when the tubes were reacted with a thiolated peptide sequence (RGD)
known to target angiogenic tumor blood vessels or an irrelevant peptide (RAD), no
differences were seen in tumor accumulation for up to 7 days. After this time, RGD-
SWCNTs were retained while RAD-SWCNTSs were more readily cleared, suggesting
that targeting moieties can be more or less effective depending on the time point when
uptake is analyzed. Overall, a better understanding of how inorganic materials can
successfully target tumors could lead to overcoming challenges such as systemic

toxicity of traditional chemotherapy.

Not only can SWCNTSs target tumors [151, 152] and serve as a delivery vehicle for
cancer antigens [153, 154] and adjuvants [155], they can also be irradiated in vivo.
Irradiation can destroy a tumor locally, but recent reports have also demonstrated a
systemic immune response following irradiation capable of attacking cancer cells
elsewhere in the body.[156, 157] In one approach, 0.8 nm diameter tubes were
synthesized with glycated chitosan (GC) as the surfactant.[158] GC serves as a PAMP
and when SWCNTSs are irradiated, they induce cellular stress leading to secretion of
danger-associated molecular patterns (DAMPSs). Each of these signals are involved in
the activation of innate immunity, and the combination can produce a strong immune

response. It was therefore hypothesized that the immunogenicity of tumors could be
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enhanced by treatment with GC-SWCNTSs. In a mammary tumor model, mice were
monitored until they developed 8000 mm? tumors. GC-SWCNTSs were then injected
and the tumor was irradiated by a 980 nm laser after 2 hours, which led to 89.2%
apoptosis in local tumor cells. In addition, treatment led to complete tumor regression
for all mice in the breast cancer model and for 60% of mice in a hepatoma tumor model.
When mice were immunocompromised, however, these effects were substantially
inhibited, indicating that efficacy is dependent on a significant immune response rather
than just a function of physical destruction of the tumor. Impressively, when
immunocompetent mice were rechallenged with mammary tumor cells, the mice that
received GC-SWCNTs demonstrated complete protection, indicating a strong memory
response. Comparatively, 80% of mice that had originally been treated with PEG-
SWCNTs succumbed to rechallenge. A memory response capable of attacking future
tumor cells is important as recurrence rates are high for some types of breast cancer. In
another experiment, when two tumors were injected on opposite sides of the mouse,
treatment in the left tumor significantly inhibited growth of the right tumor, indicating
a systemic response. Certain types of cancer, including lung and colon, rapidly
metastasize to other tissue types, demonstrating the need for a systemic response
following local tumor treatment. This approach can be compared to a similar strategy
using NPs formed from degradable polymers that encapsulate a photothermal agent
that allows ablation and a TLR7 agonist that serves as the adjuvant.[159] Tumors in
the 4T1 breast cancer model or the CT26 colorectal cancer model could be completely
ablated by this treatment strategy and combined with checkpoint blockage therapy, the

growth of secondary tumors could be completely inhibited. These studies are expressly

56



interesting because combination strategies are now considered a cornerstone of cancer

therapy.

3.5.3 Iron Oxide Nanomaterials

Iron oxide NPs provide an opportunity to target immune signals directly to an area of
interest due to intrinsic superparamagnetic nature.[160] Particles can overcome
biological barriers and release a payload to a certain area by the application of a magnet.
Additionally, these particles can be visualized at to the single-cell level using high-
contrast MRI.[161] Recent attention has been put on attaching biomolecules to iron
oxide particle surfaces for cancer therapy. The combination of magnetism, imaging,

and/or immune signal delivery provides great promise for immunotherapy applications.

One approach involved adsorbing the anti-tumorigenic cytokine IFN-y to
dimercaptosuccinic acid (DMSA)-coated magnetic NPs for use in tumor models.[160]
DMSA provides free ligand groups for biomolecule conjugation on the particles, which
have a final size of ~400 nm. While IFN-y can increase the immunogenicity of tumor
cells and inhibit tumor angiogenesis, off-target delivery can induce toxicity in other
tissues. Magnetic NPs are therefore desirable to deliver the cytokine directly to a
specific area. Uncoated NPs were rapidly taken up by Pan02 tumor cells, but IFN-y-
coated NPs exhibited a lower level of uptake which the authors posited could allow
longer time for IFN-y release and localization with receptors located on the cell surface.

Following induction of Pan02 tumors in mice, i.v. injection of the IFN-y-coated NPs
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led to a 58% reduction in tumor volume compared to PBS-injected mice. When an
external magnet was applied to the treated mice, localizing the particles to the tumor
site, average tumor volume was reduced by a remarkable 96%. Analysis of the tumor
tissue confirmed that mice from this treatment group had the highest level of NP
accumulation, which was more specific to the desired site than treatment without the
magnetic field. Particle accumulation resulted in higher levels of intra-tumor IFN-y,
and infiltration of cells crucial to an antitumor response including macrophages, T cells,
and NK cells. The highest level of anti-angiogenesis and apoptosis in tumors was also
seen in mice treated with the IFN-y-coated NPs and a magnetic field. Inhibition of
blood vessel growth within the tumor and promotion of cancer cell death are critical
for tumor destruction. Similarly efficacious results were seen in a cancer model that is
chemically-induced and more closely mimics human tumor development. This
treatment strategy could be applied to the delivery of other toxic molecules that are

potent in cancer treatment such as methotrexate or paclitaxel.

Another study on the use of magnetic NPs for cancer treatment involved the delivery
of heat shock protein 70 (HSP70) (Figure 3.12).[162] A recent study showed that direct
injection of HSP70 into tumors resulted in significant inhibition of tumor growth.[163]
HSPs are advantageous for immunotherapy applications because they can chaperone
antigenic peptides to APCs and promote an adaptive immune response. In an attempt
to improve its antigen presenting abilities, HSP70 was coated onto magnetic NPs.
Interestingly, HSP70-coated NPs with an average size of 44.3 nm were taken up by

DCs more efficiently than uncoated NPs, and accumulated in endosomes and then
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lysosomes, suggesting a pathway for endocytosis. When DCs were co-incubated with
HSP70-NPs and a FITC-labeled peptide, peptide uptake was significantly enhanced
compared to uptake of peptide with uncoated particles. After 24 hours, the peptide was
detectable on the surface of DCs, indicating it could be presented to T cells. To confirm
this, DCs were first incubated with HSP70-NPs and tumor lysates prior to coculture
with CD8" CTLs. In response, the CTLs produced a high level of IFN-y and exerted
cytotoxicity against four different tumor cell lines. In a glioma model, mice receiving
DCs that had been pulsed with HSP70 NPs and tumor lysate showed a significant delay
in tumor growth and increased survival rate. These results may have been due to higher
infiltration of immune cells into the tumor and an increased killing capacity of CTLs
in the peripheral blood. The delivery of HSP-coated inorganic materials provides a
unique opportunity to increase the immunogenicity of tumor antigens and promote the

development of a robust anticancer immune response.
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Figure 3.12: Magnetic NPs coated with a heat shock protein enhance cancer antigen
uptake and presentation, resulting in a highly cytotoxic T cell response. Reprinted with
permission from [162].
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A similar NM investigated for cancer immunotherapy applications was iron oxide—zinc
oxide core—shell NPs that target DCs.[164] These 15.7 nm particles, capable of serving
as an imaging agent, were formed by first synthesizing an FezO4 core followed by
coating with the ZnO shell (Figure 3.13A). A novel ZnO-binding peptide was
developed to facilitate particle conjugation of carcinoembryonic antigen (CEA), a set
of glycoproteins used as a clinical marker of cancer. The DC-targeting ability of these
particles was confirmed by microscopy and flow cytometry, which revealed that 95%
of cells took up particles within an hour where they localized with endosomes and
lysosomes. In vivo, NP-containing DCs injected into mouse footpads could be
visualized by MRI and produced an antigen-specific CD8" T cell response.
Additionally, NP-DC vaccination significantly reduced tumor growth and prolonged
survival in a mouse model with CEA-expressing cancer cells (Figure 3.13B).
Impressively, tumor growth was also suppressed in transgenic mice spontaneously

expressing human CEA, indicating possible translational potential (Figure 3.13C).
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Figure 3.13: A novel core-shell NP design targets DCs for uptake and results in efficacy
in cancer models. A) NPs consisting of an iron-oxide core and a zinc-oxide shell can be coated
with the cancer antigen CEA. The NPs reduce tumor growth in a mouse model with CEA-
expressing cancer cells (B) and in mice that spontaneously express human CEA (C). Adapted
with permission from [164].

60



3.6 Inorganic materials provide unigue opportunities for controlling inflammation in

autoimmunity

This review so far has focused on generation of strong immune responses to fight
cancer or future infection, but this section will describe the use of inorganic materials
to inhibit immune responses. As referenced in the introduction, autoreactive
inflammatory immune cells are normally controlled through a process called tolerance.
When tolerance is not maintained, autoimmune diseases such as MS, T1D, lupus, and
RA can develop. These diseases are characterized by an attack on healthy tissue that
leads to chronic inflammation and even death. There are currently no cures available,
leaving patients to rely on immunosuppressive drugs or antibodies that can be
immunocompromising.[23] The goals of immunotherapy in this context are to restore
tolerance to the molecule being attacked, termed a self-antigen. Inorganic NMs offer
unique opportunities such as the antioxidant properties of cerium oxide NPs[165] or
the innate ability of MWCNTSs to inhibit the development of Tnl17 cells[166].
Additionally, these materials can deliver immune signals directly to relevant immune
cells and tissues to inhibit unwanted inflammation in an antigen-specific manner.[167,

168] Examples of such materials are described below and summarized in Table 3.4.
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Inorganic

. Effect Ref.
material

Setting

Antigen and adjuvant delivery induce | 225
tolerance is models of MS and T1D 230
AuNPs Peptide coating reduces disease
severity in inflammatory bowel | 237
disease model

Display of self-antigen in MHCs

. . induces tolerance in models of T1D, 238
Autoimmunity o . 239
. MS, and arthritis. Trec expansion
Iron oxide NPs - . 240
depends on dose and ligand density.
Reduce immune cell infiltration in a 243

delayed-type hypersensitivity model
Efficacy in a model of MS is
QDs dependent on self-antigen ligand | 249
dose and density

Table 3.4: Tolerance can be induced with inorganic materials.

3.6.1 Gold Nanomaterials

One strategy being investigated to restore tolerance in autoimmune disease is delivery
of a self-antigen attacked in disease along with a regulatory signal to reprogram the
response away from inflammation, towards tolerance.[47, 48, 53, 169, 170] One
example of this approach is the synthesis of AuNPs decorated with a self-antigen
characteristic of MS, MOG, and a small molecule, ITE, shown to expand Trecs (Figure
3.14A).[46] The 60 nm particles were formed by adding MOG and/or ITE dropwise to
the mixing gold colloid solution followed by dropwise addition of methoxy-PEG-SH
to stabilize against aggregation. The ITE-decorated and co-loaded NPs specifically
activated AhR, a pathway stimulated by ITE, while MOG-decorated particles did not.
Activation of this pathway has been shown to induce tolerogenic DCs that polarize T
cells towards the regulatory phenotype (Trecs).[171-173] It was demonstrated that

particle treatment significantly reduced LPS-induced DC activation and maturation in
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vitro, which led to generation of Tregs in a coculture study. Next, the strategy was
tested in a mouse model of primary progressive MS, EAE, which is characterized by
increasing paralysis over a 2 — 3 week period. Weekly administration of the co-loaded
particles significantly inhibited the development of disease and suppressed the Th1 and
Tw17 cell responses that are characteristic of EAE (Figure 3.14B). Additionally, when
T cells from mice treated with co-loaded NPs were transferred into naive mice, they
were protected from the development of EAE, pointing towards the development of a
strong Trec response. This nanovaccine strategy was also tested as a therapeutic in a
relapsing-remitting model of EAE (RR-EAE) which is induced by immunization with
amino acids 139 to 151 of PLP and characterized by spreading of the T-cell response
to amino acids 178 to 191. Weekly administration of NPs decorated with ITE and
PLP139-151 and NPs decorated with ITE and PLP17s-191 resulted in a reduction in severity
of paralysis and the number of relapses (Figure 3.14C). Efficacy in both disease
models is key to translatability as relapsing-remitting MS affects the highest percentage
of patients and primary progressive MS is the only type that has no FDA-approved
treatments. In a related study that did not feature inorganic materials, degradable PLGA
MPs were synthesized to encapsulate and deliver MOG and rapamycin, another small

molecule shown to induce Treas.[25] This strategy achieved reversal of paralysis in
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mice with established EAE, further demonstrating the potential of particle-based

delivery systems.
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Figure 3.14: AuNPs can codeliver self-antigen and a Trec-promoting small molecule to
resolve autoimmune reactions in multiple disease models. A) MOG self-antigen and
immunomodulatory molecule, ITE can be coated onto AuNPs. B) Particles that deliver both
signals significantly inhibited EAE development, while NPs delivering only one signal had a
muted effect. C) AuNPs delivering self-antigens PLP139.151 and PLP17s.101 reduced relapses in
RR-EAE. D) AuNPs could also be applied to T1D by delivering ITE and proinsulin, resulting
in a reduction of disease incidence in a T1D model. These particles increase the expression of
SOCS2 (F), and silencing the factor mitigated AuNP suppression of NF-kB expression.
Adapted with permission from [46] and [174].

This immune signal-decorated AuUNP vaccination strategy was next expanded to T1D,
a disease in which T cells attack insulin-producing B cells in the pancreas.[174]
Decreased insulin levels leave the body unable to move sugar from the blood stream
into cells, resulting in high blood sugar levels which can lead to cardiovascular
problems and serious damage to other tissues. In this study, AuUNPs were decorated
with ITE and a B cell-related antigen, proinsulin, or with ITE and a peptide that

activates a diabetogenic T cell clone (Figure 3.14D). The particle formulation was
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tested in a non-obese diabetic (NOD) model where mice spontaneously develop T1D,
and it was found that weekly treatment significantly inhibited disease development
(Figure 3.14E). Treated mice had decreased levels of inflammatory Tnl and Tw17 cell-
related genes in the pancreatic LNs, but increased expression of a Treg-associated gene.
Trl and TH17 cells can both induce diabetes in NOD mice and Trecs are protective
against disease development, suggesting a method for tolerance induction by AuNP
treatment. When NOD mice received DCs that had been loaded with NPs ex vivo, only
10% developed T1D by 22 weeks of age. Further investigation into the mechanism of
tolerance revealed that NP treatment in DCs enhanced expression of Socs2, a factor
associated with suppression of NF-xB activation (Figure 3.14F). When Socs2 was
knocked down, the effects of NP administration on NF-kB activation and inflammatory
T cell polarization were reverted, suggesting the importance of this factor in the
induction of tolerogenic DCs (Figure 3.14G). This work provided novel information
into the role of NP treatment-induced tolerogenic DCs in T1D development and

treatment.

Overactive TLR signaling has been implicated in the pathogenesis of many
inflammatory and autoimmune diseases.[175-179] Antagonists of TLRs and
downstream pathways are therefore an attractive area of exploration for
therapeutics.[65] The recent phase 3 clinical trial failure of a TLR4 inhibitor for sepsis
treatment demonstrates the complicated interactions at play and a possible need for
therapeutics that can simultaneously block multiple TLRs.[180] To address this need,

peptide-AuNP hybrids were developed to inhibit TLR activity and ultimately treat
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inflammatory diseases.[181] Peptides were coated onto the 13 nm NPs by simple
mixing and were used both to alter the surface chemistry and influence
immunomodulatory activity. Screening a library of hybrids identified a specific peptide
sequence (CLPFFD) with potent anti-inflammatory activity, designated P12,
suppressing the upregulation of 40% of genes in human PBMCs that are typically
upregulated by LPS treatment. Further, when particles were taken up by monocytes
and macrophages, they localized into endosomal compartments where they blocked
acidification (Figure 3.15). A control peptide sequence, CPLAAD (P13), did not have
the same effect on endosome pH. Modulation of endosomal pH plays an important role
in endosomal TLR signaling and more specifically, was linked to reduction in TLR3
and TLR4 signaling. Particle treatment was evaluated in a mouse model of
inflammatory bowel disease in which a number of the inflammatory pathways
specifically targeted by these NPs have been implicated. Treatment resulted in a
reduction in disease severity as measured by body weight loss and colon inflammation,
among other factors. These results suggest a new platform to target overactive TLR
signaling that may overcome the pitfalls TLR inhibitors have seen thus far in clinical

trials.
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Figure 3.15: AuNPs coated with an immunomodulatory peptide sequence blocked
endosomal acidification, resulting in reduced TLR signaling. Reprinted with permission
from [181].

3.6.2 Iron Oxide Nanomaterials

As discussed in the introduction, T cells become activated when they interact with a
DC presenting both antigen in a MHC and costimulatory factors. When T cells
recognize antigen without these factors, however, they will not respond in an
inflammatory manner and this can induce tolerance. In T1D, CD8" T cells recognize
multiple epitopes expressed by pancreatic islet cells, resulting in a need for therapies
that eliminate autoreactive T cells with different specificities.[57] To this end, iron
oxide NPs coated with multiple disease-relevant self-peptides loaded in MHCI
(PMHCs) were developed.[182] Oxidized egg white avidin was added to dextran-
coated NPs that had been cross-linked with epichlorohydrin, and treated with
ammonia.[161] Biotinylated pMHCs were then added at a controlled molar ratio
resulting in particles with an average size of 114.1 nm. These NMs are unique in that
they can directly interact with T cells, eliminating the need for uptake and processing
by APCs. NOD mice treated with a mixture of six different pMHC-NPs, targeting the

most prevalent pools of CD8" cells, were 100% protected from development of
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spontaneous T1D. Surprisingly though, treatment with monospecific NPs, targeting
self-antigens NRP-V7 or IGRP206-214, Was also highly effective because they induced
expansion of an existing memory population of regulatory CD8" T cells (Figure
3.16A). Trecs have the ability to suppress autoimmune reactions against multiple self-
antigens by direct killing of APCs presenting these antigens. This research
demonstrates that treatments targeting one self-antigen can be effective in controlling

a disease that has many characteristic autoantigens.
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Figure 3.16: APC-like iron oxide NPs deliver self-antigen directly to T cells and control
autoimmunity regardless of disease model. A) pMHC NPs can control disease in a T1D
model by delivering only one attacked epitope. Disease severity and incidence is also reduced
when mice are treated with relevant self-antigen-loaded MHC-coated NPs in models of MS (B)
and arthritis (C). D) pMHC coated NPs bind to T cells as “microclusters”. Adapted with
permission from [182], [183], and [184].

While the initial work focused on controlling autoreactive CD8" T cells, the next
particles developed were coated with autoimmune-disease-relevant peptides loaded in

MHCII, which interacts with CD4" T cells.[183] This subset of T cells is important in
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many autoimmune diseases including T1D, MS, and arthritis. Particle treatment was
shown to expand antigen-specific regulatory CD4" T cells capable of suppressing APCs
presenting self-antigen and of differentiating regulatory B cells. Remarkably, the
therapy was effective in a number of disease models, restoring normoglycemia in NOD
mice, reversing paralysis in EAE mice (Figure 3.16B), and resolving joint swelling in
arthritic mice (Figure 3.16C). These results were not reliant on a specific genetic
background and could be replicated with ten different pMHC NPs, demonstrating the

versatility of the platform.

