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The immune system has evolved mechanisms to respond not only to specific molecular
signals, but also to biophysical cues. Interestingly, research at the interface of biomaterials and
immunology has also revealed that the biophysical properties and form of vaccines and
immunotherapies impact immunological outcomes. For example, the intermolecular distance
between antigen molecules on the surface of nanoparticles can impact formation of T cell receptor
clusters that are critical during T cell activation. Despite the importance of biophysical cues in
tuning the immune response, the connections between these parameters and immunological
outcomes are poorly understood in the context of immunotherapy. Immunotherapies harness an
individual’s immune system to battle diseases such as autoimmunity. During autoimmune disease,
the immune system malfunctions and mistakenly attacks self-tissue. Immunotherapies can help
tailor and guide more effective responses in these settings, as evidenced by recent advances with
monoclonal antibodies and adoptive cell therapies. However, despite the transformative gains of
immunotherapies for patients, many therapies are not curative, work only for a small subset of
patients, and lack specificity in distinguishing between healthy and diseased cells, which can cause

severe side effects. To overcome these challenges, experimental strategies are attempting to co-



deliver self-antigens and modulatory cues to reprogram dysfunctional responses against self-
antigens without hindering normal immune function. These strategies have shown exciting
potential in pre-clinical models of autoimmune disease but are unproven in clinical research.
Understanding how biophysical features are linked to immunological mechanisms in these settings

would add a critical dimension to designing translatable, antigen-specific immunotherapies.

Self-assembling materials are a class of biomaterials that spontaneously assemble in
aqueous solution. Self-assembling modalities are useful technologies to study the links between
biophysical parameters and immune outcomes because they offer precise control and uniformity
of the biophysical properties of assembled moieties. Our lab leveraged the benefits of self-
assembly to pioneer development of “carrier-free” immunotherapies composed entirely of immune
signals. The therapies are composed of self-antigens modified with cationic amino acid residues
and anionic, nucleic acid based modulatory cues. These signals are self-assembled into
nanostructured complexes via electrostatic interactions. The research in this dissertation utilizes
this platform as a tool to understand how tuning the biophysical properties of self-antigens impacts
molecular interactions during self-assembly and in turn, how changes in biophysical features are
linked to immunological outcomes. Surface plasmon resonance studies revealed that the binding
affinity between signals can be tuned by altering overall cationic charge and charge density of self-
antigen, and by anchoring the self-antigen with arginine or lysine residues. For example, the
binding affinity between signals can be increased by increasing the total cationic charge on the
self-antigen, and by anchoring the self-antigen with arginine residues rather than lysine residues.
Computational modeling approaches generated insights into how molecular interactions between
signals, such as hydrogen bonding, salt-bridges, and hydrophobic interactions, change with

different design parameters. In vitro assays revealed that a lower binding affinity between self-



assembled signals was associated with greater reduction of inflammatory gene expression in
dendritic cells and more differentiation of self-reactive T cells towards regulatory phenotypes that
are protective during autoimmunity. Taken all together, these insights help intuit how to use
biophysical design to improve modularity of the self-assembly platform to incorporate a range of
antigens for distinct disease targets. This granular understanding of nanomaterial-immune

interactions contributes to more rational immunotherapy design.
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CHAPTER 1: INTRODUCTION

In recent years, research at the interface of biomaterials and immunology has revealed that
the biophysical properties of scaffolds, particles, and other carriers of vaccines and
immunotherapies impact immunological outcomes. For example, uptake and processing pathways
of immune cues are impacted by the size and surface charge of polymer or lipid particles carrying
these signals.!? Likewise, the display density of signals on nanoparticles can impact efficacy and
important immunological processes required for immunity or tolerance.>* Thus, outcomes are
impacted not only through specific signal combinations, doses, and tissue locations, but by the
biophysical parameters and forms through which the signals are delivered. These parameters are
important considerations when designing immunotherapies to battle diseases like autoimmunity
and cancer. Unfortunately, these links are poorly understood, discovered primarily through
observational studies.

The body of work in this dissertation utilized self-assembly of immune signals as a
platform and tool to study the links between biophysical parameters and immune outcomes. The
goal of the work was to study how changes in molecular structure impact molecular interactions

between self-assembled immune signals, how those molecular interactions impact the overall
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Figure 1. The goal of the dissertation work was to study the links between biophysical design and
immune outcomes to help improve the engineering of self-assembled immunotherapies.



biophysical properties of self-assembled immunotherapies, and in turn, how the changes in
molecular structure and biophysical properties impact immunological outcomes (Fig. 1). This
knowledge will inform how biophysical parameters of self-assembled immune cues, such as
binding affinity, can be utilized as a tool and design lever to engineer next-generation
immunotherapies. Chapter 1 provides an introduction of key areas important for understanding the

work presented in subsequent chapters.