Following success with iron oxide NP treatment in a number of autoimmune disease
models, the researchers recognized the importance of characterizing design rules for
inducing specific tolerance.[184] Optimal conditions for synthesis and optimal dose
and ligand density for Trec expansion were investigated. Measurement of IFN-y
secretion by T cells revealed an optimal valency for pMHC coating on NPs that changes
with particle size. Trec expansion was found to be dependent on both dose and ligand
density of pMHCs. Analyzing these parameters is critical not only to determining
translation potential, but to reveal fundamental information about the rational design of
materials-based immunotherapies. It was also determined that the NPs bind to T cells
as clusters and that the formation and size of these microclusters is dependent on pMHC
density (Figure 3.16D). Examining the interaction of these “APC-like” particles with

T cells is necessary to understanding their mechanism of immunomodulation.
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Several reports demonstrate that iron oxide NPs that are not coated with immune
signals can directly modulate macrophage and T cell functionality.[185-188]
Specifically, treatment of OVA-primed splenocytes with carboxydextran-coated iron
oxide NPs between 45 nm and 60 nm inhibited Th1 cytokine expression.[187] The
effect of these NPs on a mouse model of delayed type hypersensitivity (DTH), a TH1-
mediated response to antigen, was therefore investigated.[189] One measure of DTH
is footpad swelling of OVA-sensitized mice that are re-challenged with OVA. Iron
oxide NP treatment significantly reduced this swelling and immunohistochemical
staining revealed diminished infiltration of T cells and macrophages and reduced
expression of inflammatory cytokines. In agreement with these results, splenocytes
isolated from NP-treated, OV A-sensitized mice produced less IFN-y in response to
OVA-restimulation. These results demonstrate the innate tolerizing effect of an

inorganic material in halting autoimmune reactions.

3.6.3 Quantum Dots

In immunological applications, QDs have mainly been used as an imaging modality
such as for labelling mesenchymal stem cells for T1D therapy.[190, 191] QDs have
not, however, been readily investigated as delivery vehicles for immune signals.
Several groups have shown that delivery of MOG via a particle, without additional
immunomodulatory signals, can induce tolerance in the EAE model of MS.[53, 54,
192] QDs present a unique opportunity in this application by allowing for tunable

conjugation of a high number of molecules such as peptides or DNA. In one example
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of this approach, 625 nm emitting CdSe/ZnS core/shell QDs were decorated with
disease-relevant peptides and used as a tool to probe the relationship between peptide
dose and density and efficacy in treating autoimmune diseases (Figure 3.17).[52] QDs
were able to accommodate up to 100 peptides per particle and were readily taken up by
DCs that could process and present MOG to T cells. One specific advantage of QDs,
their ultrasmall size (<20 nm), was demonstrated as they rapidly drained to inguinal
LNs of mice following s.c. injection at the tailbase. The intrinsic fluorescence of QDs
allowed for easy imaging of the tissues. While MOG-QDs showed efficacy in EAE,
injection of an equivalent dose of free MOG had no effect, demonstrating the need for
a materials-based system when delivering self-antigen. The level of tolerance could be
tuned by increasing the amount of self-antigen, with a higher dose of MOG showing
greater efficacy in the disease model. The most interesting result was that when
delivering the same dose of MOG, spreading the ligands over many QDs was more
effective for inducing tolerance than packing more peptide onto fewer particles. This
work proves QDs to be a useful tool for understanding fundamental questions about
tolerance induced by particle delivery systems. The strategy of delivering a self-antigen
to treat autoimmunity recently made it to clinical trials with the delivery of autologous
PBMCs chemically coupled with seven different myelin peptides.[193] The cells are
pulsed with the peptides in the presence of a chemical cross-linker 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and have demonstrated success in

inducing tolerance in EAE models.[194, 195] The therapy proved safe and well
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tolerated in humans, and even resulted in a decrease in antigen-specific T cell

Tunable display {‘:: .Q'.
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Figure 3.17: Self-antigen-decorated QDs rapidly drain to LNs. The level of tolerance in
EAE induced by QD treatment is dependent on self antigen peptide ligand density.
Reprinted with permission from [52].

3.7 Conclusions

Biomaterials offer advantages in immunotherapy applications such as targeted and co-
delivery of immune signals and cargo protection. Specifically, inorganic materials
promote long term stability and can offer unique features such as magnetism or direct
imaging capabilities. Despite the possibilities that they offer, NMS still face many
challenges. Unlike some other material types, inorganic materials are typically non-
biodegradable and non-porous, presenting difficulties for clearance and for release of
immune signals. Many of the materials discussed above are still in early stages of
clinical development and are there are still debates over toxicity.[196] There are also
concerns about the production of NMs with consistently reproducible properties that

are desirable for the downstream application.[197] An important goal for the next
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stages of materials research for immunotherapy applications is to focus on rational

design with specific efforts towards biocompatibility and reproducibility.

Chapter 4, below, details a strategy co-delivering self-antigen and a regulatory
molecule. As discussed in this chapter, materials that are commonly used for the
delivery of these signals can exhibit immunostimulatory or immunomodulatory
properties, but these properties have yet to be fully characterized. The platform studied
in the next chapter features advantages of biomaterials but relies on self-assembly to

deliver immune signals alone with no potentially immunogenic carrier.
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Chapter 4: Polyplexes assembled from self-peptides and regulatory nucleic
acids blunt toll-like receptor signaling to combat autoimmunity?

4.1 Introduction

Failure to mount an immune response to an antigen is known as immunological
tolerance.[9] When tolerance to self-antigens (e.g. host proteins) is not maintained,
inflammation and autoimmune disease can develop. Autoimmune diseases such a MS,
T1D, lupus, and RA, affect over 20 million Americans.[198, 199] In MS, the myelin
sheath that insulates and protects the axons of neurons is recognized as a foreign
antigen.[11, 12] Myelin derived antigens are now strongly implicated as the targets of
malfunctioning self-reactive cells in MS,[15] inflammatory populations that infiltrate
the CNS. In the CNS, the attack by these cells drives demyelination of neurons, while

secretion of inflammatory cytokines recruits additional immune cells to the site.[17]

Cures for autoimmune diseases do not exist and treatment options are limited. Typical
therapies rely on regular doses of immunosuppressive drugs or antibodies that are non-
specific and can leave patients immunocompromised.[23] Thus, great interest has
developed in new treatments that can durably block inflammatory responses against
self-antigen without non-specific suppression. One exciting new strategy is co-delivery
of an antigen, such as myelin, along with immunomodulatory molecules to redirect

responses against self-antigen. Biomaterials offer very attractive features in this

2Adapted from KL Hess, JI Andorko, LH Tostanoski, CM Jewell; “Polyplexes assembled from self-
peptides and regulatory nucleic acids blunt toll-like receptor signaling to combat autoimmunity”,
Biomaterials 2017, 118: 51-62.
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context, and, in addition to co-delivery, provide routes for efficiently targeting APCs
and for controlled release.[7, 200] In particular, synthetic polymers have been used to
co-deliver antigen with regulatory signals—small molecules, cytokines, and proteins—
to polarize differentiating T cells away from inflammatory cells and toward Trees.[25,
46, 47, 53, 62, 169, 170, 201] These populations can control self-reactive effector cells
(e.g., TH1, TH17) that drive autoimmune disease while limiting broad suppression.[9]
Expansion and biasing of T cells toward regulatory response also reduces the absolute
number of inflammatory cells and offers the potential for more durable treatments.[182,

183]

TLRs are a collection of signaling pathways that recognize pathogen-associated
molecular patterns (PAMPSs), resulting in secretion of inflammatory cytokines and
activation of the immune cells needed to fight infection.[202] Interestingly, a
developing body of new literature demonstrates that many TLRs are overexpressed in
MS and other autoimmune diseases, as well as in animal models.[175, 176, 178, 179,
203] For example, in experimental autoimmune encephalomyelitis (EAE), a pre-
clinical mouse model of MS, disease is significantly reduced in TLR9 knock-out
mice.[179] This example highlights the importance of TLR9 signaling in driving
disease. TLR9 typically activates innate immunity following recognition of a
characteristic bacterial DNA sequence called CpG.[204] CpG DNA is an agonist for
TLR9, ultimately driving inflammation through the MyD88 pathway that leads to
activation of DCs, macrophages, monocytes, and B cells, along with secretion of

inflammatory cytokines.[205, 206] For this reason, CpG has been intensively studies
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as a vaccine adjuvant.[205] In contrast to this common role of TLR9 as an adjuvant,
one group has explored TLR9 antagonists to promote tolerance using GpG, an analog
of CpG exhibiting a substitution of guanine for cytosine.[207, 208] Like CpG, GpG is
unmethylated, single-stranded DNA with a phosphorothioate backbone that can bind
TLR9. During cell studies, treatment with GpG suppressed proliferation of
inflammatory Twul cells. In mice, repeated regular treatment with GpG attenuated
EAE—a Tnl-mediated MS model— and further, enhanced induction of tolerance when
GpG was mixed just prior to injection with plasmid DNA encoding myelin self-
antigens. Thus, we reasoned juxtaposing GpG and self-antigen in polyplex-like NPs
might alter the inflammatory signaling associated with recognition of self-antigen,
biasing differentiating T cells away from inflammatory phenotypes to help combat

autoimmune disease.

One simple class of biomaterials particularly well-suited for the co-delivery strategy
above is polyplexes, nano-structured complexes that spontaneously assemble due to
electrostatic condensation when nucleic acid is mixed with a cationic polymer.[209-
211] Polyplexes condense cargo to a high density that is easily internalized by cells and
offer protection from enzymatic degradation. These and other advantages have been
exploited in a variety of applications ranging from transfection to vaccination. For the
former, great effort has been invested to develop cationic polymers that are non-toxic
and offer features (e.g., proton-sponge capacity) that overcome specific barriers to
DNA and RNA delivery such as endosomal escape. In the vaccine area—both

prophylactic and therapeutic—the particulate nature of polyplexes promotes uptake by
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APCs, and further, polyplexes allow simple tuning of vaccine specificity by simply
replacing a particular DNA plasmid or RNA molecule with different sequences.
Despite these useful properties, only a handful of reports, all in the past 3-4 years, have
explored polyplexes to modulate immune function or promote immunological
tolerance. In one example, receptors involved in the development of diabetes were
targeted in mice by condensing plasmid encoding a soluble ligand for this
receptor.[212] In a second example, mice were treated during diabetes with polyplexes
formed using chitosan to condense plasmids encoding interleukin 4 (IL-4) and
interleukin 10 (IL-10), regulatory cytokines that suppress inflammatory
cytokines.[213] The Mellor group has studied a system using poly(ethylenimine) (PEI)
to condense plasmid DNA that is free of PAMPs, limiting activation of common
inflammatory pathways and cytokines that are also often active during autoimmune
diseases.[214-216] Although none of these approaches incorporate self-antigen, we
hypothesized polyplexes including such components might allow induction of antigen-
specific tolerance. Further, a number of reports demonstrate that commonly used
biomaterials, such as chitosan, PLGA, and polystyrene, exhibit intrinsic
immunogenicity that drives inflammation.[7, 28, 38, 39, 58, 59] This characteristic
could be detrimental when developing therapies for autoimmune disease, as intrinsic
inflammation from a delivery vehicle could exacerbate disease. Thus, therapeutics that
eliminate carrier components but still offers features of biomaterials such as co-delivery

and cargo protection, could offer simpler and lower-risk treatments.
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To realize the possibilities discussed above, we designed polyplex-like structures
assembled from GpG and MOG, a peptide antigen of myelin, modified with cationic
arginine residues. This strategy is unique in four ways. First, these NPs consist entirely
of immune signals, and are free of all carriers or supports. The polyplexes thus mimic
attractive features of traditional biomaterials, while eliminating the intrinsic
immunogenicity described above. This is highly relevant for autoimmune and
inflammatory conditions where such traits might worsen disease. Second, we are
targeting suppression of TLR signaling to promote tolerance, a new idea arising in
immunology research, and that is untapped in the biomaterials field. This is particularly
important for autoimmune therapies owing to the intriguing recent studies revealing
TLR signaling is overactive in human autoimmune diseases such as MS, T1D, lupus,
and RA. Third, because the polyplexes are built entirely from immune signals, they
juxtapose both the self-antigen and the regulatory signal at very high densities. This
feature provides highly efficient loading (i.e., 100%) relative to polymers or matrices
used to load and deliver cargo, as well as the co-delivery needed to polarize T cells
away from inflammatory phenotypes. Last, these immune polyplexes are novel because
they include self-antigen for specificity, but do not rely on expression of any plasmid
component; the nucleic acid cargo is an antagonistic TLR ligand that directly interacts
with these receptors. Using this platform, below we show that MOG-GpG polyplexes
are readily internalized by APCs, decrease TLR9 signaling, and are non-toxic.
Treatment of DCs reduces activation and inflammatory cytokines, biasing myelin-

specific T cell function away from inflammatory phenotypes during co-culture studies.
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In a mouse model of MS (EAE), polyplex treatment significantly reduces both the

severity and incidence of disease.

4.2 Materials and Methods

4.2.1 Materials

GpG DNA (5’-TGA CTG TGA AGG TTA GAG ATG A-3’), CpG DNA (5’-TCC
ATG ACG TTC CTG ACG TT-3’) and a control oligonucleotide (5’-TCC TGA GCT
TGA AGT-3") were purchased from IDT (Coralville, 1A). MOGs3s.s5
(MEVGWYRSPFSRVVHLYRNGK) was synthesized by Genscript (Piscataway, NJ)
with a FITC tag on the N-terminus and either one or two arginine (R) residues on the
C-terminus (MOGR1, MOGR:y). TE buffer and ethidium bromide were purchased from
Amresco (Solon, OH). DNase | kits with 10X reaction buffer were purchased from
New England Biolabs (Ipswich, MA). RPMI-1640 media and Molecular Biology
Grade Water were purchased from Lonza (Allendale, NJ) and fetal bovine serum (FBS)
was  supplied by  Corning  (Tewksbury, = MA).  B-mercaptoethanol,
ethylenediaminetetraacetic acid (EDTA) and bovine serum albumin (BSA) were
purchased from Sigma Aldrich (St. Louis, MO). 20X PBS, HEPES, and non-essential
amino acids were purchased from VWR (Radnor, PA). L-glutamine, penicillin-
streptomycin, and DAPI were purchased from Thermo Fisher Scientific (Grand Island,
NY). Spleen Dissociation Medium and CD4 negative selection kits were from
STEMCELL Technologies (Vancouver, BC). CD11c microbeads were purchased from

Miltenyi Biotec (Cambridge, MA). Cy5 nucleic acid labelling kits were from Mirus
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(Madison, W1). HEK-Blue™ TLR9 report cells, detection media, and antibiotics were
supplied by Invivogen (San Diego, CA). Fluorescent antibody conjugates and ELISA
reagents were purchased from BD (San Jose, CA). Cell Proliferation Dye eFluor® 670
was from affymetrix eBioscience (San Diego, CA). Hooke Kits™ for EAE Induction

were supplied by Hooke Laboratories (Lawrence, MA).

4.2.2 Cells and animals

All primary cells were harvested from female C57BL/6 mice (4-12 weeks, stock
#000664) and male C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J (2D2) mice (10-16
weeks, stock #006912) purchased from Jackson Laboratories (Bar Harbor, ME). 2D2
mice have transgenic CD4" T cell receptors specific for MOG. Female C57BL/6 mice
(10-12 weeks, stock #000664) were used for EAE studies. All animals were cared for
in compliance with federal, state, and local guidelines, and using protocols reviewed
and approved by the University of Maryland's Institutional Animal Care and Use

Committee (IACUC).

4.2.3 Complex formation

Complexes were formed by mixing aqueous solutions of GpG and MOG with MOGRy
(x=1 or 2). The components were mixed at defined mass ratios ranging from 1:20 to
40:1 MOGRx:GpG. In these studies, the total mass of GpG was fixed at 25 pg while
the mass of MOGRyx was varied to control the charge ratio. Prior to use in cell and

animal studies, complexes were centrifuged for 90 minutes at 5,000 g in a Microfuge
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22R (Beckman Coulter, Brea, CA). Supernatants were removed and the pellets were
resuspended in water to remove any excess MOGRyx or GpG that was not complexed.
Loading studies to determine the amount of complexed MOGRx and GpG were carried
out by measuring the fluorescence levels of FITC-MOGRx and Cy5-GpG in the
supernatant of the centrifuged complexes. Cy5 labeling was carried out using the

manufacturer’s protocols.

4.2.4 Characterization of complex size and charge

Hydrodynamic diameter and zeta potential of complexes were measured in triplicate
using samples prepared in molecular biology grade water and analyzed on a Zetasizer
Nano ZS90 (Malvern Instruments Ltd, Westborough, MA). Stability analysis was
completed by incubating MOGRx-GpG in media with serum and measuring the

hydrodynamic diameter at the indicated intervals.

4.2.5 Ethidium bromide exclusion assay

Ethidium bromide (EtBr) was added to GpG at a 1:5 mass ratio and allowed to
equilibrate for one hour. MOGR: and MOGR; were then added at GpG:MOGRx mass
ratios ranging from 1.5 to 10:1. Fluorescence was measured using an excitation
wavelength of 540 nm and an emission wavelength of 570 nm. The fluorescence of
EtBr alone was subtracted from all samples and an intensity ratio was calculated by
comparing of the fluorescence of the complex with EtBr to the fluorescence of DNA

and EtBr alone.
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4.2.6 Enzymatic degradation assay

Complexes were made from Cy5-GpG and MOGRy and centrifuged as described
above, then resuspended in 100 uL 1X DNA I reaction buffer. The fluorescence from
the Cy5-GpG was then measured using an excitation wavelength of 640 nm and an
emission wavelength of 670 nm. 2 units of DNase | were added to each sample after
complex formation, then mixed and incubated for 30 minutes at 37°C. After incubation,
1 pL of 0.5M EDTA was added and the enzyme was heat inactivated at 75°C for 10
minutes per the manufacturer’s instructions. The fluorescence of the Cy5-GpG was
then measured again to determine the extent of degradation compared to free Cy-5
GpG. Fluorescent measurement was chosen to quantify GpG amount over
spectrophotometry because the absorbance of MOGRy (peak at 280nm) overlaps the

absorbance of GpG (peak at 260 nm).[217, 218]

4.2.7 TLRO reporter cell study

HEK-Blue™ mTLR9 cells are co-transfected with the murine TLR9 gene and an
inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene. Stimulation
of the cells with an unmethylated CpG-ODN sequence (TLR-9 agonist) activates NF-
kB and AP-1, which leads to the production of SEAP to allow colorimetric detection.
Cells were first treated with CpG and then either complexes or free controls. After a 16
hour incubation period, the level of SEAP was measured by spectrophotometry at 650

nm.
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4.2.8 Dendritic cell isolation and flow cytometry

CD11c+ DCs were isolated from the spleens of female C57BL/6 mice through positive
selection with spleen dissociation media and CD11c Microbeads. DCs were plated in a
96 well plate at 100,000 cells per well and cultured in RPMI 1640 media supplemented
with 10% FBS, 2 mM L-glutamine, 1X non-essential amino acids, 10 mM HEPES
buffer, 1X penicillin and streptomycin, and 55 uM B-mercaptoethanol at 37°C and 5%
CO2. DCs were activated by adding CpG (TLR9 agonist) at a concentration of 5 pg/mL
and treated with the each complex formulation, vehicle (water) only, or free controls
of MOGRy alone or GpG alone. For activation studies, cells were stained after 24 hours
for viability (DAPI-) and for classic surface activation markers (CD80+, CD86+,
CD40+) using fluorescent antibody conjugates. For uptake studies, complexes were
made with FITC tagged MOGR: or MOGRz and Cy5 labelled GpG. Cells were
incubated with complexes for two hours prior to collection and staining for viability
(DAPI-). For both sets of studies, cells were measured by flow cytometry (BD Cantoll,

San Jose, CA) and data were analyzed with FlowJo v.10 (TreeStar, Ashland, OR).

4.2.9 Enzyme-linked immunosorbent assay

Supernatants from DCs treated for activation studies were collected. Cytokine secretion
levels were analyzed via ELISA using mouse interferon gamma (IFN-y) reagents.
Briefly, 96-well plates were coated with an IFN-y capture antibody and after an

overnight incubation, the supernatant samples were added. An IFN-y detection
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antibody and streptavidin-horseradish peroxidase conjugate mixture was then added to
the wells for 1 hour. A tetramethylbenzidine and hydrogen peroxide mixture was added
to each well for 30 minutes and the reaction was stopped by the addition of 1M
phosphoric acid before reading the absorbance of each sample at 450 nm. IFN-y

concentrations were calculated from absorbance by comparing to a standard curve.

4,2.10 DC/T cell co-culture and flow cytometry

Isolated DCs were treated with CpG and the same complex formulations or controls
described above for DC activation studies, then cultured for 24 hours. CD4+ T cells
were next isolated from the spleens of 2D2 mice via a negative selection kit. For
phenotypic studies, 300,000 T cells were added to the wells containing the treated DCs.
After 48 hours, cells were stained for a T cell surface marker (CD4+) and transcription
factors (Tbet+, RORy+) indicative of TH1 and TH17 cells, respectively. For T cell
proliferation studies, cells were labelled with eFlour 670 proliferation dye prior to
incubation with DCs. After 48 hours, cells were collected and stained for viability
(DAPI-) and for a T cell surface marker (CD4+). Cells were examined for transcription
factor expression or proliferation dye dilution with flow cytometry and data were

analyzed with FlowJo v.10.

4.2.11 EAE studies in mice

10 week old, C57BL/6 female mice were induced with EAE using a standard induction

protocol provide by the reagent vendor (Hooke Laboratories). Briefly, mice were
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injected s.c. with 50 pL of an emulsion of MOG35-55 and complete Freund’s adjuvant
(CFA) at the upper and lower back on day 0. Injection of MOG/CFA emulsion primes
inflammatory T cells specific for MOG. 100 pL of pertussis toxin (PTX) was also
administered intraperitoneally (i.p.) 2 and 24 hours after MOG/CFA injection. PTX
injection opens the blood brain barrier, allowing infiltration of inflammatory MOG-
specific T cells. These cells demyelinate the axons of neurons leading to loss of motor
function beginning around day 9 and complete paralysis occurring by day 16. Disease
severity was monitored daily by measuring body weight loss and clinical score, a
measurement of the extent of paralysis: 0 — no symptoms, 1 — tail paralysis, 2 — hind
limb weakness, 3 — hind limb paralysis, 4 — partial front limb paralysis, 5 — moribund.
The induced mice (N=8-10 per group) were either left untreated or treated s.c. at the
tailbase using complexes prepared in molecular biology grade water at a 2:1
MOGR2:GpG ratio (actual dose: 200 pg MOGR2; 85.9 ug of GpG). As indicated in the
text for each study, treatment regimens consisted of either a single complex injection
on day 7, or three administrations of complexes on days 6, 12, and 18. In control

studies, mice were treated with 50 pg free GpG on days 5, 10, and 15.

4.2.12 Statistical analysis

One-way ANOVA with a Tukey post-test was used to compare three or more groups
for materials characterization and in vitro studies, with post-test corrections for
multiple comparisons. Unpaired t-tests were used to compare mean clinical score and

body weight between groups at each study day. Log-rank tests were used in analysis of
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disease incidence. For all tests, p values < 0.05 were considered significant. For all

figures: *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001, ns = not significant.

4.3 Results

4.3.1 MOG modified with cationic arginine residues binds GpG to form immunological

polyplexes

Since GpG is a single stranded (ss) DNA molecule, and thus intrinsically anionic, we
first tested if immunological polyplex-like structures could be formed using GpG and
MOG modified with either one or two cationic arginine residues (MOGR1, MOGRy).
In these studies, the mass of GpG was fixed while the mass of MOGRx was varied to
form complexes over the range of 1:20 — 40:1 MOGRx.GpG. These formulations
corresponded to a range of charge ratios spanning highly negative to highly positive
values (Table 4.1). DLS confirmed the formation of complexes exhibiting nanoscale
hydrodynamic diameters of 117.9 + 6.5 nm to 199.2 + 4.1 nm (Figure 4.1A). These
sizes were relatively uniform across the ratios tested, though for complexes formed
from MOGR: at near-neutral charge ratios, the sizes increased slightly (e.g., 1:1, 2:1).
The PDIs of the complexes were quite large, ranging from 0.272 to 0.533 with no
correlation between number of arginine residues of mass ratio of formulation (Table
4.2). This result is expected due to the non-uniform preparation method of polyplexes
that simply involves mixing of the two immune signals as opposed to more uniform
particle preparation (i.e. PLGA MPs) that includes a homogenization step. Polyplex

stability studies conducted by incubation in media with serum revealed that these sizes
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did not change appreciably over at least 24 hours (Figure 3.2). Surface charge,

however, was readily tunable as indicated by zeta potential measurements (Figure

4.1B). As expected, complexes formed at lower MOGRyx:GpG ratios (e.g., 1:20)

exhibited a negative zeta potential that became positive moving toward higher MOGRy:

GpG ratios (e.g., 40:1). The values of these measurements ranged from -42.5 + 0.5 mV

(1:5) to 33.4 £ 0.7 mV (40:1), with a shift in zeta potential observed approximately

around the zone that charge ratio analysis predicted a charge inversion (Table 4.1).

Corresponding to these changing physicochemical properties, measurements of the

actual loading of each complex formulation ranged from 0.57 pg to 9.18 pg of MOGR

and 2.18 ug to 4.88 ug of GpG as a function of ratio (Table 4.3).

MOGR :GpG|MOGR :GpG | MOGR+-GpG [MOGR,GpG| MOGR,-GpG
Mass Ratio |Charge Ratio |[Complex Charge| Charge Ratio | Complex Charge
1:20 0.02 -49 0.02 -41
1:10 0.04 25 0.05 -21
1.5 0.08 -12 0.10 -10
1:2 0.20 -4.7 0.24 -3.9
1:1 0.41 -2.1 0.48 -1.6
21 0.81 -0.4 0.97 -0.1
5:1 2.02 +1.5 2.41 +2.0
10:1 4.05 +3.8 4.83 +4.6
20:1 8.10 +8.0 9.54 +9.4
40:1 16.2 +16 19.1 +19

Table 4.1: Charge characteristics of MOGRx-GpG complexes.
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Figure 4.1: MOGRy and GpG formed complexes with controllable properties. (A) DLS
measurements performed in triplicate showed relatively small diameters regardless of complex
formulation. (B) Triplicate zeta potential measurements of complexes indicated controllable
surface charge. (C) Binding of MOGR to GpG was measured by an EtBr assay. A reduction
in fluorescent intensity relative to free GpG indicated displacement of EtBr by the peptide. (D)
Protection of GpG from degradation by MOGRy complexation was measured after incubation
with DNase. *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001, ns = not significant. For Panels
C and D, statistics are comparisons versus free GpG.

h:gg:;éft?f Average PDI n:gg:;ft?f Average PDI
1:5 0.424 1:5 0.533
1:2 0.429 1:2 0.424
11 0.442 1:1 0.426
2:1 0.386 2:1 0.449
5:1 0.389 5:1 0.288
10:1 0.272 10:1 0.345

Table 4.2: Average PDI of MOGR,-GpG complexes
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Figure 4.2: Polyplexes remained stable in serum for up to 24 hours. Hydrodynamic
diameter was assessed over time as a measure of stability.
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MOGR\:GpG | MOGRs Mass | MOGR; Mass GpG Mass
Mass Ratio Loading (ug) | Loading (ug) | Loading (pg)
1:5 0.57 £ 0.06 0.67 £ 0.04 218+0.28
1:2 201010 2.06 £ 0.03 297+0.10
11 428 +0.01 4.31 £ 0.00 3.44 +£0.13
2:1 8.61+£0.14 9.18+0.11 488+0.15

Table 4.3: Component loading levels of MOGR-GpG complexes.

4.3.2 Strong binding between MOGRy and GpG provides protection from enzymatic

degradation

To determine the binding affinity between MOG and GpG, an ethidium bromide (EtBr)
assay was performed using a subset of ratios (i.e., 1:5-10:1). For double-stranded DNA,
EtBr intercalates base pairs, resulting in a significant increase in fluorescence. For
ssDNA, EtBr can bind secondary and tertiary structural features where regions of local
base pairing offer the stacked base pairs that support intercalation by dye molecules.
[219, 220] Free GpG controls incubated with EtBr led to a high level of fluorescence
(Figure 4.1C). Treating these mixtures with MOGR: or MOGR: at all ratios revealed
that the peptides competed with and displaced the EtBr bound to GpG, decreasing the
fluorescent measurements (Figure 4.1C). As the mass of MOGRy added to GpG
increased (1:5 - 10:1), fluorescent intensity decreased (Figure 4.1C), indicating
increasing binding affinity as the surface charge became increasingly positive over this

same range (Figure 4.1B).

We next tested if condensation of GpG by MOGRy protects GpG from enzymatic

degradation. GpG was covalently labelled with Cy5 and the fluorescence was measured
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to quantify the amount of DNA prior to degradation. After incubation of free GpG with
DNase for 30 minutes, less than 50% remained intact relative to the starting
concentration of GpG (Figure 4.1D). Complexation of GpG with MOGR2, which
generally exhibited a slight increase in positive charge versus MOGR; (Figure 4.1B),
significantly reduced GpG degradation at most ratios, with up to ~80% of the GpG
remaining after incubation with enzyme (Figure 4.1D). Complexation with MOGR1
resulted in a trend of protection, but these effects were only significant against free

GpG at one ratio.

4.3.3 GpG complexed with MOGRy maintains the ability to restrain TLR9 signaling

We next confirmed GpG is able to blunt TLR9 signaling after complexation with
MOGRy. Cells were first stimulated with CpG, a strong TLR9 agonist, then treated
with polyplexes or dose-matched free components (i.e., GpG or MOGRy). These
experiments confirmed high levels of TLR9 activity in cells receiving only CpG, while
addition of GpG-containing complexes significantly reduced TLR9 signaling (Figure
4.3A). Although in some cases the levels of reduction observed with complexes were
not as high as treatment with equivalent doses of free GpG, these experiments confirm
GpG maintains the capacity to block TLR9 signaling after complexation with self-
antigen. Although a small decrease in TLR9 activity was seen due to some free MOGRy
treatments (grey bars), these non-specific effects were not observed for most of the
ratios. Building on the TLR signaling results, we assessed the toxicity of complexes by
treating primary DCs (CD11c") isolated from the spleens of mice with complexes or

free controls. Flow cytometry analysis of DAPI" cells indicated only a small decrease
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in cell viability (~10%), regardless of the specific complex formulation (Figure 4.3B).
These effects were also observed in wells treated with only GpG (purple bars), but were

less common in wells treated with free MOGRy (grey bars) controls (Figure 4.3B).
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Figure 4.3: Complexes antagonized TLR9 without affecting viability. (A) The SEAP level
induced by CpG and complex or free treatments correlates to TLR9 activity in a reporter cell
line and was measured by spectrophotometry. (B) Viability following complex or free
treatments was measured by incubation with DAPI and flow cytometry. *p < 0.05, **p < 0.01,
***p < 0.001, #p < 0.0001, ns = not significant. For Panel B, statistics correspond to
comparisons against CpG only.

4.3.4 Primary DCs readily internalize MOGRx-GpG complexes

Having confirmed cell compatibility and the ability of complexes to reduce TLR9
signaling, we studied the immunological processing and tolerogenic activity of
complexes. To determine the ability of APCs to phagocytose these NPs, DCs were
incubated with complexes formed from FITC-tagged MOGRy and Cy5-labeled GpG or
free controls. Flow cytometry analysis revealed all complex formulations resulted in a
significant increase in both FITC signal (MOGRy; Figure 4.4A,B) and Cy5 signal
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(GpG; Figure 4.4C,D) compared to vehicle treatment. Interestingly, for MOGRx
peptides, uptake levels were similar regardless of whether the peptide was in a free or
complexed form (Figure 4.4A,B). Flow cytometry measures the co-localization of
signal with cells but cannot directly determine if molecules are internalized or simply
bound to the cell membrane. To gain a better understanding of polyplex uptake, we
incubated treated cells with trypan blue prior to flow cytometry analysis which
guenches FITC signal on the cell membrane but not FITC signal that has been
internalized. The level of FITC-MOG signal was comparable to treated cells that had
not been incubated with trypan blue, giving one indication that the polyplexes had been
phagocytosed. In contrast, GpG uptake was significantly higher when complexed with

MOGR2, compared to both free GpG and MOGR1-GpG polyplexes (Figure 4.4C,D).

A e B

100 BMOGR, A MOGR -GpG MOGR,-GpG
C I I
EMOGR, omplexes Complexes
=® 80
LN MFI: 1310 MFI: 1290
£ E 60
= "
= A
[ra =
8 g 40 % >
= #(vsall
=20 sali‘\:ples) © Free MOGR, Free MOGR,
—— 1
0 “ N N N N MFI: 1057 MFI: 1199
S ‘.\\c}q’ [N R AT I A
W Q@ T T
Complexes Free MOGR, Controls .
# Ll
= FITC MOGR, Fluorescent Intensity
#
c D
# MOGR,-GpG MOGR,-GpG

y Complexes Complexes

S

S
]
®
°
@

—_—
#*
4 "
%01 mMocRr, 4 MFI 712 MFI: 1049
BMOGR,
- -

Free GpG
# (vs all —_—

samples) MFI: 600

]

Count

(DAPI/Cy5*)
o
N

GpG Uptake %

=}

o

g N K . !
0&;\‘5@ I SN N e >

3 NN

W~ <X Cyb GpG Fluorescent Intensity

Complexes Free GpG Controls
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4.3.5 MOGRx-GpG complex treatment deactivates DCs

To determine how uptake of complexes impacts DC activation, DCs were stimulated
with CpG prior to incubation with MOGRx-GpG complexes or dose-matched free
controls. Flow cytometry analysis revealed stimulation with CpG induced high levels
of classic surface activation markers (Figure 4.5A,B,C). Strikingly, complexes
containing GpG significantly decreased activation compared to equivalent free
MOGRy controls (grey bars) by as much as 54.1%, 53.6% , and 53.1% for CD80
(Figure 4.5A), CD86 (Figure 4.5B), and CD40 (Figure 4.5C), respectively. However,
these decreases were most evident for CD80 and CD86, with MOGR2-GpG complexes
generally causing greater reductions in DC activation compared with MOGR1-GpG
complexes (Figure 4.5A-C, green vs. blue series). Measurement of MFI yielded similar
results (Figure 4.6). Importantly, DC deactivation was not seen when GpG was
replaced with a control oligonucleotide (ODN), indicating the specificity of the TLR
antagonist (i.e., GpG) to regulate inflammation (Figure 4.7). In similar studies, we
tested if complexes alter the levels at which DCs secrete IFN-y, a key inflammatory
cytokine. As expected, ELISA measurements confirmed CpG-induced secretion of
IFN-y (Figure 4.5D). Analogous to the results of surface activation staining, MOGRy-
GpG complexes significantly reduced IFN-y secretion relative to MOGRy free controls

(Figure 4.5D).
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Figure 4.5: Complex treatment deactivated primary DCs. DC activation was measured
following incubation with stimulatory CpG and complex or free treatments by expression levels
of costimulatory markers CD80 (A), CD86 (B), and CD40 (C), by staining with fluorescent
antibody conjugates and analysis by flow cytometry. (D) DC deactivation was confirmed by
ELISA to measure the secretion of inflammatory cytokine IFN-g. *p < .05, **p < 0.01, ***p <
0.001, #p < 0.0001, ns = not significant.
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Figure 4.6: MOGRx-GpG complexes knockdown expression of DC activation
markers. DC activation following CpG stimulation and complex or free peptide treatment
was analyzed by staining for the activation markers CD80, CD86, and CD40 with a fluorescent
antibody conjugate. The mean fluorescent intensity of APC, PE-Cy7, and PE was measured by
flow cytometry and correlates to CD80, CD86, and CD40 expression levels, respectively.

94



BMOGR,-ODN
BMOGR,-ODN

4000 A

3000

2000 A

1000

CD80 Expression
MFI1 of DAPIHCD11c*)

BMOGR,-ODN

8000 A
BMOGR,-ODN

6000 4

4000 A

2000 - H
0

CD86 Expression
MFI of DAPI/CD11c*)

> N
&K
N ] T
Ny R +CpG
— 2500 4 ®MOGR-ODN o NS
cb BMOGR,ODN 5 ns ns o ns S
25 2000 4 o
89
S5 1500 -
w <
o4 1000 {
2%
©2 500 -
R
N
.\at’ o ,\b ;\'r.l' \".\ L
&"Q QO L T |
N © +CpG

Figure 4.7: Complexes formed from MOGRy and a control oligonucleotide do not affect
DC activation. DC activation was analyzed following stimulation with CpG and incubation
with complexes formed from MOGR, and ODN. Fluorescent antibody conjugates were used
to quantify the expression levels of CD40, CD80, and CD86 by flow cytometry. *p < 0.05,
**p < 0.01, ns = not significant. For all panels, statistics correspond to comparisons against

Free CpG only.

4.3.6 MOGRx-GpG complexes decrease inflammatory T cell proliferation

The results above indicate that complexes containing GpG alter both the activation state
of DCs and the secretion of inflammatory cytokines by these cells. Since these
characteristics are critical in determining the type and magnitude of response to foreign
or self-antigens, we investigated whether these complex-induced changes altered the

function of myelin-specific T cells characteristic of disease in MS. In these studies, we
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cultured similarly-treated primary DCs with T cells isolated from 2D2 mice. T cells
from 2D2 mice exhibit transgenic T cell receptors, and thus proliferate upon encounter
of APCs displaying MOG in MHC-II. After co-culturing for 48 hours, flow cytometry
analysis revealed a high level of CD4" T cell proliferation in co-cultures stimulated
with CpG and free MOGRYy, indicated by decreasing signal intensity as dye was diluted
from cell proliferation (Figure 4.8A). Interestingly, all MOGRx-GpG complex
formulations greatly decreased proliferation, in some cases more than 12-fold,
compared to controls containing equivalent doses of MOGRy peptide without GpG
(Figure 4.8B, Figure 4.9). Further, since CpG alone did not cause any proliferation

(Figure 4.8B), our results suggest complexes limit proliferation of myelin-specific T

cells.
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Figure 4.8: Complexes reduced the proliferation and inflammatory function of transgenic
T cells displaying receptors specific for MOG presented by DCs in the MHC-11 complex.
Primary DCs were incubated with stimulatory CpG and complex or free treatments prior to
coculture with 2D2 T cells. T cells containing a dye were used to assess proliferation by dilution
of the dye between daughter cells (A), (B). T cell phenotype was assessed by staining with TH1
(C) and TH17 (D) fluorescent antibody conjugates and flow cytometry. **p < 0.01,
#p < 0.0001, ns = not significant.
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Figure 4.9: Complex incubation reduced the decrease of proliferation dye intensity. 2D2
T cells labelled with a proliferation dye were incubated with DCs that had been treated with
CpG and complexes or free controls. Dilution of the dye correlates to proliferation of T cells
as they dye splits between daughter cells. Flow cytometry analysis quantified the mean
fluorescent intensity of proliferation dye. **p < 0.01, ***p < 0.001, #p< 0.0001.