1.1) Antigen presenting cells are key therapeutic targets to modulate adaptive immune responses

Antigen presenting cells (APCs) of the innate immune system, such as dendritic cells and
macrophages, survey our tissues, constantly clearing the body of cellular debris and engulfing
foreign substances. During this activity, antigen presenting cells process and present molecular
fragments of engulfed material — termed antigens — on their surface to activate the highly-specific
“adaptive” arm of the immune system. APCs make use of many environmental cues to direct
processing and presentation of antigens by distinct mechanisms.> Some of these cues include
signaling proteins called cytokines and activation of pattern recognition receptors, such as toll-like
receptors, that recognize foreign molecular patterns that are uncommon in mammalian hosts.
Concurrently, cells in our body present self-antigens from their own internal machinery to ensure
the immune system can distinguish between host cells and foreign pathogens, such as bacteria or
viruses. External antigens are presented in major histocompatibility complex (MHC)-II proteins
while internal (i.e., self) antigens are presented in MHC-I proteins. Loading of a peptide antigen
into a major histocompatibility complex is dependent on specific interactions that take place in the
binding groove of the MHC. The interactions depend on the geometry, charge distribution, and

hydrophobicity of both the binding groove and the peptide, as well as the length of the peptide.>’



After dendritic cells and other APCs encounter foreign antigen, they migrate to lymph
nodes to present antigens to lymphocytes of the adaptive immune system, such as T cells and B
cells. Activation of T cells typically requires three signals. The first is recognition of an MHC
protein containing antigen that matches the specificity of the T cell; this is the “cognate” antigen.
The second signal is recognition of costimulatory molecules APCs present to lymphocytes along
with the cognate antigen. The third is cytokines that direct polarization of lymphocytes towards
specific functional phenotypes. If a T cell binds its cognate antigen in the presence of appropriate
machinery and costimulatory signals, the T cell activates, proliferates, and migrates to the
periphery in search of cells or pathogens expressing the cognate antigen. CD4 T cells adopt helper
phenotypes, including Tul and Tu17, that shape adaptive immune responses by secreting cytokines
that influence immune clearance mechanisms. CD8 T cells become cytotoxic T cells that directly
kill cells expressing the cognate antigen. B cells produce antibodies that neutralize cells,
extracellular pathogens such as bacteria, and toxins expressing the cognate antigen. If dendritic
cells present antigen without the appropriate costimulatory signals, as in the case of self-antigens
originating from host cells, lymphocytes can be rendered inactive against cognate antigen or adopt
regulatory phenotypes (e.g., Treg) that prevent attack of host cells expressing those antigens,
otherwise known as immunological tolerance. Due to the intricate interactions described,
controlling the initial events that dictate signals between dendritic cells and T cells is crucial in
developing engineered approaches to direct immune function.® To achieve this level of control,
precise understanding of how immune cells respond to specific signals and also how biophysical

properties are linked to immunological outcomes needs to be understood.

1.2) Biophysical properties impact immunological mechanisms and therapeutic outcomes



In addition to the specific signals immune cells encounter, the biophysical properties of the
signals and interactions, such as hydrophobicity and binding affinity, are also important in driving
immunological processes. For example, innate immune cells have evolved to detect hydrophobic
motifs as a universal signal to recognize damage and initiate immunity and repair responses.’
During T cell development, T cells that bind self-antigen with high affinity are eliminated from
the repertoire via negative selection, and T cells that bind self-antigen with low affinity are
positively selected.!® This selection process generates T cells that have low affinity for self-
antigens and high affinity for foreign antigens. Further, the affinity with which a T cell binds its
cognate antigen impacts the T cell’s level of activity and specificity.!! A T cell’s immunological
response is also a biophysical event that requires a minimum number of T cell antigen receptors
to be connected or “clustered” before an immunogenic signal is delivered to the T cell.!'>!3

Given that the immune system is sensitive to biophysical parameters, it is unsurprising that
physical properties of immunotherapies impact how immunotherapies are encountered and
processed by immune cells. The size and shape of particles can skew how different APCs take up