To investigate if reduced proliferation also alters the phenotype of these T cells, we
used flow cytometry to assess Tul (CD4*/Thet") and Tnwl7 (CD4'/RORy") levels,
effector populations that drive disease in human MS and mouse models of MS.
Incubation with free MOGRyx and CpG induced a high level of inflammatory Th1
(Tbet™) (Figure 4.8C) and Tul7 (RORy") cells (Figure 4.8D). As expected, cell
numbers and Tl levels were only detectable in treatments containing some form of
myelin peptide since 2D2 cells are specific for myelin and do not respond to other
stimulus. In agreement with our proliferation data, we discovered that treating CpG-
stimulated cultures with MOGRx-GpG complexes significantly reduced Thl subsets
relative to cells stimulated with CpG and free peptide (i.e., without GpG). Complexes
containing either MOGR1 or MOGR: drove these reductions, but the effects were more
robust in MOGR2-GpG complexes where significant reductions in Tul levels were

measured for all complex ratios (Figure 4.8C). Regardless of peptide structure or
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complex ratio, no effects were observed on Tu17 levels compared with the free controls
(Figure 4.8D). Taken together, the data in Figures 4.1-4.9 demonstrate that complexes
reduce TLR9 signaling and deactivate DCs, while limiting myelin-specific T cell
proliferation and reducing Twl phenotypes associated with pathogenesis during

disease.

4.3.7 MOGR2-GpG polyplexes improve disease progression and severity during a

mouse model of MS (EAE)

Building on our in vitro results, we tested if complexes promote tolerance and control
disease in a mouse model of MS (EAE). In these studies, mice received a single s.c.
injection of MOGR2-GpG complexes—since R, complexes were generally more potent
than R: complexes during in vitro studies—on day 7 after EAE induction (Figure
4.10A). These mice, along with untreated mice induced with EAE were assessed daily
using an established clinical score system and by body weight. As shown in Figure
4.10B, mice treated with complexes exhibited a modest, but statistically significant,
improvement in disease progression. Additionally, disease severity was improved, as
indicated by a significantly reduced mean maximum disease score compared to the
untreated group (Figure 4.10C). This single complex treatment regimen also delayed
onset of symptoms, with a mean time to onset of 13.6 + 0.5 days for treated mice
compared 11.6 + 0.3 days for untreated mice (Figure 4.10D). We next tested if a multi-
injection regimen could enhance these therapeutic effects by treating mice with
complexes on days 6, 12, and 18 (Figure 4.10E). Strikingly, this strategy substantially

enhanced efficacy, as indicated by a much greater reduction in the progression and
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severity of disease in treated mice. The clinical score of treated mice was significantly
lower than untreated mice throughout the course of the study (Figure 4.10F), with more
than a 2.0-point decrease in the mean maximum disease score (Figure 4.10G). This
three injections regimen also led to a significant decrease in weight loss (Figure 4.11)
and disease incidence, with only 60% of mice showing symptoms at the end of the
study compared to 100% of untreated mice (Figure 4.10H). Control studies using
similar regimens, but involving three treatments of GpG alone, revealed no therapeutic

effect relative to untreated mice (Figure 4.12).
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Figure 4.10: Complex treatment reduced disease severity in EAE. (A) In one study, mice
were induced with EAE on days 0 and 1 and treated s.c. with complexes on day 7. (B) Disease
progression was monitored by daily scoring of paralysis. (C) Comparison of disease severity
was completed by averaging the maximum disease score of each mouse. (D) Disease onset was
the first day a mouse showed symptoms. (E) In a similar study, mice were instead injected s.c.
with complexes on days 6, 12, and 18. Disease progression (F), severity (G), and onset (H)
were again measured. *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant.
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of body weight is a measure of disease onset and severity in EAE and was monitored daily
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Figure 4.12: Treatment with GpG alone had no effect on disease progression. Mice were
induced with EAE on days 0 and 1 and treated s.c. with free GpG on days 5, 10, and 15. Disease
progression was monitored by daily assignment of clinical EAE scores.

4.4 Discussion

Current treatment options for MS involve the regular injection of immunosuppressive

drugs or antibodies that are broadly acting. These options are not curative and can leave

patients immunocompromised,[23] highlighting the need for new, more selective

therapies. Despite the simplicity and unique features of polyplexes, this general

approach has only recently begun to be exploited to promote tolerance. We approached

the current challenges to autoimmune therapies using principles from the polyplex field
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to enable co-delivery through self-assembly of myelin-derived peptide (MOG) and
antagonistic ligands for TLRs—pathways increasingly implicated in both human and
animal autoimmune disease.[175, 176, 178, 179, 203] Our strategy is unique in several
ways. First, the reports highlighted in the introduction utilize plasmid DNA encoding
regulatory signals,[212, 213] requiring internalization, endosomal escape,
transcription, and translation, or DNA designed to expand Trecs by avoiding PAMPSs
to support regulatory pathways (e.g., indoleamine 2,3-dioxygenase induction,
IDO).[214-216] We have taken an alternative approach, incorporating peptide self-
antigen (i.e., MOG) into polyplexes to create a direct route for generation of antigen-
specific tolerance without need for gene expression. Second, we are directly targeting
anew pathway, TLR signaling, to limit the pro-immune signaling during differentiation
of self-reactive T cells to bias these cells away from inflammatory populations (e.g.,
Tw1). This is of particular relevance for the polyplexes we have designed since TLR9
is expressed in endosomes, eliminating the need for endosomal escape. [221] Along
these same lines, our approach does not require transcription or translation of either a
self-antigen (i.e., MOG) or a regulatory cue (i.e., GpG) since each of these components
are already the active molecules. We propose that following polyplex uptake by APCs,
GpG blunts inflammatory TLR9 signaling as myelin-derived peptide is being presented
to naive myelin-specific T cells (Figure 4.13). This altered signaling may still allow
proliferation of MOG-specific T cells, but polarize these cells away from inflammatory
subsets (e.g., Tul, TH17) and toward Trecs that can migrate to the CNS or other sites
of disease to control inflammation (Figure 4.13). Lastly, the polyplex-like structures

we have developed eliminate all synthetic carrier components, and instead, are
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constructed entirely from immune signals. This removes the potential for intrinsic
inflammatory activity associated with many common polymers that could make disease
worse while also simplifying composition since the signals are also the carriers and

condensation agents.
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Figure 4.13: Schematic of the proposed mechanism of tolerance induced by MOGR,-GpG
complexes. In MS, myelin peptide is presented to naive T cells by activated DCs with strong
TLR9 signaling, leading to the proliferation of inflammatory MOG-reactive effector T cells.
MOGR\-GpG polyplexes are taken up by APCs. GpG blunts inflammatory TLR9 signaling as
MOG is presented to naive T cells. The combination of immune signals induces the
proliferation of MOG-specific TREGs that promote tolerance.

Beyond polyplex-like materials, there are a number of exciting strategies developing at
the interface of biomaterials and autoimmune therapy. One important question is how
NPs are processed compared with soluble signals. Shea, Miller, and colleagues have
shown that conjugation of self-antigens to polymeric NPs helps direct these particles
to macrophage scavenger receptors typically involved in clearance of apoptotic cells
debris, material which clearly needs to be recognized as self.[50, 53] Thus, this altered
trafficking results in activation of downstream tolerance pathways including deletion,
anergy, and Trec expansion. The polyplex studies by the Mellor lab focus on induction

of the regulatory IDO pathway through delivery of DNA that does not contain
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inflammatory cues typically present in pathogens.[214-216] Instead, these particles are
surveyed by the stimulator of IFN genes (STING) pathway in DCs, leading to IDO
expression and Trec activation. In yet a different recent study, tolerance was induced
simply by altering the surface charge of synthetic polymeric particles to exhibit
negative surface charge.[50] Together these examples highlight both the potential of
biomaterials for studying and treating autoimmunity, as well the breadth of questions
that require further study—design guidelines, roles of self-antigen and regulatory cues,

the frequency of delivery and durability of tolerance, to name a few.

In cell culture, NPs formulated with self-antigen and plasmid encoding a lymphocyte
attenuator have recently been used to condition DCs in vitro for promoting tolerance
after adoptive transfer.[222] Motivated by the potential of this idea, but striving to
eliminate the need for cell isolation or ex vivo manipulation, we began by applying
classic polyplex design and characterization techniques to NPs assembled entirely from
MOG-derived peptides and regulatory TLR9 antagonists. Interestingly, we discovered
that the polyplexes could be formed over a range of charge ratios and surface charges
(Figure 4.1B) without significantly altering the diameter (Figure 4.1A). This finding
revealed some interesting implications during our in vitro studies. First, MOG peptide
was internalized at similar levels in both free and complexed form, whereas GpG was
internalized at much higher levels when complexed with MOGR: (Figure 4.4) This
likely results from the divergent charges and molecular weights of these molecules,
with MOGR: (MW = 3240.69) and MOGR> (MW = 3396.88) exhibiting total net

charges of +4 and +5, respectively, while GpG (MW = 7215.8) has a charge of -22.
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Thus, while free GpG is highly negatively charged, the peptide is cationic and
condensation results in complexes that are less anionic. This feature of MOGRy is
attractive because it supports uptake by endocytosis, and, In particular, TLR9 is
expressed in endosomes. This idea also highlights the possibility of modulating
immune function along another dimension by using the composition of the polyplexes

to change the physicochemical properties.

In the classic polyplex field, polyplexes are often formed by mixing the components
and assuming all of the molecules become complexed. In our work, we purified the
polyplexes by centrifugation to allow a precise measurement of the relative
composition (i.e., peptide vs. GpG content) after polyplex formulation. This
methodology is important because changing the relative input of each component could
lead to complexes with different compositions, subsequent changes in physicochemical
properties, and ultimately, impact the types of immune responses that develop. The
latter point is particularly relevant as high levels of self-antigen in isolation might create
situations that could exacerbate autoimmune disease, while high doses of regulatory
signals alone might drive broad suppression. In our current proof-of-principle report,
the goal was to understand if self-assembled immune signals that mimic useful features
of polyplexes can be used to target TLR signaling to promote tolerance. In future
studies, however, teasing out the link between polyplex composition and the balance
between autoimmunity and tolerance will be informative to designing therapies that are

both effective and selective.
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We also observed that polyplexes formed from GpG and MOG modified with Rz
generally performed better (i.e., greater uptake and DC deactivation, reduced T cell
proliferation) than MOGR1-GpG complexes (Figure 4.4-4.9). This also might be a
result of the decreased negative charge, a hypothesis that could be directly tested by
studying peptides modified with additional arginine residues. For example, in the
polyplex field, endocytosis is typically the mechanism of cell entry, while cell
penetrating peptides can enter through penetration or other energy-independent
mechanisms.[223-225] The latter molecules are characterized by short stretches of
mostly cationic amino acids, so appending such sequences to peptides might allow
enhanced uptake; perhaps these phenomena even occur in the case of MOGR, though
mechanistic studies blocking specific internalization routes will be required to elucidate
this possibility. Charge can also greatly affect the ability of polyplexes to escape
endosomes following cell entry, with a classic motivation for studying polyplexes as
gene delivery agents being the buffering capacity of polycations to exploit endosomal
acidification and promote endosomal escape by the “proton sponge effect”.[226-228]
Although TLR9 is expressed in endosomes, facilitating our current work, future studies
could exploit these materials to target cytosolic receptors through endosomal escape or
through cell penetration. Future studies will leverage controllable surface charge to
compare uptake and trafficking to other organelles as a function of the properties of
polyplexes assembled from immune signals. From an immunological or therapeutic
perspective, the high and tunable levels of GpG carried into cells through MOGRy
complexation could be important in explaining the ability of complexes to control the

inflammatory response to myelin, as a higher amount of GpG entering cells should
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have a greater effect on inhibiting TLR9 signaling during differentiation of spleen- or
LN-resident T cells. Since surface charge appears to play a direct role in tolerance,[50]
and certainly impacts particle uptake,[6, 229] tunable control over charge could also be

useful in optimizing immunological processing or efficacy.

We also observed some interesting differences in how GpG behaved in complexes
versus free form. During the TLR9 signaling studies, free GpG reduced TLR9 signaling
more than complexed GpG (Figure 4.3A). One potential explanation is the strong
binding between MOGRx and GpG (Figure 4.1C), which could require a longer time
for binding and processing of GpG to TLR9 receptors. Supporting this possibility,
MOGR2—which protected GpG from degradation better than MOGR: (Figure
4.1D)—did not suppress TLR9 signaling as much as MOGRj, though we only studied
these effects at a single time point (Figure 4.3A). Surprisingly, despite better protection
from enzymes (Figure 4.1D), the EtBr assay suggested similar binding levels (Figure
3.1C), so more sensitive measurements of binding affinity might provide additional
insight into some of the different effects we observed from GpG as a function of which
MOGR structure was used to complex GpG. Despite the less efficient suppression of
TLR9 signaling when GpG was complexed at some ratios, both complex formulations
(i.e., using MOGR; or MOGR?) greatly reduced TLR9 activity, and further, provide
other benefits such as improved uptake and protection from enzyme. Importantly in our
studies, treatment of cells with free MOGRx or MOGRx-ODN polyplexes (Figure 4.7)
generally had no effect, directly demonstrating the role of GpG and TLR9 signaling in

the observed effects. Further, free GpG had no therapeutic effect when injected alone
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into mice induced with EAE (Figure 4.11). Similarly, in co-culture studies, CpG alone
did not cause proliferation, while proliferation was observed during treatment with free
MOGRy (Figure 4.8B). When GpG was complexed with these peptides, proliferation
was greatly diminished. This result indicates that MOGRx-GpG complexes alter the
function of myelin-reactive cells in a myelin-dependent manner, a feature that is
important in therapies that might offer antigen-specific control of autoimmune disease.
Taken together, these results support an important role for co-delivery of both the self-

antigen and the regulatory signal in the polyplex to induce tolerance.

Our approach reveals several important follow-on questions. First, we prepared
polyplexes containing a single antigen, but in human disease, multiple epitopes are
attacked initially and through the process of epitope spreading. Future studies will need
to investigate induction of tolerance against other self-antigens alone or in combination.
Along these same lines, the EAE model itself is limited in the reactivity and range of
epitopes attacked.[230] Therefore there is also motivation to test polyplexes and other
therapeutics in multiple models of autoimmunity. Additionally, we are currently
investigating the trafficking and stability of complexes upon cell entry as a function of
polyplex composition and the number of arginine residues on the peptide, which could
modulate the route of update. These concepts are particularly important in therapeutics
involving TLRs as these receptors are differentially expressed in different cell
components (e.g., endosomal, cytosolic). Lastly, from a materials perspective, our
approach relies on electrostatic assembly, so some self-antigens may require appending

charged amino acid anchors if they do not exhibit sufficient inherent charge.[148, 231,
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232] Not-withstanding these limitations, there is great recent excitement for translation
of antigen-specific therapies. For example, a recent clinical trial with human MS
patients involved administration of a cocktail of seven myelin peptides coupled to

autologous cells as a possible approach to promote myelin-specific tolerance.[12, 193]

4.5 Conclusion

In this report we demonstrate that immune signals assembled into polyplex-like
structures exhibit many cardinal features of traditional polyplexes, but eliminate carrier
components. Our results show that GpG suppresses TLR9 signaling during
complexation and that GpG is more efficiently internalized when in a complexed form.
This enhanced delivery deactivates DCs and limits cytokines (IFN-y) and proliferation
of myelin-specific cell populations (e.g., Tnl) implicated in human MS and animal
models. In mice, these complexes improve disease progression, severity, and incidence.
Future studies will elucidate the mechanisms of uptake and trafficking in immune cells,
as well as the underlying mechanisms of tolerance. Ultimately, this simple approach
could contribute to more specific treatment options based on self-assembly of immune
signals into structures that offer attractive features of biomaterials, enabling co-delivery
of self-antigens and regulatory ligands that block TLR signaling to bias differentiating

T cells toward regulatory populations instead of inflammatory effector subsets.

The following chapter describes another material-based strategy for delivering MOG,
in an attempt to induce tolerance in EAE. This platform features one of the inorganic

materials described in Chapter 3 (QDs) and is based on the approach discussed in
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Chapter 2 to alter the trafficking and processing of self-antigen through particle-based
delivery. In particular, Chapter 5 investigates key parameters for inducing tolerance

such as peptide dose and density.
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Chapter 5: Engineering immunological tolerance using quantum dots to
tune the density of self-antigen display®

5.1 Introduction

In MS, self-reactive antibodies and T cells attack the myelin sheath insulating the
CNS.[17, 18] Existing therapies can suppress these effects, but are not curative and
leave patients immunocompromised.[23, 233] One promising strategy to overcome
these hurdles is generation of Tregs. These cells can act in a myelin-specific manner to
restrain  the inflammatory response against myelin without non-specific
suppression.[12, 183, 201] New studies focused on more specific treatments reveal that
the development of inflammation or tolerance against self-molecules is influenced by
the concentration and form of antigen reaching the tissues that coordinate immune
function, namely, LNs and the spleen.[12, 48, 49, 62, 234] Thus, tunable control over
the display of these self-ligands could enable more specific and effective therapies.[47]
Along these lines, three recent discoveries motivated our strategy to test QDs as a
nanoscale scaffold to promote tolerance. First, several reports demonstrate sub-30 nm
NPs drain very efficiently through lymphatic vessels and accumulate in LNs.[4, 5]
Second, new studies reveal that changing the way myelin is processed and presented to
the immune system can drive tolerance instead of inflammation.[25, 53, 54, 192] For
example, one group induced T cell tolerance by treatment with large MPs decorated

with myelin peptide that trafficked to macrophages expressing a scavenger receptor

3Adapted from KL Hess, LH Tostanoski, JI Andorko, K Susumu, JR Deschamps, IL Medintz, and
CM Jewell; “Engineering Immunological Tolerance Using Quantum Dots to Tune the Density of
Self-Antigen Display”, Advanced Functional Materials 2017, 27 (22):1700290 (cover article)
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(MARCO) normally involved in uptake and removal of particulate debris.[53] This
altered trafficking activates apoptotic clearance pathways that bias responses against
these peptides toward tolerance. Lastly, two seminal papers reveal direct connections
between LNs and the CNS.[235, 236] This discovery suggests engineering the response
to self-antigens in LNs during T cell priming could provide a direct route to generate
Trecs that subsequently migrate to the CNS to control pathogenic T cells (e.g., THl,

Tw17) attacking myelin.