1418 and in turn, the phenotype of T cells after activation.!® For example,

and process immune cues
one study showed that compared to 500 nm particles, 50 nm particles are taken up more efficiently
and induce greater levels of costimulatory marker expression by pulmonary dendritic cells.!'®
Additionally, the dose of antigen and density or intermolecular distance of antigen on the surface
of particles can impact important immunological phenomena such as T cell polarization,?
formation of T cell receptor clusters,® and therapeutic efficacy in pre-clinical mouse models.* Our
lab showed that at a fixed antigen dose, treating with more particles displaying fewer peptide

antigens per particle had greater therapeutic efficacy than treating with fewer particles with more

peptide antigens per particle in a mouse model of autoimmune disease. This was a striking example



of a biophysical design parameter (antigen density on the surface of nanoparticles) impacting
therapeutic outcomes. Surface properties of therapies, such as hydrophobicity of particles?! and

surface charge!-??2

can also impact uptake and trafficking pathways of particles by APCs. One
recent study observed that compared to near-neutral particles, more negatively charged particles
were taken up more efficiently by distinct subsets of dendritic cells involved in activation of helper
T cells.?> All of these observations indicate that, in addition to the specific immune cues,
biophysical properties are important design parameters to consider when formulating
immunotherapies. Yet, the links between biophysical properties and immune outcomes are poorly
defined. Elucidating these links could inform precisely what combination of immune cues and

biophysical properties are necessary to tune interactions between dendritic cells and T cells to

direct specific immune outcomes.

1.3) Immunotherapies promote immune responses to fight cancer and autoimmune disease

One key area where precise links between biophysical properties and immune outcomes
would be transformative is immunotherapies. Therapeutic immunotherapies harness an
individual’s immune system to stimulate immune responses that better fight diseases like cancer
and autoimmunity.®?3-2> When fighting a disease like cancer that is characterized by uncontrollable
cell division, the immune system often fails to generate effective anti-tumor responses because
many of the antigens on tumors are indistinguishable from those on healthy host cells.
Additionally, cancer cells actively suppress the immune system by overexpressing molecules such
as PD-1 and CTLA-4, which are natural suppressors the immune system normally uses to restrain
immune function. When treating cancer, immunotherapies attempt to boost immune response to
destroy cancer cells that otherwise evade and suppress the immune system. Important clinical

strategies include monoclonal antibodies,? such as rituximab which targets B cells in certain types
g g yp



of cancers, and more recently, the exciting development of checkpoint inhibitor antibodies.?” For
example, anti-PD-1 and anti-CTLA-4 antibodies unleash the stimulatory immune pathways that
tumors normally block. However, an important limitation to consider is that cancer
immunotherapies that stimulate immunity create risk of uncontrolled immunotoxicity that can
drive severe — sometimes fatal — side effects.?®?

Conversely, in treating autoimmune disease, the goal of immunotherapies is to suppress
inflammatory responses.** During autoimmune diseases such as multiple sclerosis, type 1 diabetes,
and rheumatoid arthritis, the immune system mistakenly targets self-antigens, resulting in attack
of an individual’s own tissues. For example, in multiple sclerosis, the myelin matrix coating axons
of the central nervous system is attacked. In these contexts, immunotherapies seek to suppress
inflammatory responses to restore balance and prevent dysfunctional attacks against the body.*°
Despite their effectiveness in mitigating symptoms, treatments for autoimmune disease remain
non-curative, require lifelong treatment, and are broadly immunosuppressive, which can leave
patients susceptible to opportunistic infections and malignancies. New immunotherapies are
leveraging molecularly specific targeting to provide new benefits relative to existing suppressive
options. One new monoclonal antibody, ocrelizumab, is the first FDA approved drug for the
progressive form of multiple sclerosis.?! Another exciting monoclonal antibody, Tzield, is the first
FDA approved therapeutic that delays clinical onset of type 1 diabetes.’> Despite the
transformative gains these breakthroughs have provided for patients, a limitation of
immunotherapies continues to be lack of specificity in targeting or in the specificity of the resulting
immune response. For example, even monoclonal antibodies do not distinguish between the target

markers expressed on healthy cells and diseased cells, such as those that attack self-tissue during



autoimmunity. A critical challenge for new strategies is then to induce sustained, antigen-specific
immune responses without impeding normal immune function.

1.4) New pre-clinical strategies incorporate biomaterials to improve specificity and potency of
immune response

Given that adaptive immune responses are inherently antigen-specific and are initiated by
APCs of the innate immune system, targeting innate pathways to induce antigen-specific tolerance
is a promising approach currently being explored in pre-clinical models.®?* The general approach
involves delivering self-antigens attacked during autoimmune disease to APCs either alone or
along with a modulatory signal. These strategies seek to control the processing of immune cues
and the interactions between APCs and lymphocytes to program selective, antigen-specific
tolerance.

Biomaterials have emerged as promising technologies to help achieve delivery of signals
to APCs while also overcoming some of the limitations of immunotherapy highlighted
above.?242533 The term biomaterials encompasses a broad range of organic and inorganic
compounds, including polymers, metals, peptides, nucleic acids, and even cells, that are used in
biological applications. These materials offer attractive properties including encapsulation of
multiple signals for co-delivery, protection of cargo from enzymatic degradation and pH changes,
tunable release kinetics, and increased circulation times. Biomaterials also allow for delivery of
immune signals in particulate form, which can improve uptake and potency of the signals.3*3°
Additionally, biomaterials allow for control of ligand density, a biophysical parameter that impacts
immune cell activation and therapeutic efficacy.’* Given that adaptive immune responses are

inherently antigen-specific and are mediated by APCs of the innate immune system, targeting



innate pathways to induce antigen-specific tolerance is a promising approach currently being
explored.

One promising strategy to induce antigen specific tolerance is targeting disease relevant
antigen to apoptotic cell clearance pathways.?” Phagocytic cells routinely clear apoptotic debris,
such as red blood cells, without eliciting an adaptive immune response. This implies that the
antigens from apoptotic debris are processed and presented through innate mechanisms that allow
the immune system to recognize these antigens as “self”. To harness this tolerogenic pathway,
several groups have conjugated disease-relevant antigens to apoptotic splenocytes or red blood
cells as a treatment strategy in mouse models of autoimmunity.**-* The hypothesis is that because
these cells are normally recycled in the spleen at high rates, the antigens will be processed through
the same tolerogenic mechanisms and presented by APCs to effector cells in a way that promotes
selective tolerance and reverses disease. This strategy demonstrated favorable safety profiles in a
clinical setting, but has not progressed since the initial trial in 2013.%> Thus, further understanding
of how tolerance is generated is needed so this strategy can be optimized for clinical translation.

Several labs have shown that targeting clearance mechanisms by encapsulating or
displaying self-antigens on nanoparticles or microparticles, instead of apoptotic cells, can be a
successful strategy in mouse models of autoimmune disease.**%->> Biomaterials have also been
exploited to co-deliver disease relevant antigen with regulatory immune signals to APCs.>-"? The
goal of these strategies is to deliver self-antigens attacked during disease to APCs and have the
APCs present self-antigen without co-stimulatory signals. The hypothesis is that inhibiting
inflammatory signaling or promoting regulatory signaling while antigen is being processed and
presented by APCs will promote presentation of antigen without costimulatory molecules or in

other manners that promote tolerance. Then, for example, when T cells bind cognate self-antigen



without co-stimulatory signals, T cells will be inactivated against self-antigen or will be polarized
towards regulatory phenotypes that maintain tolerance to self-tissue. To date, antigen-specific
specific therapies have shown great promise in pre-clinical models but have not been successfully
translated into clinical settings.*?7375

Delivering immune cues to target specific signaling pathways often necessitates the ability
to reach spatially restricted tissues or receptors. Given the impact of biophysical properties such
as size and surface charge, it is important to design therapies with biophysical features that allow
the signals to reach their targets and be biologically available to initiate specific signaling
pathways. It also requires a better understanding of the mechanisms that lead to success of these
strategies in preclinical models. The current standard of assessing immunological responses to
antigen-specific therapies involves general analyses of antibody production, common
costimulatory markers expressed by APCs, presence or absence of cytokines associated with
inflammation or regulation, and proliferation and polarization of T cells towards inflammatory or
regulatory phenotypes. However, as mentioned throughout Chapter 1, the immune system is
sensitive not only to the presence of specific signals, but also to biophysical parameters such as
binding affinity of T cell receptors for cognate antigen.

Developing a better understanding of how immunotherapies impact molecular interactions
between immune cells and how these interactions change as a function of biophysical design
parameters could significantly improve our understanding of how to engineer effective antigen-
specific therapies. Toward this goal, Chapter 2 reviews how a particular set of biomaterials — self-
assembled biomaterials — have been utilized to engineer immunotherapies for cancer and
autoimmune disease. The research in Chapter 3 tests the hypothesis that biophysical properties of

self-assembled immune signals can be tuned to influence immune cell signaling. We reveal that



immune cues assembled with a relatively lower binding affinity were better able to inhibit
inflammatory signaling than immune cues assembled with a relatively higher binding affinity. The
research in Chapter 4 utilized molecular dynamics simulations to test the hypothesis that during
electrostatic self-assembly, arginine residues facilitate higher binding affinity than lysine residues
because arginine can form more electrostatic interactions than lysine. We reveal that peptide
antigens with higher total charge or anchored with arginine residues formed more hydrogen bonds
and salt bridges than peptide antigens with lower total charge or anchored with lysine residues,
respectively. Chapter 5 details ongoing and future research directions to continue developing self-
assembly of immune signals as a platform and tool to build next-generation immunotherapies. The
dissertation concludes with an Appendix that outlines the contributions to science that resulted
from this work, including research publications, conference presentations, and funding sources

that supported the dissertation research, followed by a list of references.
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CHAPTER 2: SELF-ASSEMBLY AS A MOLECULAR STRATEGY TO IMPROVE
IMMUNOTHERAPY'

Self-assembling biomaterials are a class of biomaterials that spontaneously assemble in
aqueous solution to create entropically favorable structures.?* The underlying forces driving
spontaneous assembly result either from hydrophobic interactions or charge polarity. Hydrophobic
interactions have been utilized to create a range of intricate structures, including peptide
nanofibers, nanogels, micelle-like particles, and in vivo assemblies with protein carriers to target
signals to lymph nodes. There has also been extensive work to develop platforms that utilize
electrostatic interactions to drive assembly of oppositely charged immune signals. This platform
benefits from the ability to readily tune biophysical interactions between two components by
altering the ratio of cationic to anionic charge during formulation, or the density of charge per

component.