QDs offer many attractive properties to achieve the goals above.[237] Their broad
absorption, tunable photoluminescence, and strong resistance to photobleaching enable
powerful deep-tissue imaging.[238-240] Structurally, QDs serve as a central platform
for high-avidity display of biomolecules.[74] We recently showed QDs remain bright
while displaying controlled numbers of peptides in cells and complex tissues (e.g.,
brain) with no overt toxicity,[241, 242] similar to other QD toxicity studies.[243, 244]
Of note, QDs allow facile tracking and drainage through lymphatics.[245] We thus
hypothesized that QDs displaying defined densities of the MOG peptide
(MEVGWYRSPFSRVVHLYRNGK) — a self-peptide sequence attacked during MS —
would allow efficient visualization of trafficking to lymphoid tissues, while altering the
processing and trafficking of MOG to promote Tregs that control disease in a mouse

model of MS.

QDs modified with myelin or control peptides exhibited tunable, uniform features —

peptide display density and size, for example. These materials were non-toxic to
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primary immune cells and did not trigger any intrinsic inflammatory responses. In
mice, the peptide-QDs rapidly drained to LNs following injection, and were co-
localized with macrophages expressing scavenger receptors involved in tolerance.
MOG-QD treatment in mice induced with a mouse model of MS drastically reduced
disease severity and incidence, while QDs modified with control peptide sequences did
not. Importantly, these therapeutic effects were tunable and directly correlated with not

just the dose, but with the density of MOG ligands assembled on the QD surfaces.

5.2 Materials and Methods

5.2.1 Materials

MOG modified for attachment to QDs
(HHHHHSAAAAAGMEVGWYRSPFSRVVHLYRNGK, denoted “MOG” in the
text) and a similarly-modified control peptide from OVA
(HHHHHSAAAAAGISQAVHAAHAEINEAGR; denoted “CTRL” in text) were
synthesized by Genscript (Piscataway, NJ). Molecular Biology Grade Water and
RPMI-1640 media were purchased from Lonza (Allendale, NJ). Fetal bovine serum
(FBS) was supplied by Corning (Tewksbury, MA). 2-Mercaptoethanol and Amicon
Ultra Centrifugal Filters were purchased from Sigma Aldrich (St. Louis, MO). HEPES,
non-essential amino acids, and 40 pum cell strainers were purchased from VWR
(Radnor, PA). OPC oligonucleotide purification cartridges, L-Glutamine, Penicillin-
Streptomycin, and 4',6-diamidino-2-phenylindole (DAPI) were purchased from

Thermo Fisher Scientific (Grand Island, NY). Spleen Dissociation Medium and CD4
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negative selection kits were from STEMCELL Technologies (Vancouver, British
Columbia, Canada). CD11c microbeads were purchased from Miltenyi Biotec
(Cambridge, MA). CpG adjuvant (5’-TCC ATG ACG TTC CTG ACG TT-3’) was
synthesized by IDT (Coralville, 1A). Fluorescent antibody conjugates for flow
cytometry were purchased from BD (San Jose, CA). eFlour 670 proliferation dye was
supplied by affymetrix eBioscience (San Diego, CA). FITC CD45R/B220 (BD), CD3e
(abcam, Cambridge, MA), DL405 1gG (Jackson Immunoresearch, West Grove, PA),
F4/80 (BD), Biotinylated MARCO (R&D Systems, Minneapolis, MN), and
Streptavadin ~ Alexa 488  (Jackson  Immunoresearch) were used for
immunohistochemical staining of iLN sections. EAE induction kits were supplied by

Hooke Laboratories (Lawrence, MA).

5.2.2 Cells and animals

All primary cells were harvested from female C57BL/6 mice (4-12 weeks, stock
#000664) and male C57BL/6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J (2D2) mice (10-16
weeks, stock #006912) purchased from Jackson Laboratories (Bar Harbor, ME). 2D2
mice display transgenic CD4" T cell receptors specific for MOG residues 35-55. Mice
induced with EAE were female C57BL/6 mice (10-12 weeks, stock #000664). All
animals were cared for in compliance with Federal, State, and local guidelines, and
using protocols reviewed and approved by the University of Maryland's Institutional

Animal Care and Use Committee (IACUC).
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5.2.3 Characterization of quantum dots and peptide-QD assemblies

The 625 nm emitting QDs and their cap-exchange with CL4 ligands have been
previously described.[246] Peptides were desalted prior to QD conjugation as
previously described.[247] Briefly, an oligonucleotide purification cartridge is charged
with acetonitrile (MeCN) and triethylamine acetate (TEAA). Peptide that has been
dissolved in molecular biology grade water is then passed through the cartridge
approximately 20 times, prior to being eluted by MeCN. The resulting solution is then
lyophilized. MOG peptide has a net charge of +4 at pH 7. MOG and CTRL were
assembled on QDs by mixing solutions of desalted peptide in molecular biology grade
water with QDs at defined molar ratios. TEM, gel electrophoresis, and DLS analysis

were performed as described.[246]

5.2.4 Quantification of peptide loading on QDs

We utilized an established fluorescence method to verify peptide binding to QDs by
the same mechanism.[248] A Cy3-labeled peptide terminating in a (His)6 motif was
self-assembled to the QDs across a range of ratios including 0, 10, 25, 50, 75, 100, 125,
and 150 peptides/QD in 100 uL of PBS. Equal amounts of free dye-labeled peptide
without QD were added to the same volume of PBS as controls. Following self-
assembly, all samples were loaded into 0.5 mL Amicon Ultra Centrifugal Filters with
a 50,000 NMWL and centrifuged at 14,000xg for 10 min. The amount of free dye-
labeled peptide from the QD samples was then compared to that from the unbound dye-

labeled peptide only control samples using UV absorbance.
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5.2.5 Simulation of MOG-QD peptide assembly

The MOG-QD peptide assembly was simulated in silico in a manner similar to that we
described previously for other peptides.[249-253] These structures and calculations
were prepared using Chimera and Chem-3D Ultra 11.0. Energy was minimized using
the MM2 module and the most probable conformation when attached to the QD were
selected. A hard sphere was used to represent the QD core/shell structure, which was
covered with the surface-functionalizing ligand at an extension estimated from DLS
measurements and energy minimization. The core MOG peptide structure was taken
directly from the crystallographic structure 1PKO in the Protein Data Bank.[254] The
remaining (His)sS(Ala)sG N-terminal portion was docked to the QD surface via the
(His)s sequence with the (Ala)sG portion in an energy-minimized alpha helical
conformation. Probabilities for peptide ligand density distributions were calculated
using a Poisson distribution as previously described and confirmed

experimentally.[255]

5.2.6 Dendritic cell isolation and flow cytometry

CD11c* DCs were isolated from the spleens of female C57BL/6 mice through positive
selection with Spleen Dissociation Media (STEMCELL) and CD11c Microbeads
(Miltenyi). DC purities after isolation varied slightly across experiments, but were 90%
or greater. DCs were plated in a 96 well plate at 100,000 cells per well and cultured in
RPMI 1640 media supplemented with 10% FBS, 2 mM L-glutamine, 1x non-essential
amino acids, 10 mM HEPES buffer, 1x penicillin and streptomycin, and 55 uM f-

mercaptoethanol at 37°C and 5% CO.. For uptake studies, DCs were incubated with
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150:1 MOG-QDs for 2 hours, stained with DAPI, and examined by flow cytometry
(BD Cantoll, San Jose, CA) for presence of MOG-QDs and viability. Viability was
determined by cells staining negative for DAPI. Data were analyzed with FlowJo v.10

(TreeStar, Ashland, OR).

5.2.7 DC activation, T cell coculture, and flow cytometry

Isolated DCs were treated with CpG to induce the expression of costimulatory factors
and either MOG or CTRL in soluble or QD-conjugated form and cultured for 24 hours.
DC activation was then analyzed by staining for CD40, CD80, and CD85 markers.
Stained cells were analyzed by flow cytometry. CD4* T cells were then isolated from
the spleens of 2D2 mice via a negative selection kit (STEMCELL) and labelled with
eFlour 670 proliferation dye. 300,000 T cells were then added to the wells containing
treated DCs. After 72 hours, cell viability was assessed by DAPI staining and T cell
proliferation was analyzed by a decrease in fluorescent signal as dye is diluted in
daughter cells during successive generations. Cells in all in vitro studies were treated
with a dose of QDs ranging from 0.44 to 40 picomoles and a dose of MOG ranging

from 0.25 to 10 pg.

5.2.8 Analysis of QD drainage in mice

Mice were injected with MOG-QDs and 24 hours later, the draining and non-draining
ILNs were harvested for analysis. LNs were passed through a 40 um strainer to create

a single cell suspension. Cells were then stained with DAPI and analyzed by flow
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cytometry for viability (i.e., DAPI) and presence of fluorescent MOG-QDs. Additional
iLNs were frozen, sectioned, and fixed for staining. In one analysis, sections were
stained for T cells (CD3e) and B cells (B220). In an additional study, sections were
stained with antibodies for macrophages (F4/80) and the scavenger receptor MARCO.
iLN sections were visualized by fluorescent microscopy (Olympus 1X-83) for presence
of MOG-QDs, T cells, B cells, macrophages, and MARCO. ImageJ was used for image
processing and analysis. All images in a particular study were analyzed in an identical

manner that was applied to the entire image area.

5.2.9 EAE induction and monitoring

C57BL/6 mice (female, 10-12 weeks) were induced with EAE following a defined
protocol from Hooke Labs. Briefly, mice were injected s.c. with an emulsion of MOG
and complete Freund’s adjuvant (CFA) at the upper and lower back on day 0. Pertussis
toxin was also administered i.p. 2 and 24 hours after MOG/CFA injection. Beginning
at day 7, mice were weighed to detect changes from day 0 body weight (a symptom of
disease) and scored for disease severity with respect to paralysis. A standard clinical
scoring rubric was used: 0 — no symptoms, 1 — limp tail, 2 — weakness of hind legs, 3
— hind limb paralysis, 4 — hind limb paralysis and partial front limb paralysis, 5 —
moribund.[53, 183, 201] Disease incidence was defined as the first day a mouse

displayed symptoms of paralysis.
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5.2.10 MOG-QD treatment

Mice induced with EAE were randomly divided into groups of 8-10 mice each. A
control group was left untreated in each experiment. In one experiment, additional
groups were treated by s.c. injection at the tailbase with 0.2 nanomoles QDs, 70 ug
MOG, 70 pg CTRL peptide on 0.2 nanomoles QDs (100:1), or 70 ug MOG peptide on
0.2 nanomoles QDs (100:1). Similar experiments contained two treatment groups: 14.3
ug MOG on 0.4 nanomoles QDs (17:1) or 73 ug MOG on 0.2 nanomoles QDs (52:1).
The final experiment design contained three treatment groups: 70 ug MOG on 0.5
nanomoles QDs (25:1), 70 ug MOG on 0.4 nanomoles QDs (52:1), or 70 pg MOG on

0.3 nanomoles QDs (65:1).

5.2.11 EAE T cell readout

Mice were induced with EAE and treated with MOG-QDs as described above. On day
9, the iLNs were removed for analysis by flow cytometry. iLNs were mashed through
a 40 um strainer to create a single cell suspension and stained for T cell surface markers
(CD4*, CD25") and transcription factors (Tbet", Foxp3™). Thet and Foxp3 are common
transcription factors used to identify Tnl and Treg, respectively. Cells were examined

with flow cytometry and data were again analyzed with FlowJo v.10.

5.2.12 Statistics
One-way ANOVA with a Tukey post-test was used to compare three or more groups

for in vitro studies and overall disease metrics from in vivo studies. For in vivo studies,

two-way ANOVA was used to compare three groups monitored over time, with post-
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test corrections for multiple comparisons. Log-rank tests were used in analysis of

disease incidence. For all tests, p values < 0.05 were considered significant. For all

figures, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *p < .05.

5.3 Results and Discussion

5.3.1 Self-peptides can be assembled at high densities on QD surfaces

We began our studies using 625 nm emitting CdSe/ZnS core/shell QDs (Figure 5.1)
with a diameter of 9.2 + 0.8 nm (Figure 5.2A). We have previously shown this system
is useful in biological contexts because these QDs can be made biocompatible using
the zwitterionic CL4 ligand (Figure 5.3).[242] For peptide assembly, we employed
metal-affinity driven coordination to the QD surface (K¢~10° M), which is nearly
instantaneous upon simple mixing of QDs with peptide.[74] Since this assembly
follows a Poisson distribution, the actual number of peptides loaded per QD is close to

the input peptide:QD ratio, except at very low densities (<4 peptides/QD).
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Figure 5.2: MOG-QDs offer tunable display of MOG peptide ligands. (A) TEM image of
9.2+ 0.8 nm CdSe/ZnS core/shell 625 nm emitting QDs. (B) Structural simulation of the MOG-
QD to scale with an energy minimized CL4 ligand attached to the surface with an extension of
~1.1 nm. (C) Electrophoretic mobility of MOG-QDs was assessed in a 1% agarose gel run in
1x TBE buffer. (D) MOG-QD size was measured by DLS. (E) MOG-QD size was compared
to rate of diffusion. (F) Simulation was used to confirm MOG loading densities. Data in (E)
represent mean = s.d.
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Figure 5.3: CL4 ligand structure with estimated pKa values.

To facilitate assembly, MOG was synthesized with an N-terminus sequence of
HHHHHSAAAAAG, where (H)s participates in Zn-coordination, S acts as a flexible
hinge to display the peptide away from the QD surface, and (A)s forms a rigid alpha-

helical spacer terminated by the G residue. These interactions were simulated using an
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energy-minimized approach, revealing the conformation in Figure 5.2B. Although
many conformations for the (His)sS(Ala)sG N-terminal portion are possible, the
outcome for this segment of the full-length peptide attached to the QDs has been
confirmed experimentally in our previous work by Forster resonance energy transfer
(FRET).[74, 241, 249, 250, 256, 257] With respect to the peptide attachment point on
the QD surface, previous FRET studies in conjunction with modeling have confirmed
that the peptides distribute around the QD surface in a random manner and do not
disproportionally assemble in any given area.[258] Thus this system creates an
opportunity to understand the role of ligand density on the induction of tolerance. To
confirm this capability experimentally, QD modification was carried out at increasing
ratios of fluorescent MOG peptide, then purified by ultracentrifugation, and quantified
by fluorimetry. These studies revealed tunable modification of QDs up to a density of

150 MOG peptides per QD (Figure 5.4).
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Figure 5.4: Cy3-labeled peptide loading experiments suggest 100% loading up to 150:1
peptide:QD.
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5.3.2 MOG-QDs exhibit uniform diameters ideal for lymphatic trafficking

We next characterized how different levels of modification of QDs with MOG self-
antigens impacted particle size and mobility. Electrophoretic mobility in agarose gels
confirmed an inverse relationship between the MOG:QD conjugation ratio and
migration (Figure 5.2C). Since MOG peptide has a net charge of +4, the observed
patterns are consistent with a less negative charge as the MOG:QD ratio increases until
charge balance is approached and migration stops. These effects were further
confirmed with zeta potential measurements that revealed less negative charges as a
function of increasing MOG:QD ratios (Figure 5.5). DLS indicated MOG-QD
conjugates were monodisperse (Figure 5.2D), with control over MOG conjugation to
QDs further shown by hydrodynamic diameters (Hp) increasing from 15.0 + 0.24 nm
t0 21.0 £ 0.63 nm over MOG:QD functionalization ratios of 1:1 to 100:1 (Figure 5.2E,
blue). The diffusion coefficient decreased correspondingly over this same set of ratios
(Figure 5.2E, red). MOG-QDs prepared at ratios up to 100:1 exhibited Hp of
approximately 20 nm, optimal for drainage to LNs.[4, 5] Thus, within an
immunologically-relevant size range, QDs with a variety of ligands densities could be
generated. In particular, in the cell and animal studies below, a range of 17:1 to 65:1
MOG:QD ratios were used. Experimental measurements of the density of peptide
ligands displayed on the QDs (Figure 5.4) were also in good agreement with
simulations of peptide-QD assembly for ratios of 17:1 and 65:1, corresponding to

conjugates with 17 £ 4 peptides and 52 * 7 peptides assembled per QD (Figure 5.2F).
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Figure 5.5: Zeta potential of MOG-QDs increases as more MOG peptide is conjugated to
the QDs.

While recent studies aimed at inducing tolerance have used MPs or larger NPs (~100-
500 nm),[53, 183, 192] the results above highlight unique features of QDs, including
5-50 fold smaller diameters (<20 nm) for efficient concentration in LNs. This size range
is particularly noteworthy in the context of lymphatic drainage. Seminal work has
shown that even particles on the size range of 100 nm drain inefficiently to LNs, while
a diameter of 20 nm dramatically improves lymphatic trafficking.[4] Further, MOG-
QD particles also self-assemble, allowing facile administration without need for
complicating stabilizers, reactions, or purification steps. With respect to loading, in
contrast to the typical loading levels of several or tens of micrograms of peptide per
milligram of NP carrier, the MOG-QDs above offer loading as high as 550 g peptide
/ mg QD for 130:1 MOG:QD, as well as direct tuning of surface display density. Using
QDs as shuttles for self-peptides also opens a new dimension as a tool for autoimmune
research, enabling visualization and tracking of therapeutic conjugates without

photobleaching, additional probes, or dissociation of dyes from a carrier.
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5.3.3 MOG-QDs drive efficient presentation of self-antigen to T cells without

inflammation

To exploit the unique features of QDs for modulating immunity, we first investigated
uptake and antigen processing of MOG-QDs using conjugates at the highest antigen
density we characterized, 150:1 (Figure 5.5, Figure 5.6). DCs isolated from mouse
spleens were incubated with MOG-QDs or co-cultured with MOG-QDs and transgenic
T cells recognizing MOG when displayed by DCs (Figure 5.7A). As expected, flow
cytometry analysis of DC cultures revealed efficient, dose-dependent uptake of QDs
(Figure 5.7B, Figure 5.8), but these conjugates — lacking inflammatory signals — did
not activate DCs, as indicated by the expression levels of CD40 (Figure 5.7C), CD86
(Figure 5.7D), and CD80 (Figure 5.9). This finding is important because many
common polymeric carriers (e.g., poly(lactide-co-glycolide)) exhibit intrinsic features
—such as charge or repetitive monomers — that can activate innate immune pathways
and cause inflammation.[7] These outcomes could worsen disease in the context of
autoimmunity.
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Figure 5.6: Size distribution of 150:1 MOG:QDs measured by DLS.
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We next tested if MOG displayed on QDs is processed and presented in a manner that
is accessible to myelin-reactive CD4™ T cells from 2D2 transgenic mice. When 2D2 T
cells encounter MOG presented by DCs with the correct co-stimulatory signals, these
cells proliferate. In these studies, DCs were incubated with a fixed number of QDs, but
displaying different densities — either 17 or 52 peptides per QD — of MOG ligand or an
irrelevant peptide ligand from OVA (CTRL). To drive co-stimulatory signaling, DCs
were also treated with a common molecular adjuvant (CpG). DAPI staining was used
to evaluate the effect of MOG-QD treatment on cell viability in co-cultures relative to
treatment with free MOG (Figure 5.7E). This DNA binding stain enters leaky (i.e.,
damaged) cell membranes more efficiently than cells with intact membranes. Thus
Figure 5.7E suggested MOG-QDs did not cause toxicity by this measure. During T
cell co-culture, MOG-QDs caused high levels of proliferation, indicated by a dramatic
dilution of signal from a fluorescence reporter as successive generations of T cells
divided (Figure 5.7F, Figure 5.10). These levels were equivalent to values measured
for free MOG, while neither CTRL-QDs nor free CTRL peptide caused proliferation

(Figure 5.7F). This result demonstrates that conjugation of MOG to QDs does not
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interfere with the ability of DCs to process and present peptides, and that these
materials can support antigen-specific T cell proliferation. In mice and humans, naive
MOG-specific CD4" T cells have the capacity to develop into either inflammatory
phenotypes (e.g., TH1, Th17) or Trecs, depending on the form of antigen presentation
(e.g., soluble vs. particulate) and the other signals encountered during T cell
differentiation.[12, 233, 234] Thus, we next employed a common mouse model of MS
to test if MOG-QDs traffic to tolerogenic domains of LNs and polarize T cells to

promote tolerance as a function of the density of ligands displayed.
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Figure 5.10: Histograms showing proliferation dye dilution representing generations of
T cell proliferation in response to antigen recognition.

5.3.4 Draining lymph node imaging and analysis

We began by administering MOG-QDs to C57BL/6 mice by s.c. injection, then used
fluorescence microscopy to assess lymphatic drainage. After 24 hours the draining and
non-draining inguinal LNs (iLNs) were harvested, sectioned, and stained for common
lymphocytes (B cells, B220; T cells, CD3). The draining iLN from injected mice
exhibited striking levels of MOG-QDs in the medullary sinus (asterisk) and subcapsular

sinuses (arrows), as well as less concentrated, widespread distribution in the T cell
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zone/paracortex (Figure 5.11A). The non-draining iLN showed a miniscule, but
detectable, level of MOG-QD fluorescence, while signal was absent in iLNs from
untreated mice (Figure 5.11A). Flow cytometry confirmed these results, revealing high
levels of MOG-QDs only in the draining iLNs (Figure 5.11B,C). Further, there was no
difference in DAPI staining levels in the cells of tissues containing MOG-QDs

compared to LNs of untreated mice (Figure 5.11D).
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Figure 5.11: MOG-QDs drain to the iLN and induce tolerance in EAE. (A) iLNs were
removed 24 h after MOG-QD injection, stained for T and B cells, and visualized by fluorescent
microscopy. (B,C) MOG-QD signal in iLNs was quantified by flow cytometry. (D) Viability
of the LNs following MOG-QD injection was assessed by DAPI staining. (E) iLN sections
from this study were additionally stained for macrophage markers and the scavenger receptor
MARCO. Data in (C) and (D) represent samples (N = 3) + s.d., with statistical significance
determined by one-way ANOV A with post-test corrections for multiple comparisons. p-values
< 0.05 were considered significant (****p < 0.0001; ns = not significant).

128



To determine if MOG-QDs might traffic to marginal zone macrophages and tolerance-
inducing scavenger receptors, we stained iLNs for F4/80 and MARCO, respectively.
Interestingly, MOG-QDs were frequently co-localized with both macrophages and
MARCO throughout the iLN (Figure 5.11E). This co-localization was also observed
among the low levels of QDs in non-draining iLN, while QD signal was absent in
control iLNs from untreated mice (Figure 5.12). These experiments support an
intriguing idea arising in the field, that altering the trafficking of self-antigen can
promote tolerance by directing self-peptides to tissues and pathways (e.g., MARCO)
already primed to generate regulatory responses, instead of inflammatory responses.
Recent studies with large polymer NP or MPs conjugated with self-antigen reveal this
conjugation leads to trafficking to macrophages expressing MARCO.[53, 54, 192] This
discovery is supported by natural immune mechanisms that direct fragments from
apoptotic cells to particular regulatory microdomains in LNs that help maintain
tolerance against self-cells (e.g. recycling red blood cells).[259] Our findings
demonstrate that MOG-QDs drain very efficiently through lymphatics, allowing direct
visualization of co-localization with macrophages and scavenger receptors involved in
apoptotic clearance and promotion of tolerance against antigens reaching these

domains.[260]
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Untreated Non-draining

400 um

Figure 5.12: QD signal in an untreated and a non-draining LN. An untreated iLN shows
positive staining for macrophages and minimally, the scavenger receptor MARCO. The non-
draining iLN of a mouse treated with MOG-QDs shows a small amount of MOG-QD
fluorescence that is colocalized with macrophages and MARCO.

5.3.5 MOG-QDs improve EAE, while QDs alone, MOG alone, or CTRL-QDs do not

To provide an initial indication of the therapeutic potential of MOG-QDs, we first
induced mice with EAE, a myelin-driven model of MS that results in loss of motor
function and development of total paralysis over 2-3 weeks.[183, 201, 261] Two days
later, mice received a single s.c. injection of MOG-QDs or one of several control
treatments: free MOG, CTRL-QDs, or QDs only (Figure 5.13A). The groups were then
monitored daily for both paralysis and weight loss, a common symptom of disease.
Paralysis was measured using a standard clinical disease scoring rubric in which
increased clinical score corresponds to more severe paralysis. Compared with untreated
mice and control groups receiving QDs only, free MOG, or CTRL-QDs, the MOG-
QDs conferred a striking therapeutic effect on both disease progression (Figure 5.13B)
and weight loss (Figure 5.14). For clarity, statistics are only shown comparing MOG-
QDs against the untreated control group. Regardless of time point, however, none of

the groups except MOG-QDs caused significant differences in clinical scores when
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comparing treatments. Mice treated with MOG-QDs also exhibited substantially
decreased disease incidence (Figure 5.13C). Further, there were no differences in
disease incidence between untreated mice and those receiving the other treatments.
Importantly, the lack of efficacy with the CTRL-QDs suggests MOG-QDs promote
tolerance in a myelin-dependent manner. With clear indications of the role of each
component, we sought to understand how the density of peptide displayed by QDs

impacted T cell function, tolerance, and therapeutic effect.
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Figure 5.13: MOG-QDs decrease disease severity in EAE, but the individual components
do not. (A) Mice were induced with EAE on days 0 and 1 and injected with MOG-QDs or
component controls on day 2. (B) Disease progression was monitored by clinical score through
day 21. (C) Disease onset was defined as the first day a mouse displayed symptoms. Incidence
was tracked through day 21. Data in (B) represent samples (N = 8) £ s.e.m. p-values < 0.05
were considered significant (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 5.14: Body weight change was measured daily as an indicator of disease severity
for mice receiving MOG-QDs or control treatments.

5.3.6 MOG-QDs control disease in a dose-dependent manner

We first investigated the role of MOG dose on the extent of tolerance induced by MOG-
QD treatment. Mice were again induced with EAE and received an injection of MOG-
QDs on day 2 (Figure 5.15A). While the mass of QD was fixed in these studies, two
different MOG ligand densities, 17:1 and 52:1 (MOG:QD), were displayed on these
QD, altering the dose of MOG while keeping the number of QDs constant. Compared
with untreated mice, both MOG-QD treatments conferred therapeutic effects.
Interestingly, the higher dose nearly eliminated disease-induced paralysis, as indicated
by a markedly lower clinical score (Figure 5.15B), while the lower dose caused a
significant, but lesser therapeutic effect. Relative to this lower dose, the higher MOG
dose conferred efficacy that was statistically significant at several points during peak
disease (e.g., day 17, day 19). The higher MOG dose (MOG-QD 52:1) also drove a 10-
fold reduction in disease incidence — 1 out of 10 mice — compared to 100% incidence
in untreated mice, and 40% incidence in mice treated with the lower MOG dose (MOG-
QD 17:1) (Figure 5.15C). Compared to untreated mice, the incidences at the end of

the study were significantly lower for both the 17:1 (p<.01) and 52:1 treatments
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(p<.0001). At the peak of disease (day 17), untreated mice exhibited a mean clinical
score of 3.0 (complete hind limb paralysis), while mice treated with QD formulations
exhibited mean scores of 1.0 (loss of tail function) and 0.5 (limp tip of tail), for the low
and high ligand densities, respectively (Figure 5.15D). MOG-QD treatment also

significantly reduced weight loss (Figure 5.16).
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Figure 5.15: MOG-QD treatment expands Trecs and increased MOG dose enhances
tolerance. (A) Mice were induced with EAE and treated with MOG-QDs (17:1 or 52:1). (B)
Mice were monitored daily using a standard clinical EAE scoring rubric, (C) where disease
onset is the first day that symptoms arise. (D) At peak disease (day 17), mean score was
compared between groups. In a separate similar experiment, the iLNs of mice were harvested
to stain for (E,F) Trecs and (G) the TH1 phenotype. Data in (B)—(D) represent the mean (N =
10) + s.e.m. Data in (F) and (G) represent the mean (N = 5) + s.d. Statistical significance for
(B) was determined by two-way ANOVA with post-test corrections for multiple comparisons.
For day 21 in (C), (D), (F), and (G), one-way ANOVA with post-test corrections for multiple
comparisons was used. Log-rank tests were used in analysis of disease incidence in (C). For all
tests, p-values < 0.05 were considered significant (*p < 0.05, **p < 0.01, ****p < 0.0001; ns
= not significant). In (B), all asterisks indicate statistical significance for comparisons of either
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Figure 5.16: Body weight change was measured daily as an indicator of disease severity
for mice receiving MOG-QDs treatments of 17:1 or 52:1.

5.3.7 MOG-QDs expand regulatory T cells without increasing inflammatory Tulcells

We hypothesized that efficacy in controlling disease might result from MOG-QD
driven expansion of Trecs (CD4/CD25"/Foxp3*). Thus mice with EAE were treated
with MOG-QDs (17:1 or 52:1) on day 2 as in Figure 5a, then iLNs were harvested and
analyzed by flow cytometry on day 9. As hypothesized, MOG-QDs significantly
expanded the number of Trecs at the higher density, and caused an upward trend at the
lower density (Figure 5.15E,F). Similar results were measured in the frequency of
Trees (Figure 5.17). Since uncontrolled delivery of myelin peptides during
autoimmunity could exacerbate disease,[12] we sought to confirm MOG-QDs do not
expand inflammatory Twl cells (i.e., Thet" among CD4" T cells). These studies
revealed no significant increases in Twl populations between treated and untreated

groups (Figure 5.15G).
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Figure 5.17: The percentage of Trec cells in the draining LN was measured by flow
cytometry as Foxp3* of CD25" of CD4* T cells.

5.3.8 Tolerance and efficacy during EAE correlates inversely with peptide display

density

To directly investigate the role of ligand density, we next prepared MOG-QDs at three
ligand densities, then injected groups of mice with EAE using constant masses of
MOG, but displaying these doses on different numbers of QDs (i.e., fixed dose of
MOG, varying number of QDs) (Figure 5.18A). Intriguingly, over the course of the
study, mice receiving a 25:1 MOG:QD dose (i.e., the fewest number of peptides per
QD) exhibited the lowest clinical scores, with scores increasingly in order for 52:1 and
65:1 (i.e., the greatest number of peptides per QD) (Figure 5.18B). These differences
were statistically significant at several points, including the peak of disease (day 17).
At this time, mice receiving 25:1 MOG:QDs exhibited a mean score 3-fold lower than
mice treated with 65:1 MOG:QDs (Figure 5.18C). Additionally, mice injected with
the lowest ligand density of MOG:QDs showed both delayed disease onset and lower

incidence compared with all other groups (Figure 5.18D). An additional indicator of
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EAE severity is body weight loss. For this metric, a similar trend to that measured for
clinical score was observed, where mice treated with 25:1 MOG:QDs maintained the
highest percentage of original body weight, and weight loss increased as the number of

MOG peptides per QD increased (Figure 5.18E).
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Figure 5.18: Tolerance is dependent on MOG ligand density. (A) Mice were induced with
EAE on days 0 and 1, followed by treatment with MOG-QDs of varying QD dose on day 2.
(B) Disease progression was again monitored by clinical score and (C) peak disease was
compared at day 17. (D) Disease incidence was assessed by onset of symptoms and (E) body
weight loss was tracked through day 21. Data in (B)—(E) represent the mean (N = 5) £ s.e.m.
Statistical significance for (C) was determined by one-way ANOVA with post-test corrections
for multiple comparisons and log-rank tests were used in (D). For all tests, p-values < 0.05
were considered significant (*p < 0.05, **p < 0.01).

Because most therapies for MS and other autoimmune diseases are broadly
suppressive, there is intense research to generating more selective therapies. The
immune system offers this potential, and the control biomaterials could provide toward
this goal has spurred great interest at this interface. However, fundamental questions,

such as what delivery kinetics, combinations and densities of cargos, and tissues to
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target are just arising.[62] Thus, in addition to the specific innovation using QDs to
tune tolerance — and the potential for future theranostic applications, our work adds a
fundamental discovery to the field: that a higher number of tolerogenic particles
displaying lower levels of self-peptide is more effective for inducing tolerance than
fewer particles displaying high densities of peptide. This finding provides guidance for
future strategies that a large number of low-density/dose events may lead to more
effective control of autoimmune or inflammatory reactions then larger doses distributed

among fewer particles or carriers.

5.4 Conclusions

Our studies show for the first time that QDs can be harnessed to promote tolerance by
designing peptide-QD displaying self-antigen at tunable densities. Importantly, the
extent of efficacy is directly linked to the density of peptide ligands on the QD, with
lower levels of self-antigen displayed on a larger number of QDs driving the most
efficient tolerance. Since LNSs, spleens, and other immune tissues integrate local signals
across the body, this finding may reflect a mechanism achieved by providing a large
number of therapeutic events, even if each QD only displays a low level of the self-
antigen. These outcomes, along with the antigen-specific expansion of myelin-reactive
T cells in co-culture studies — and the lack of efficacy using CTRL-QDs - suggest that
the tolerance generated by MOG-QDs is myelin-specific. Since we observed strong
local expansion of Trecs in LNS, a possible mechanism for tolerance is the migration
of these cells to the CNS to control inflammatory Tu17 and Twl cells.[12, 17, 19]

Mechanistic studies will need to confirm the myelin-specific nature of tolerance, and
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test if this approach can be used to reverse paralysis once disease is already established.
However, our current findings support QDs as a powerful experimental tool to track
vaccine-like autoimmune therapies through the lymphatic system while simultaneously
promoting tolerance with tunable control. Such features could enable approaches that
provide new insight into how immune cells migrate or are sequestered to tolerogenic
agents, and to precisely tune the level of tolerance needed for a particular autoimmune

disease while minimizing the dose or level of immune modulation needed for efficacy.

This chapter has demonstrated that parameters of self-antigen display (i.e. ligand dose
and density) directly impact tolerance induction, including the development of Tregs.

Chapter 6 dives further into this topic, seeking to answer questions that address the
gap in knowledge about particle parameters necessary for inducing tolerance. The
studies below assess how one parameter shown to have an effect on tolerance (i.e. self-
peptide density) impacts draining to different LNs and how particle accumulation

impacts cell infiltration, migration, or proliferation.
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Chapter 6: Quantum dots as a tool for defining parameters of tolerance
induction strategies

6.1 Introduction

Vaccines work by generating an extremely specific immune response against foreign
antigens that leads to destruction of pathogens of infected cells without impacting host
cells. Therapeutic vaccines aim to provide the same selectivity to generate tolerance
rather than inflammation towards self-antigens attacked in autoimmunity, eliminating
the broad suppression hindering current therapies. Biomaterials can improve the design
of therapies directed at autoimmune diseases because of desirable features such as
targeted delivery, encapsulation of multiple signals, and protection from degradation.
The field currently lacks fundamental insight into the design parameters necessary for
the use biomaterials-based technologies to promote immunological tolerance.[64]
There are two approaches towards this goal that have emerged in the literature: 1)
delivering the self-antigen attacked in an autoimmune disease along with a regulatory
immune signal to change the way the immune system responds to it, or 2) delivering a
particle loaded with the self-antigen alone to alter the way it is taken up and processed
by immune cells.[170, 262] The second strategy is based on results showing that
particle-based delivery of self-antigen may promote accumulation in domains of the
LNs that are implicated in tolerance.[50-54] Design parameters, such as self-peptide
ligand density, can control the balance between tolerance and inflammation, but have

not yet been investigated. In this work we used QDs exhibiting intrinsic fluorescence
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and functionalized with tunable densities of self-antigen as tools to generate this new

insight.

As mentioned, the LN domains in which NPs accumulate are important in the type of
immune response that is generated. APCs present antigens to T and B cells in specific
microdomains that allow interactions between immune cells and promote immunity or
tolerance.[3, 263] For example, recent reports have shown that naive T cells migrate to
specific microdomains where they interact with DCs that promote Trecs.[259, 264,
265] Additionally, the structure of LNs changes when a response is being generated. In
a resting state (i.e., no vaccination or infection), there are distinct T and B cell zones
(Figure 6.1A). When antigen and adjuvant activate LNs, they reorganize to promote
intermingling of T and B cells (Figure 6.1B). By comparison, the ER-TR7 network
created by fibroblastic reticular cells expands during tolerance and laminin o4
increases, while laminin a5 decreases (Figure 6.2).[259] The converse is true in a state

of inflammation.
A Resting state

B Activated state

Figure 6.1: LNs reorganize during the generation of an immune response. A) Separate T
and B cells zones are visible in resting state. B) Following delivery of antigen and a strong
adjuvant, the LN reorganizes to promote T and B cell intermingling. Adapted with permission
from.[266]
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lamjnin o4
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Figure 6.2 Laminins are differentially expressed in states of tolerance versus
inflammation. Laminin o4 staining is enhanced in cortical ridge of tolerant LNs compared
naive or inflammatory LNs. Reprinted with permission from [259].

The formations of specialized domains that promote immunity or tolerance require
immune signals to reach LNs, and the type of response that develops is dependent on
the balance of these signals. In particular, an initial step in the immune cascade involves
phagocytosis of an antigen by a DC which then processes it and presents it on the cell
surface. If the DC also encounters an adjuvant or a danger signal, activation markers
are upregulated. When a naive T cell interacts with a DC presenting both signals, it will
polarize towards an inflammatory phenotype. If, however, the T cell only encounters
antigen with no costimulatory molecules, polarization towards a regulatory phenotype
may occur.[267] This is the case when DCs present self-antigen and immunological
tolerance is functioning properly. QDs allow precise control over self-antigen display,
enabling isolation of how number, density, and sequence of self-peptide impact NM

trafficking, APC interactions, and subsequent T cell polarization.

As mentioned, the autoimmune response in MS is complex, being carried out by innate
immune cells, myelin-reactive CD4* and CD8" T cells, and even antibodies secreted
by B cells.[17, 18] These cells first develop in LNs where signals are presented, and
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then migrate to the CNS where myelin-based antigens are located.[19-21] The ultra-
small size of QDs allows rapid drainage to LNs, allowing an opportunity to generate
Trecs IN LNs that migrate out and control self-reactive cells. The specific design
features necessary for the induction of immunological tolerance, however, remain
unknown. The already mentioned advantageous properties of QDs, along with the
intrinsic fluorescence that allows tracking, make them a useful tool to probe how
materials displaying self-antigen interact with immune cells, drive LN reorganization,
and promote the generation Tregs. The following work explores the biodistribution of
myelin peptide-decorated QDs in LNs, and the effect of the particles on immune cell

trafficking and function within these tissues.