Chapter 2 explains how hydrophobicity and charge polarity have been exploited to self-
assemble engineered materials and immune signals for improving immunotherapies. Self-
assembled biotechnologies could help address some of the limitations facing immunotherapies by
offering unique capabilities, such as high levels of uniformity and precise control of composition.
The creativity of engineered self-assembly has led to some key insights that could benefit future
immunotherapies and revealed aspects that need to be more completely understood. The challenge
now remains to utilize these insights to push development of new and -effective

immunotherapeutics into clinical settings.

" Adapted from Froimchuk, E., et al. Self-Assembly as a Molecular Strategy to Improve Immunotherapy. Acc. Chem.
Res. 2020. 53 (11): 2534-45.
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2.1) Self-assembled technologies offer unique benefits to improve immunotherapies

Despite the many benefits of biomaterials described in Chapter 1, biomaterials also
introduce additional challenges into the clinical translation process. Material formulations are
often hindered by inefficient cargo loading or heterogenous distributions in size or other
biophysical properties. Inclusion of polymer carriers or heterogenous mixtures can also complicate

characterization and assessment of safety required for clinical trials and FDA approval.’®
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Figure 2. The inner two circles highlight the two main driving forces of self-assembled
immunotherapies and the general strategies that have utilized these forces to create self-assembled
structures. The outer-most circle illustrates the general strategy of immunotherapies for cancer and
autoimmune disease, as described in Chapter 1 and throughout Chapter 2. Self-assembled
materials are being explored in all of the stages depicted in the outer-most ring.
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Additionally, commonly used biomaterial polymers used to encapsulate therapeutic agents exhibit
intrinsic immunogenic features that can elicit inflammation even in the absence of other immune
signals.””-”® These effects can be a confounding variable in developing therapeutic strategies that
require precise understanding and control of therapeutic outcomes to establish safety and clinical
translation. For example, polymer carriers may impact immune signaling and alter the expected
response of the immune signals in the immunotherapy. Considering the challenges just mentioned,
Chapter 2 highlights how self-assembling materials offer both the unique benefits of biomaterials,
as well as the potential to overcome some of the complexity and formulation limitations described.

Self-assembled materials require little to no additional energy input due to the spontaneous
nature of assembly, allowing for facile, low-energy manufacturing methods that are scalable.
Further, the precise structures and interactions that govern self-assembly can help reduce
heterogeneity and the resulting complications in characterization and loading consistency. Self-
assembled materials generally assemble owing to two underlying driving forces: hydrophobic
interactions and/or charge polarity (Fig. 2). Hydrophobic interactions cause assembly of molecules
into entropically favorable states, with hydrophobic regions “hidden” from the surrounding
aqueous environment. Charge polarity drives electrostatic adsorption of oppositely charged
components, creates a countervailing force that prevents assembly between like-charged
components, and allows for hydrogen bonding to occur between polar molecules. The remainder
of Chapter 2 highlights how these types of driving forces have been leveraged by the Jewell lab
and others to develop self-assembly approaches for candidate immunotherapies and to gain

insights that could improve the effectiveness and translatability of future immunotherapies.
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2.2) Biomaterials can be designed for self-assembly with hydrophobic domains

One method of driving self-assembly is conjugating biomaterials with hydrophobic motifs,
such as the self-assembling peptide Q11 developed by the Collier lab to spontaneously assemble
into B-sheet nanofibers.”” The assembly is driven by the peptide’s alternating
hydrophobic/hydrophilic primary structure, with all hydrophobic residues positioned on one face
of the B-sheet and all hydrophilic residues positioned on the other face (Fig. 3A). Several research
efforts have tested Q11’s ability to assemble and deliver antigens to APCs to enhance immune
responses.>?*30-84 These self-assembled structures induced robust antibody responses to the
antigen without any additional adjuvants. Adjuvants are stimulatory signals often included in
vaccines and immunotherapies to stimulate responses against an antigen of interest. The ability to
induce an immune response without addition of adjuvant is an intriguing property that could
potentially simplify formulations and limit undesired inflammation caused by off-target effects.
This benefit was highlighted in studies where vaccination of mice with peptide nanofibers did not
cause swelling (Fig. 3B) or accumulation of immune cells and inflammatory cytokines at injection
sites, a common side effect with many adjuvants.®® Additionally, the nanofibers selectively
activated dendritic cells, but not macrophages, even though both cell types were able to engulf the
nanofibers.?® The selective activation could be a useful property for directing specific immune
responses, which may be more difficult with conventional adjuvants that are broadly stimulatory.
Despite the lack of inflammation, the nanofibers were able to activate antigen-specific CD8 T