6.2 Materials and Methods

6.2.1 Materials

MOGsss5 peptide (HHHHHSAAAAAGMEVGWYRSPFSRVVHLYRNGK, denoted
“MOG” in the text) and a control peptide from OVA
(HHHHHSAAAAAGISQAVHAAHAEINEAGR; denoted “CTRL” in text), both
modified for optimal attachment to QDs, were synthesized by New England Peptide
(Gardner, MA) and Genscript (Piscataway, NJ), respectively. OPC oligonucleotide
purification cartridges, RPMI-1640 media, L-Glutamine, Penicillin-Streptomycin, and
4',6-diamidino-2-phenylindole (DAPI) were supplied by Thermo Fisher Scientific
(Grand Island, NY). Fetal bovine serum (FBS) was purchased from Corning

(Tewksbury, MA). Bovine serum albumin (BSA) and 2-Mercaptoethanol were from
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Sigma Aldrich (St. Louis, MO). Molecular Biology Grade Water, HEPES, non-
essential amino acids, and 40 um cell strainers were supplied by VWR (Radnor, PA).
Spleen Dissociation Medium and CD4 negative selection kits were purchased from
STEMCELL Technologies (Vancouver, British Columbia, Canada). CD1lc
microbeads were supplied by Miltenyi Biotec (Cambridge, MA). Fluorescent antibody
conjugates for flow cytometry were purchased from BD (San Jose, CA). EAE induction

kits were synthesized by Hooke Laboratories (Lawrence, MA).

6.2.2 Cells and animals

Female C57BL/6 mice (9-12 weeks, stock #000664) were used for all experiments. All
animals were cared for in compliance with Federal, State, and local guidelines, and
using protocols reviewed and approved by the University of Maryland's Institutional

Animal Care and Use Committee (IACUC).

6.2.3 Assembly of peptide-QDs

Synthesis of 625 nm emitting QDs and cap-exchange with CL4 ligands have been
previously described.[246] Both MOG and CTRL peptides were desalted prior to QD
conjugation as described in previous works.[247] Briefly, an oligonucleotide
purification cartridge is charged prior to use with acetonitrile (MeCN) and
triethylamine acetate (TEAA). Peptide is then pushed through the charged cartridge

approximately 20 times, and is finally eluted by MeCN. The eluted peptide solution is
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then lyophilized. QDs are decorated with peptide by mixing defined ratios of solutions

of desalted peptide in molecular biology grade water with QDs.

6.2.4 LN harvesting and cell staining

Mice were injected with peptide-decorated QDs s.c. on the “left” side of the tailbase.
Inguinal, axillary, and brachial LNs were then harvested from the mice at pre-
determined time points post injection (p.i.). LNs were mashed through a 40 um strainer
to create a single cell suspension in buffer (1% BSA in 1X PBS). Cells were then
incubated in Fc block for 10 minutes. When analyzing tissue composition, cells were
incubated with fluorescent antibody conjugates for CD3e, B220, F4/80, CD11c, and
CD11b for 20 minutes. To analyze DC activation, cells were incubated with fluorescent
antibody conjugates for CD40, CD80, and CD86 for 20 minutes. For the T cell
phenotype panel, cells were incubated for 30 minutes with fluorescent antibody
conjugates for extracellular markers CD4 and CD25. Cells were then fixed and
permeabilized for 2 hours prior to overnight incubation with fluorescent antibody
conjugates for intracellular transcription factors Tbet, RORyt, and Foxp3. Cells from
any of the described staining panels were then washed with buffer prior to analysis.
Cells were examined by flow cytometry on a FACS CANTO Il and data were analyzed

with FlowJo v.10.
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6.2.5 Tissue staining and imaging

QD signal in harvested LNs could be directly visualized under brightfield with a
dissection microscope. Additional LNs were frozen in optimal cutting temperature
compound by dry ice, sectioned at 6 um on a cryostat, and fixed for staining with ice-
cold acetone. In one analysis, sections were stained with primary antibodies for T cells
(CD3e), B cells (B220), and fibroblasts (ER-TR7). In another panel, sections were
stained with primary antibodies against DCs (CD11c), macrophages (F4/80), and the
scavenger receptor MARCO. Secondary antibodies labelled with FITC, APC, and
DAPI were then added for imaging purposes. LN sections were visualized by
fluorescent microscopy and ImageJ was used for image processing and analysis. All
images in a particular study were analyzed in an identical manner that was applied to

the entire image area.

6.2.6 EAE induction and monitoring

Mice were induced with EAE following a protocol from Hooke Labs. On day 0, mice
are injected s.c. at the upper and lower back with an emulsion of MOG and complete
Freund’s adjuvant (CFA). Pertussis toxin (PTX) is then administered i.p. 2 and 24 hours
after the MOG/CFA injections. To monitor disease progression, mice are weighed to
detect changes from initial body weight (a symptom of disease) and severity of
paralysis is scored. Clinical score is defined by: 0 — no symptoms, 1 — limp tail, 2 -
weakness of hind legs, 3 — hind limb paralysis, 4 — partial front limb paralysis, 5 —
moribund.[53, 183, 201] Disease incidence is defined as the first day a mouse displays

the described symptoms.
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6.2.7 Statistics
One-way ANOVA with a Tukey post-test was used to compare three or more groups.

P values < 0.05 were considered significant. For all figures, *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, *p < .05.

6.3 Results and Discussion

6.3.1 MOG-QD accumulation in LNs results in a visible color change

We were first interested in assessing the biodistribution of self-antigen-decorated
particles. Results from our previous studies indicated that the level of tolerance induced
by QD treatment is inversely correlated with ligand density.[52] In the mouse model of
MS, EAE, all mice were treated with the same dose of MOG peptide but spread out
over varying numbers of QDs. Interestingly, when MOG density was the lowest,
disease severity was also the lowest. We therefore wanted to study differences in
biodistribution due to peptide ligand density. We began by injecting MOG-QDs, s.c. at
tailbase of naive C57BL/6 female mice, comparing the ratios 25:1, 52:1, and 65:1.
After four days, three sets of LNs were harvested from the mice: left and right inguinal,

left and right axillary, and left and right brachial (Figure 6.3).

axillary
brachial inguinal

“left side”

Figure 6.3: Schematic showing MOG-QD injection site and harvest LNs. In biodistribution
studies, MOG-QDs were injected s.c. on the left side of the tailbase. Three sets of LNs were
harvested at various time points p.i. including inguinal, axillary, and brachial.
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When LNs are removed from naive, untreated mice, they appear translucent
(representative images appear in Figure 6.4). In mice that had been treated, the LNs
were visibly orange, indicating the presence of MOG-QDs. The treatment with the
lowest ligand density had the highest mass of QDs and accordingly, the left inguinal
LN from mice that were treated with 25:1 MOG:QDs were brighter than those injected
with 65:1 MOG:QDs. In these experiments, the dose of MOG was kept constant but
varied over different numbers of QDs. As seen in Figure 6.3, the left inguinal LN is
closest to the injection site and is therefore referred to as the “draining” LN. We
expected that particles would first accumulate in the draining LN before travelling into
other LNs, and accordingly, the signal in left inguinal LNs appeared brightest. It is
interesting to note that some of the “non-draining” LNs (e.g. left axillary, right
inguinal) from mice receiving the highest QD dose (i.e., 25:1) also appeared visibly
brighter than those that were injected with a lower QD dose. This could be an important
consideration when designing therapeutics for diseases that occur at one site or those
that are system-wide. For example, a recent study revealed that a cocktail of OVA-
decorated and CpG-decorated AuNPs largely accumulated in liver-draining LNs after
infection.[121] The authors therefore applied to platform to a liver infection, a model
that requires a local immune response, rather than a system one. Conversely, in cancer,
it may be desirable for particles to reach LNs throughout the body in order to mount an

immune response against both the primary tumor and metastases.
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Figure 6.4 Accumulation of MOG-QDs in LNs causes a visible color change in the tissue.
LNs from untreated mice appear translucent when imaged with a dissection microscope (A).
LNs rom MOG-QD treated mice were harvested 4 days p.i. appear a brighter color orange as
dose increases from 65:1 (D) to 52:1 (C) to 25:1 (B).

6.3.2 MOG-QDs drain to and persist in LNs for at least one week

As the images discussed in the previous section are qualitative, we next sought more
guantitative results. We began by injecting naive mice with the same MOG-QD dose
(25:1, 52:1, and 65:1). At time points 1 day, 3 days, 5 days, and 7 days p.i. we harvested
the LNs for analysis of QD signal. We next created a single cell suspension from the

tissues for analysis with a flow cytometer. When broadly looking at all cells within the
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draining left inguinal LN, signal was detectable after just 24 hours, and peaked 3 days
after treatment (Figure 6.5A). Interestingly, despite the visible changes in Figure 6.4,
there were no significant differences between groups at any time point. It is important
to remember that these mice were healthy, and that differences between groups may be

seen in a diseased state where MOG is presented in LNSs.
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Figure 6.5 Robust and sustained MOG-QD signal is measurable for at least one week
after injection. QD signal was measured by flow cytometry in left inguinal LNs at days 1, 3,
5, and 7 p.i. in all lymphocytes (A), macrophages (F480*, B), and DCs (CD11c*, C).
Comparisons were made between time points for each group: *p < 0.05, **p < 0.01, ***p <
0.001.

It is also important to understand the types of cells that both take up QDs near the
injection site and bring them to LNs or cells that phagocytose the particles once they
accumulate in the LN. Two important cell types that can perform these functions are
macrophages and DCs. At the initial time points, the profile of macrophage uptake in

the left inguinal LNs looked similar to that in Figure 6.5A, with a large increase (from
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below 20% to over 50%) of macrophages positive for QD signal between days 1 and 3
(Figure 6.5B). After this, however, signal was much more sustained for up to 7 days
p.i. There were again no significant differences between the groups receiving MOG-
QDs at different peptide ligand densities. We hypothesize that differences due to self-
peptide ligand density may only be seen in mice that have been induced with an
autoimmune disease. Another important type of APC, DCs, engulfed MOG-QDs in just
24 hours (Figure 6.5C). Like the overall signal in lymphocytes, QD signal in DCs in
the draining LNs peaked 3 days p.i. Presentation of antigen by APCs to T cells can
result inflammatory or regulatory polarization. Further analysis into the specific
phenotypes of cells that take up MOG-QDs must be performed in order to predict what
type of response will develop. For example, macrophages expressing the MARCO
receptor are known to be tolerogenic as they are involved in the clearance of apoptotic

cell debris.[53]

At the same time points mentioned above, LNs from the 25:1 MOG:QD treatment
group were sectioned, fixed, and imaged on a fluorescent microscope. Strong QD signal
was visible in both the left inguinal and left axillary LNs of treated mice 24 hours after
injection (Figure 6.6). In both of these tissues, the signal then waned through day 7
when it became barely detectable. In contrast, a low level of QD signal was visible in
the right inguinal LN one day p.i. that increased and peaked at day 5. In the right
axillary LN, QD signal was almost imperceptible by fluorescent microscopy. These
results were compared to the quantitative results of flow cytometry, which confirmed

avery low level of uptake in the lymphocytes of the right axillary LN of 25:1 MOG:QD
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treated mice (Figure 6.7). The increase in signal up seen up to day 5 in images of the
right inguinal LN was also confirmed by flow cytometry. The images in Figure 6.6
suggest that QD accumulation on the injection side (“left”) is highest at day 1 p.i. and
signal persists in the left axillary LN longer than in the left inguinal LN. The profiles
seen in Figure 6.7 suggest a similar trend, but with a peak at day 3. This difference
may be due to the quantitative nature of microscopic analysis. In particular, each image
represents only a 6 um section of the tissue. Understanding the dynamic nature of
particle biodistribution is important to the rational design of immunotherapies. The
innate and adaptive immune responses occur over a precise number of days, making

the time it takes for a “vaccine-like” treatment to reach various SLOs critical.[2]

Left inguinal

Right inguinal

Left axillary

Right axillary

Figure 6.6: MOG-QD signal can be visualized in LN sections by fluorescent microscopy.
LNs were removed at days 1, 3, 5, and 7 after MOG-QD injection, sectioned, and visualized
by fluorescent microscopy.
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Figure 6.7: Biodistribution of MOG-QDs through the inguinal and axillary LNs of treated
mice can be assessed over one week by flow cytometry. LNs were harvested days 1, 3, 5,
and 7 p.i. and QD signal in all lymphocytes was quantified by flow cytometry.

6.3.3 MOG-QDs alter tissue composition of LNs they accumulate in

Of equal importance to understanding the biodistribution of particulate based
immunotherapeutics, is the effect imparted on the tissues they accumulate in. As
mentioned earlier, the autoreactive response characteristic of MS involves complex
interactions of T cells, B cells, and innate immune cells (including APCs). The influx
and efflux of cells to/from the LNs due to particle accumulation are therefore of great
interest when designing immunotherapies for MS. Using the same experimental setup
as before, we injected naive mice with QDs displaying varying densities of MOG and
examined the effect on frequency of T cells, B cells, macrophages, and dendritic cells
in LNs. 24 hours after injection, there was little to no change in the percentage of any
cell type compared to untreated mice in the left inguinal LNs (Figure 6.8). By day 3,
there was a significant drop in T cell frequency (Figure 6.8A) that seemed to be
mirrored by a large increase in B cell frequency (Figure 6.8B). Like with the QD

uptake experiments, there were no significant differences between the treatment
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groups. We hypothesize that this is due to the naive state of the mice, but differences
may be seen when mice are induced with EAE. These experiments will set up an
important baseline for comparison to diseased mice. There was also a sharp peak in the
frequency of macrophages at day 3 in the left inguinal. Interestingly, this directly
correlates with the peak in overall QD signal seen by flow cytometry measurement.
DCs followed a different frequency profile, with a peak after 5 days. There are many
reasons cell frequency in LNs may change, including proliferation, inward migration

of cells carrying antigen, or outward migration of effector cells.
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Figure 6.8: MOG-QDs alter the frequencies of specific immune cells in LNs. The left
inguinal LNs of MOG-QD treated mice were harvested days 1, 3, 5, and 7 p.i. and the
percentages of T cells (CD3*, A), B cells (B220*, B), macrophages (F480*, C), and DCs
(CD11c*, D) were quantified by flow cytometry.

One method to further probe this question involves labelling cells of interest for

tracking or monitoring proliferation. In one experiment we injected three treatments
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groups: 25:1 MOG:QDs, 52:1 MOG:QDs, and 52:1 CTRL:QDs. The next day, CD4"
T cells were isolated from transgenic 2D2 mice. These cells have receptors specific for
MOG and will proliferate in response to MOG being presented by APCs. The T cells
were then labelled with a dye that splits evenly between daughter cells during
proliferation, and injected into the QD treated mice. After 72 hours, the LNs were
harvested and analyzed by flow cytometry for the presence of labelled T cells. The LNs
of mice that had been treated with MOG-QDs showed multiple generations of 2D2 T
cell proliferation, indicating that they had interacted with MOG (Figure 6.9). The
response was quantified, which revealed that in all LNs, except the left axillary, mice
treated with 25:1 MOG:QDs showed a higher level of MOG-reactive T cell
proliferation that 52:1 MOG:QDs (Figure 6.10). This is especially interesting because
these groups received the same dose of MOG, but in the 25:1 treatment, the self-peptide
was spread out over a larger number of QDs. This could indicate that T cell recognition
of antigens is enhanced when more antigen-coated particles are available to be taken
up by APCs. Importantly, the LNs of mice that had been treated with CTRL:QDs did
not show any T cell proliferation, meaning that the recognized MOG was from particle
treatment, rather than the myelin of the naive mouse. It is important however, to
determine the phenotype of the proliferated T cells to assess whether the response will
skew towards inflammation or tolerance. As these studies were carried out in naive

mice, it will also be important to repeat the experiments in mice with EAE.
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Figure 6.9: Multiple generations of T cells proliferate in LNs in response to MOG-QD
treatment. Mice were injected with peptide-coated QDs and 24 hours later with 2D2 T cells
containing a dye used to assess proliferation by dilution of the dye between daughter cells.
After 3 days, LNs were harvested for analysis of proliferation dye signal by flow cytometry,
with each peak indicated a generation of proliferation.
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Figure 6.10: Increasing proliferation of MOG-specific T cells is correlated with
decreasing self-peptide ligand density. Mice were injected with peptide-coated QDs and 2D2
T cells containing proliferation dye. After 3 days, T cell proliferation in LNs was quantified by
flow cytometry.
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6.4 Conclusions

Our studies provide fundamental new knowledge about the design of particulate
carriers of immune signals. QDs allow the conjugation of a large and controllable
amount of self-peptide, which proves advantageous for isolating the effects of dose and
ligand density. Additionally, QDs are intrinsically fluorescent, allowing tracking of
biodistribution. We have demonstrated that MOG-QDs rapidly drain to LNs on the
injection side and can persist for up to one week. The particles are taken up by APCs,
recruit additional APCs to the site, and even alter the frequencies of T and B cells in
the LN. Many important studies still need to be carried out, including answering these
same questions in a disease state, and analyzing the specific phenotypes of cells that

develop. These future experiments are outlined in Chapter 7.
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Chapter 7: Conclusions and Future Work

7.1 Outlook

The work completed in this dissertation describes two distinct platforms for inducing
immunological tolerance. Chapter 4 discussed the design of carrier-free polyplexes
composed entirely of immune signals as a strategy to combat autoimmunity in EAE.
This system allows the effects of the signals to be isolated without being impacted by
a potentially immunogenic carrier. The platform is simple and modular, allowing for
many different immune signals to be swapped in, meaning it can be applied to other
autoimmune disease models or even to promote an inflammatory response. Chapters
5 and 6 described QDs delivering self-antigen without any regulatory cue as a novel
nanotechnology for tolerance induction. QDs are a well-defined tool that could be used
to study fundamental questions about particle trafficking and the effects imparted on

immune cells in LNSs.