cells, which are important in anti-tumor immune responses.®* This platform could also be tuned to
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generate a particular type of immune response depending on the dose of antigen that was
incorporated into the nanofibers. For example, the dose of antigen that maximized helper T cell
responses (Tm) important in activating B cells was nearly a magnitude higher than the dose that
maximized helper T cells (Tnl) that secrete inflammatory cytokines (Fig. 3C).? Fibers that formed
either a-helical structures or B-sheets both produced antibody responses.?>% However, APCs only
internalized and presented antigen when nanofibers were positively, but not negatively, charged
indicating that surface properties impact the biological responses to the self-assembled structures.?

Hydrophobic motifs have also been used to create a variety of other self-assembled
structures. Purwada et al created self-assembling protein nanogels containing a polymer backbone
with a functionalized hydrophobic pyridine side chain.?’ In the presence of aqueous protein,
entropic forces drove the self-assembly of the pyridine groups into an inner layer, while proteins

in solution formed the outer layer. Another example from the Akiyoshi lab used cholesterol-
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bearing pullulan to create a self-assembling nanogel incorporating the common protein antigen
ovalbumin (Fig. 3D).%® Treatment with nanogels alone or in combination with anti-PD1 antibodies
significantly reduced tumor growth in a lymphoma mouse model that expresses ovalbumin,
relative to treatment only with anti-PD1 or a combination of soluble ovalbumin and anti-PD1.
Interestingly, when the nanogels were modified to increase anionic surface charge, these nanogels
were distributed in different areas of lymph nodes compared to the distribution observed with
unmodified nanogels, which were near-neutral.?? The anionic nanogels were internalized more
effectively by several distinct subsets of dendritic cells involved in activation of helper T cells and
B cells.

The size, shape, and surface chemistry of immunotherapies can all impact biological
responses.? In the case of the Q11 nanofibers, the cationic charge may have facilitated adsorption
with the anionic cell membrane and thus improved uptake via non-specific electrostatic
interactions. Conversely, the anionic charge of the nanogels could have prevented the non-specific
interactions with the cell membrane, resulting in selective uptake by subsets of phagocytic cells.
The ability to activate immune responses without additional adjuvants may also be impacted by
biophysical properties. For example, immune responses can be activated through recognition of
hydrophobic groups,’ which may contribute to the ability of Q11 nanofibers to generate immune
response without explicit adjuvant molecules. However, another study using self-assembled
peptide nanovesicles induced strong CD8 T cell responses and delayed tumor growth only when
administered with an adjuvant.®® These nanovesicles exhibited different morphology than the Q11
nanofibers, which might hide hydrophobic motifs in a core, thus preventing or reducing

recognition by and activation of immune cells.
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In addition to accessibility of molecular motifs in self-assembled materials, the density of
immune signals displayed on constructs can also impact response during immunotherapy. The
Jewell lab has investigated this idea in the context of immunotherapies for multiple sclerosis.* In
one set of studies, peptide self-antigens were self-assembled and displayed on quantum dots at
defined densities. Mice induced with a mouse model of autoimmunity responded to treatment with
quantum dots more efficiently when the dose of peptide was higher. Intriguingly, however,
efficacy was inversely correlated with the density at which the peptide was delivered on the
quantum dots. At a fixed antigen dose, particles displaying a low density of antigen on a greater
number of particles (e.g., 25:1) were more efficacious than particles displaying antigen at a high
density on fewer particles (e.g., 65:1), indicated by lower mean clinical scores (Fig. 3E). These
data suggest that availability of more therapeutic “events” (i.e., particles) may be more effective
in modulating the integrated signaling in immune response. This discovery is one example of how
self-assembled biomaterials offer unique features to understand the “design rules” that promote
tolerogenic processing of antigen by APCs. Elucidating the requisite design parameters will be a

crucial aspect of rationally engineering antigen-specific immunotherapies.

2.3) Chemically synthesized amphiphilic molecules form micelle-like particles

Hydrophobic interactions can also be used to self-assemble amphiphilic structures into
ordered phases, such as micelle-like structures.’®?%°! One important area where this idea has been
used for immunotherapies is the design of peptide amphiphiles composed of a hydrophobic, lipid-
like tail that is linked to a hydrophilic peptide headgroup.’® In aqueous conditions, the peptide
amphiphiles self-assemble into micelles, burying the hydrophobic tails within the core while the

hydrophilic headgroups are displayed on the surface.
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Toward a standardized platform for manufacturing personalized cancer vaccines, the Seder
lab recently developed antigen-adjuvant conjugates that self-assemble into micelle-like particles
of uniform size, irrespective of the antigen sequence.?® The self-assembly was driven by charge-
modified peptide sequences and hydrophobic oligopeptides that were anchored to the C and N
termini via enzyme degradable linkers. The hydrophobic blocks were further linked to a defined
number of small molecule adjuvants specifically selected based on their hydrophobic properties
and ability to drive T cell response. Upon resuspension in aqueous solution, the hydrophobic
components promoted assembly of micelle-like structures, while the charge modifying groups
established uniform surface charge that provided a countervailing force to prevent formation of
aggregates (Fig. 4A). The micelles could incorporate a range of different tumor-specific antigens
and adjuvants without disturbing the integrity of the particles. Furthermore, the micelle platform
improved loading of antigens compared to other commonly used biomaterials, such as poly(lactic
co-glycolic acid) or liposomes, where loading varied between different antigens and can
sometimes vary batch to batch. Micelles conferred markedly improved efficacy in mouse models
of skin and lung cancer relative to administration of soluble antigen and adjuvant (Fig. 4B).
Importantly, vaccination of non-human primates with micelles activated both CD4 and CD8 T cell

responses, a promising indicator that this platform has potential for application in clinical settings.
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The development of this micelle platform is exciting, representing a standardized
formulation approach that successfully incorporates a range of antigen and adjuvants. The
consistent assembly of particles irrespective of composition is important for overcoming
downstream hurdles specific to manufacturing and regulatory characterization. From a clinical
perspective, the ability to incorporate a range of tumor-specific antigens is also relevant for
personalized cancer therapies, which seek anti-cancer immune responses without side effects or
alteration to healthy immune function. Combining such approaches with technologies to identify

tumor-specific antigens could represent a new paradigm for cancer immunotherapy.
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2.4) Lipophilic motifs promote in vivo self-assembly with protein carriers

Hydrophobic interactions can be leveraged within the body to target immunotherapies
more efficiently to lymph nodes, increasing their potency. One strategy draws on the ability of
lipophilic moieties to self-assemble with protein carriers, such as albumin. Albumin is a natural
transporter molecule that shuttles cargo in the body to lymph nodes. Liu et al first discovered the
promise of an “albumin hitchhiking” idea by modifying a stimulatory adjuvant and other antigens
with lipophilic motifs (Fig. 4C).”> These signals drained more efficiently to lymph nodes and
decreased systemic toxicity compared to unmodified components, which were not concentrated in
lymph nodes. By investigating the fate of these lipophilic structures, the authors discovered that
lymph node resident dendritic cells must cleave the bond between peptide and amphiphile before
presenting the antigen to T cells. Because of improved lymph node targeting and subsequent
presentation, T cells specific for the antigen were proliferated and inflammatory cues increased.
When mice bearing skin or metastatic lung cancers were vaccinated with these immunotherapies,
survival was significantly improved (Fig. 4D). Zhu et al built on this idea using Evan’s blue, a
clinical lymphatic tracer dye, as an albumin-binding domain due to its established safety profile.”?
A lipophilic construct was created by conjugating the dye with an adjuvant. Co-delivery of this
construct with a model antigen to mice resulted in a four-fold increase of antigen-specific CD8 T
cells relative to an oil-in-water emulsion of antigen, which is a current benchmark for vaccination
in these pre-clinical studies.

This albumin hitchhiking approach significantly improved the efficacy of a cancer
immunotherapy in a mouse cancer model. Building off their prior work, Appelbe et al combined
albumin-complexed adjuvant with radiation to improve cancer immunotherapy.”* In healthy

vasculature, albumin is too large to drain out of blood vessels and instead is selectively processed
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through lymphatics.”> However, when a tumor is irradiated, the vasculature becomes more
permeable. With this increased permeability, lipophilic adjuvant delivered intravenously binds to
albumin and accumulates in tumors. The authors showed that this targeted accumulation increased
inflammatory responses in the tumor environment and reduced systemic toxicity. This body of
work suggests potential for in-vivo assembly of hydrophobic domains to increase potency of
existing immunotherapies. Lipophilic modifications for lymph node targeting offer promise as a
flexible platform by modifying different combinations of adjuvants and antigens. The flexibility
of this system could be useful for modifying and improving other immunotherapies for cancer, as
additional immune signals help amplify the immune response at the tumor site. Conversely, efforts
could also explore targeting of signals to lymph nodes to direct immune responses away from
inflammation that causes autoimmune disease. Additionally, the facile formulation and ability to
modify different antigens could enable better precision in production, purity, and screening of

future immunotherapeutics.