The two described strategies had the same goal of inducing antigen-specific tolerance,
but the first delivered two immune signals (i.e. self-antigen, regulatory molecule) while
the second approach delivered self-antigen alone. Both platforms successfully reduced
disease severity in EAE, but the mechanisms of tolerance have yet to be fully
characterized. With the QD platform, the proposed mechanism is that by displaying
self-antigen in particulate form, which may loosely resemble apoptotic cells, we can
stimulate draining to specialized microdomains of the LN and promote interactions

with tolerogenic cell types. This is in contrast to how free self-antigen might be
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processed and presented through more traditional pathways that drive inflammation.
The proposed mechanism of the polyplexes requires that immune cells take up both
signals simultaneously, with the goal of generating Trecs that can control other
autoreactive cells in the periphery. Cells that phagocytose the self-antigen alone may
instead polarize inflammatory cells, which could exacerbate autoimmune disease.
Immune cells encountering the regulatory molecule without self-antigen could promote
non-specific suppression of inflammatory functions, leaving the immune system unable
to fight infection. The stability of polyplexes in vivo must therefore be fully
characterized and optimized. QDs, conversely, are a highly stable particle system, but
concerns about clearance and toxicity exist in the clinic. For this reason, QDs were used
solely as a tool to determine design parameters for inducing tolerance with particle-
based delivery. It will therefore be necessary to determine if these parameters can be
applied to types of particles that are more frequently used in clinical research and have
demonstrated tolerability (i.e. polystyrene, PLGA). The mechanism of tolerance of this
platform has also yet to be fully investigated. Due to the lack of inclusion of a
regulatory signal, MOG-coated particles may promote T cell deletion or anergy, rather
than only generating Trecs. The mechanisms of action of both platforms are likely
complex, involving multiple pathways. In summary, the polyplexes are most useful for
isolating the effects of immune signals, providing a simple and modular platform for
studying signal density and juxtaposition. The QDs are a desirable particle system for
delivering self-antigen due to useful features enabling the study of advantageous design

parameters for the delivery of immune signals in a particulate form. The findings
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described thus far generated interesting areas for further exploration. Key ongoing and

future work will be described in the sections below.

7.2 Future studies regarding mechanism of tolerance of immune polyplexes

As revealed in Chapter 4, complexes composed of a self-peptide recognized in EAE
(MOGR2) and a regulatory molecule that blunts TLR9 activation (GpG), produce a
tolerogenic response in vitro and in vivo.[48] It was also demonstrated that the surface
charge of these polyplexes could be controlled by altering the ratio that signals are
mixed at. As discussed in Chapter 3, particle properties can impact cellular processes
such as uptake and the subsequent immune response. We are therefore interested in
systematically studying the effects of polyplex size and charge on DC uptake
mechanism, intracellular trafficking, and tolerogenic response in vitro. Another
important parameter specific to polyplexes is binding strength between the two
components, which affects loading efficiency and cargo release.[268] Ongoing and
future studies compare complexes formed by condensing GpG with MOGR: to those
formed using MOGRy which is more cationic. Importantly, long arginine residues can
act as cell-penetrating peptides that can cross the cell membrane without being actively

endocytosed.[225]

We began by comparing the size and charge of complexes formed with either MOGR:
or MOGRg. The hydrodynamic diameter of either type of particle remained in the 100
— 200 nm range (Figure 7.1A). The change in surface charge as input ratio was

systematically varied was similar regardless of the number of arginine residues (Figure
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7.1B). The fact that size and charge remained similar at each ratio is important for
isolating the effect of binding strength alone on cellular processes. Future
characterization studies should include an EtBr assay to determine the relative binding
strength of each peptide. Another question is whether MOGRg offers advantages in
terms of cargo protection or polyplex stability. These experiments should be performed
by incubating polyplexes in media with serum. In Figure 3.2, stability was assessed in
serum by measuring particle size, but more stringent methods should involve spinning
down polyplexes at various time points (e.g. 1 hour, 12 hours, 24 hours, 72 hours) and
measuring absorbance of peptide and DNA in the supernatant. Signal presence in the
supernatant will be one indication that the polyplexes have disassembled. Additionally,
it is possible that the two immune signals can remain condensed even as one or both
degrade due to their charged nature. In Figure 3.1, the ability of complexes to protect
GpG from enzymatic degradation was assessed, but future studies should also measure
the degradation of peptide. The stability and functionality of each immune signal is
critical to the proposed mechanism of the polyplexes. The supernatants of polyplexes
that have been incubated in serum and spun down should therefore also be analyzed by
protein gel electrophoresis for the presence of peptide degradation products. In this
assay, proteins travel across a charged gel and their migration is directly correlated to
molecular weight. Samples containing multiple proteins or degradation products will
have visual bands that can be compared to a molecular weight marker. If the polyplex
supernatants reveal small molecular weight bands, it will provide an indication that the

peptide has begun to degrade. The presence of degradation products in the polyplexes
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can be determined by comparing the gel migration of freshly-made polyplexes to those

that have been incubated in serum.
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Figure 7.1: Size and charge of MOGR,-GpG and MOGRg-GpG polyplexes are
comparable. DLS measurements performed in triplicate showed relatively small diameters
regardless of signal ratio or number of arginine residues. (B) Zeta potential of complexes was
measured in triplicate and indicated controllable surface charge.

Uptake mechanism of polyplexes formed with MOG tagged with different numbers of
arginine was then compared. One way to determine the general method of polyplex
internalization is to compare images at 37°C and 4°C. At the lower temperature,
energy-dependent processes halt, inhibiting cellular endocytosis. At 37°C, MOGR»-
GpG polyplexes were readily taken up by DCs but at 4°C, no signal was detectable
from the FITC-labelled MOG (Figure 7.2). By comparison, MOGRo-GpG signal was
visible at both temperatures, indicating that the polyplexes can enter cells without
active phagocytosis. We hypothesize that this is due to the cell-penetrating nature of
polyarginine tags. In order to further probe the uptake mechanism, a series of inhibitors
should be used in future studies to target specific pathways. The following set of
chemicals should be used: chlorpromazine (clathrin-mediated endocytosis), filipin
(caveolae-mediated endocytosis), amiloride (cell adhesion molecule (CAM)-mediated
endocytosis), wortmannin  (micropinocytosis), and Caspase Inhibitor |

(phagocytosis).[269] An example protocol would involve incubating primary DCs with
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an inhibitor for 1 hour before treating with polyplexes for an additional hour. Flow

cytometry or microscopy could then be used to analyze the extent of internalization.

MOGR-GpG MOGR-GpG

Figure 7.2: MOGRo-GpG polyplexes can enter cells at 4°C, but those made with MOGR;
cannot. CD11c* DCs were treated with polyplexes and incubated at 37°C or 4°C for 2 hours.
The cells were then fixed, stained for the membrane (rhodamine wheat germ agglutinin) and
nucleus (Hoechst), and uptake of FITC-labelled polyplexes was visualized by fluorescent
microscopy.

The next experiments assessed how quickly polyplexes are internalized by DCs. Signal
from either polyplex formulation was detectable by fluorescent microscopy (Figure
7.3A) or flow cytometry (Figure 7.3B) in just 10 minutes. At each time point (i.e. 10,
30, 60 minutes) the uptake of MOGRg-GpG polyplexes was significantly higher than
that of MOGR2-GpG. We hypothesize that this is due to MOGRo-GpG polyplexes
entering cells by both endocytosis and by crossing the cell membrane. The inhibitor

studies outlined above will test this hypothesis.

Due to the possible bimodal internalization mechanism, it is important to determine if
MOGRge-GpG polyplexes travel through the typical endosomal-lysosomal pathway. In

one initial study, it was determined that FITC-labelled MOGRg was largely colocalized
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with LysoTracker™ Red. Analyzing intracellular trafficking is important in
determining whether the signals are taken up and processed together, which is
important for the proposed mechanism of tolerance (Figure 3.13). Future studies
should further assess trafficking through endosomes by staining early endosomes
(rabb), late endosomes (rab7), and recycling endosomes (rab11) and should label both

immune signals in the polyplexes to determine if and when they disassemble.
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Figure 7.3: MOGRy-GpG complexes are taken up more rapidly than MOGR2-GpG
complexes. CD11c* DCs were treated with polyplexes and incubated at 37°C for 10, 30, or 60
minutes. A) The cells were then fixed, stained for the membrane (rhodamine wheat germ
agglutinin) and nucleus (Hoechst), and uptake of FITC-labelled polyplexes was visualized by
fluorescent microscopy. B) Complex uptake was also quantified by flow cytometry. ***p <
0.001
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Figure 7.4: MOGRg-GpG complexes are trafficked through lysosomes. CD11c* DCs were
incubated with polyplexes and LysoTracker Red DND-99 for 2 hours at 37°C. Cells were then
fixed and visualized by fluorescent microscopy.

Lastly, future studies should assess the impact of the number of arginine residues on in

vitro regulatory response. First, a reporter cell line should be used to assess the impact
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of the polyplexes on TLR9 signaling. In an example protocol, HEK-Blue™ mTLR9
cells will be incubated with the agonist CpG, prior to being treated with polyplexes.
The level of signaling can be quantified by measuring SEAP levels using a
spectrophotometer. Next, the ability of the complexes to “deactivate” DCs and polarize
T cells towards regulatory phenotype should be analyzed. Similarly to the mTLR9
study, DCs would first be stimulated with CpG prior to incubation with complexes.
Activation can then be measured by expression of CD40, CD80, and CD86 with a flow
cytometer. Treated DCs should also be incubated with transgenic T cells that have
receptors specific for MOG. After 72 hours, the phenotype of the T cells can be
examined by staining for transcription factors (Tbet, RORyt, Foxp3) and analysis with
a flow cytometer. An additional indicator of regulatory or inflammatory polarization is
the secretion of cytokines. ELISA can be used to measure the levels of inflammatory
(IL-6, IFN-y) and regulatory (IL-10, TGF-B) cytokines produced by DC/T-cell

cocultures.

The aforementioned experiments, studying cellular uptake, processing, activation, and
phenotype, should also be conducted comparing other particle parameters. As
mentioned, surface charge can be controlled, and we plan to adjust particle diameter by
altering the initial concentration of polyplex mixing solutions. Future work should also
test the modular ability of the platform by incorporating self-antigens from different
disease models or immunomodulators that target different pathways. For example, the
strategy could be tested in a relapsing-remitting model of MS by complexing GpG with

a PLP. In a model of T1D, chromoagraninA, could be incorporated in place of MOG.
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Importantly, TLR signaling has also recently been implicated in each of these

autoimmune diseases.

7.3 Future studies utilizing guantum dots as a tool

Chapter 6 described initial studies carried out to assess the biodistribution of MOG-
QDs. The impact of QD accumulation of the tissue composition of LNs was also
assessed. Studies in Chapter 5 also demonstrated that efficacy in EAE was inversely
correlated with density of self-antigen display.[52] In studies in Chapter 6, however,
there were no significant differences in the biodistribution or uptake of MOG-QDs with
varying densities (Figure 6.5). Additionally, no differences were seen between
densities when comparing the frequencies of different immune cell types in the LNs
(Figure 6.8). It was demonstrated that self-peptide density did impact the response of
MOG-specific T cells (Figure 6.10). These experiments were carried out in healthy
mice, which gives us a baseline for future studies that should be carried out in mice
induced with EAE. We hypothesize that MOG-QDs will traffic differently in a disease
state, when the self-antigen is being presented in LNs. Specifically, we expect MOG
spread out over a larger number of QDs (i.e. 25:1) to be taken up more readily. To test
this hypothesis, future studies should start by first inducing mice with EAE. Groups
will then be treated with a matched dose of MOG but a varied number of QDs (25:1,
52:1, 65:1). A simple way to study biodistribution of the particles at a large number of
time points (1 hour, 4 hours, 24 hours, 48 hours, 3 days, 7 days, and 14 days) is by live
animal fluorescent imaging. This eliminates the need to euthanize animals and process

LNs. To analyze specific cell types that take up MOG-QDs, the inguinal, axillary, and
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brachial LNs should be harvested and stained for APC markers (e.g. F4/80, CD1l1c,

CD11b) before analysis with a flow cytometer.

Future experiments should also study the specific phenotypes of cells that encounter
MOG-QDs. As the goal of this platform is to induce tolerance, T cell polarization
should be assessed. As with the previous experiment, cells will be analyzed with a flow
cytometer but will be stained with phenotypic makers (i.e. Tbet, RORyt, Foxp3). It is
important to note that the specific readouts should occur at time points before
symptoms arise, when symptoms are worsening, and at peak disease. Reactivity of the
harvested cells towards myelin should also be assessed. In an example protocol, cells
isolated from the LNs and spleens of treated mice would be restimulated with MOG
and cultured for 72 hours. The supernatants from cell culture would then be tested by
ELISA for the presence of cytokines. Cells from untreated mice with EAE should
produce inflammatory cytokines such as IL-6 and IFN-y upon encountering MOG. If
tolerance has been induced (i.e. in MOG-QD treated mice), the cells should secrete
regulatory cytokines such as IL-10 or TGF-B. The studies described thus far were
carried out with MOG-QDs being injected before disease symptoms arise. It would also
be of interest to conduct the same set of experiments with other injection timelines
including at initial disease onset, when symptoms are worsening, and at peak disease.
These studies would be useful for determining not only how treatment time impacts
tolerogenic outcome, but also how it changes biodistribution and impact on immune

cells.
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The impact of MOG peptide density on LN structure and remodeling should also be
studied. As discussed in Chapter 6, LNs structure is directly related to the initiation of
an inflammatory or tolerogenic immune response. Specifically, LNs from mice with
EAE that have been treated with MOG-QDs (25:1, 52:1, 65:1) should be harvested at
the previously specified time points, frozen, and sectioned. The immune cells analyzed
by flow cytometry (i.e. T cells, B cells, and APCs) can then be stained and imaged to
assess comingling of the T and B cell zones or colocalization of MOG-QDs with
various cell types. Specific attention should also be paid to microdomains that the
particles accumulate in. Figure 5.11 shows MOG-QDs localized to an area containing
MARCO™ macrophages. These cells are thought to be involved in tolerance, so future
studies should assess the impact of MOG display density on trafficking to these
domains. The sectioned tissues mentioned above can also be stained for tolerogenic
markers MARCO and SCARF1. LNs also feature differential expression of laminins
a4 and a5 during states of immunity or tolerance. Imaging these markers is also of
interest in the context of peptide ligand density. Taken together, the outlined
experiments should reveal tolerance mechanisms of MOG-QDs, and define design
rules specifically related to display of self-antigen. As with the previous section, it
would be of interest to apply this platform to other disease models such as T1D and

relapsing-remitting EAE.

167



Chapter 8: Contributions

My doctoral research has generated 4 peer-reviewed articles, with 3 additional articles
in preparation or in review. | have published a first-author paper on each of the specific
aims described in Chapter 1. One focuses on the development of a novel carrier-free
system for delivery of immune signals to combat autoimmunity (Biomaterials 2017).
The research with immune polyplexes is novel, based on a few ideas that are still new
to the field including attempting to blunt TLR signaling as a mechanism of
immunosuppression and the elimination of carriers to isolate the effects of immune
signals. The other first-author manuscript, published as a cover article in Advanced
Function Materials 2017, describes a QD-based platform for understanding
fundamental questions involved in the promotion of immune tolerance. The work was
also later featured on the cover of Transplantation 2018. The research was also featured
in Multiple Sclerosis News Today and on the Sounds of Science podcast in GEN News.
The platform was also filed in a US patent application. I am currently preparing a first
author manuscript based on the work in Chapter 6. My work with QDs represents the
first time that this material has been applied to autoimmunity. This research provides
new insight at the interface of materials design and autoimmunity, targeting a key gap

in the understanding of particle parameters necessary for tolerance induction.

Chapter 4 will be submitted as an invited review article, on which I am first author, to
Nano Today. | was a supporting author on the additional mentioned publications,
providing both technical assistance and support on experimental design. These papers

also involve the synthesis of particles composed entirely of immune signals. | have also
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presented my research at five national or international conferences, including Keystone
Symposia, the World Biomaterials Congress, and annual meetings for the Biomedical
Engineering Society and the American Association of Immunologists. Travel to these
conferences has been supported by four awards from the University of Maryland. My
doctoral work has been supported by the Department of Defense Science, Mathematics,
And Research for Transformation (SMART) fellowship, which | was awarded in my
second year of graduate study. As a part of this program, | completed a summer

internship in which I did synthetic biology research.

As a DoD SMART Fellow, | also spoke on panels typically consisting of 20-50
undergraduate and graduate students interested in applying to graduate school and/or
fellowships. I am able to share advice and perspective to hopefully increase their
chance of successful applications. Through my sustained involvement in the NSF-
funded Program to Enhance Participation in Research (PEPR), | have mentored a
student from Wheaton High School for each of the past three years as they learn about
a biomedical topic of their choosing. In monthly workshops, | assisted the student with
reviewing research articles, writing a scholarly paper, and presenting a poster. | also
organized a field trip for a group of 80 high school students to visit our research lab,
where they got hands on experience with laboratory skills such as vaccine particle
synthesis. These students would not typically get the opportunity to have such
immersive biomedical research experiences; | hope these efforts encourage them to
pursue STEM careers. | have also served at the department, college, and university

levels through leadership positions and committee work. In my first year, | was elected
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as BGSS president by my peers. Over two years, | led a board that plans 10-15 events
per year focused on professional development, academic enrichment, volunteering, and
social gathering. These events included panels on finding faculty positions, scientific
writing workshops, canned food drives, and department barbecues. As president, | also
acted as an ambassador for the department by planning events such as the Student
Choice Seminar that brings a distinguished professor from another university to campus
for a guest lecture attended by the bioengineering students and faculty. | was also asked
by Dean Darryll Pines to serve on the chair search committee for the Bioengineering
Department. | evaluated applications, interviewed candidates, and arranged lunches
with undergraduate and graduate students for each of the 6 applicants invited for
campus interviews. Last spring, | was elected to the University of Maryland Senate to
serve as a senator representing full-time graduate students. | was also asked by the
Senate Chair to serve as chair of the Student Affairs Committee, where | led a board of
approximately 20 people to tackle issues such as public transportation and course

evaluation procedures.
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Appendix

First Author Publications:

1.

Krystina L. Hess, Igor L. Medintz, Christopher M Jewell; “Developing
inorganic nanomaterials for immunological applications,” Nano Today 2018.
(invited review in preparation)

Krystina L. Hess, Eunkeu Oh, Lisa H. Tostanoski, James I. Andorko, Kimihiro
Susumu, Jeffrey R. Deschamps, Igor L. Medintz, Christopher M Jewell,
“Engineering immunological tolerance using quantum dots to tune the density
of self-antigen display”, Advanced Functional Materials 2017. (cover article)
***featured in Genetic Engineering and Biotechnology
News Sounds of Science Podcast***
***featured on the cover of Transplantation, 2018***

Krystina L. Hess, James I. Andorko, Lisa H. Tostanoski, Christopher M.
Jewell; “Polyplexes assembled from self-peptides and regulatory nucleic acids
blunt toll-like receptor signaling to combat autoimmunity”, Biomaterials 2017,
118: 51-62.

Co-Author Publications:

4.

Michelle L. Bookstaver, Krystina L. Hess, Christopher M. Jewell; “Self-
assembly of Immune Signals Improves Co-delivery to Antigen Presenting Cells
and Accelerates Signal Internalization, Processing Kinetics, and Immune
Activation” Small 2018. (in revision)

James I. Andorko, Krystina L. Hess, Kevin G. Pineault, Christopher M. Jewell;
“Intrinsic immunogenicity of rapidly-degradable polymers evolves during
degradation”, Acta Biomaterialia 2016, 32: 24-34.

James I. Andorko, Krystina L. Hess, Christopher M. Jewell; “Harnessing
Biomaterials to Engineer the Lymph Node Microenvironment for Immunity or
Tolerance” AAPS Journal 2015, 17 (2): 323-338.

***featured in special issue on immune engineering***

Patent Filings:

7.

“Harnessing Quantum Dots to Study, Visualize, and Promote Immune
Tolerance.” Christopher M. Jewell, Krystina L. Hess, Igor Medintz, Kimihiro
Susumu, Eunkeu Oh; PCT application number US17/28124. Filed April 18,
2017.
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