2.5) Hydrogen bonding is a driving force with abundant engineering potential

Recent studies have utilized hydrogen bonds to create intricately self-assembled structures
for immunotherapies.”>"1% For example, one group utilized lipid-modified DNA sequences and
either adjuvant and/or antigen sequences that were elongated with a complementary sequence to
the DNA.?%7 Hybridization of DNA and its complementary sequence on the elongated immune
signals facilitated assembly of components into nanoparticles. Another approach developed an
antigen aptamer-adjuvant fused sequence that integrated into DNA hydrogels via hybridization
with a DNA linker.”® When administered to mice in combination with doxorubicin, the hydrogel
induced an inflammatory immune response and decreased tumor growth in a breast cancer model.

Most recently, Li et al utilized hydrogen bonding to create a treatment employing immunotherapy,
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chemotherapy, and radiation therapy all in one.!® Particles were composed of diselemide, which
is an inhibitor of antigen presentation, and pemetrexel, an approved chemotherapy. The two drugs
self-assembled due to triple hydrogen bonds between the cytosine on diselemide and guanine on
pemetrexel. Until recently, hydrogen bonding has scarcely been used as the main driving force for
self-assembly of immunotherapies. However, as evidenced by natural phenomena such as
formation of the DNA helix, hydrogen bonds have the capacity to facilitate assembly of highly
intricate and stable natural structures. Further exploration of hydrogen bonding in bioengineering
contexts could reveal novel assembly strategies for development of controlled and precisely tuned

immunotherapies.

2.6) Alternating cationic and anionic moieties allows for layer-by-layer electrostatic assembly

Electrostatic interactions are a powerful driving force that can facilitate assembly of
anionic and cationic components into layered structures. By alternating cationic and anionic layers,
facile assembly of these structures can be achieved. This strategy has been employed in the
development of immunotherapeutics to create polyelectrolyte multilayer (PEM) capsules. Earlier
work established that PEMs could encapsulate antigen by coating antigen-loaded calcium
carbonate particles with alternating layers of anionic dextran sulfate and cationic polylysine
polymers. The calcium carbonate was subsequently dissolved out to create PEM capsules with
antigen in their core.!®! Compared to vaccination with soluble antigen, PEMs improved delivery
of antigen to antigen presenting cells and generated immunity in mice against melanoma.!??
Subsequently, PEMs were developed by incorporating an adjuvant as the anionic layer. The PEM
capsules could induce antigen presenting cell and T cell activation in response to antigen and
adjuvant within the capsules.!?> Whereas past systems incorporated polymers or other materials as

structural components, our lab has recently developed PEMs composed entirely of immune
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signals.!® To support assembly, these immune polyelectrolyte multilayers (iPEMs) were
composed of peptide antigens anchored with cationic amino acids on the C-terminal end and
anionic nucleic-acid based adjuvants coated on gold nanoparticles using a layer-by-layer assembly
process. These iPEM-coated nanoparticles induced antigen-specific T cell activation in mice after
vaccination, indicating both signals remained bioactive after being assembled in iPEM coatings.
Further, the responses generated by iPEMs were more potent than those observed when mice
received vaccines containing equivalent doses of soluble signals not assembled into iPEMs.
Commonly used biomaterial polymers used to encapsulate therapeutic agents exhibit
intrinsic immunogenic features that that can elicit inflammation even in the absence of other
immune signals.””-”® These effects can be a confounding variable in developing therapeutic
strategies that require precise understanding and control of therapeutic outcomes to establish safety
and clinical translation. With this challenge in mind, our lab developed stable iPEM capsules that
did not rely on a particle core.!%-1% This was achieved by assembling alternating layers of cationic
peptide antigens and anionic adjuvants on a calcium carbonate template. The template was then
dissolved out to create hollow capsules composed entirely of the immune signals (Fig. SA). These
structures juxtapose immune signals at tunable ratios with 100% cargo loading; this is unique
relative to polymer or lipid-based particles in which the carrier represents a significant fraction of
the formulation. In a melanoma mouse model, mice vaccinated with iPEMs containing antigen and

adjuvant significantly slowed tumor growth and increased median survival time (Fig. 5B).!%
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Figure 5. A) Assembly of iPEMs B) Treatment with iPEMs lengthened survival time in a
mouse tumor model. A+B are adapted from ref. 105. C) iPEMs completely prevented onset
of disease in a mouse model of multiple sclerosis. Adapted from ref. 106. Further
permissions related to material excerpted should be directed to ACS. D) iPEMs activated

DC:s faster than soluble adjuvant, measured by expression of the activation marker CDS86.
Adapted from ref. 112 with permission from Wiley.

Because of the modular assembly of iPEMs, we have also been able to easily extend the
concept to autoimmune disease and promotion of immunological tolerance.!%®!% The goal of
immunotherapies for autoimmune disease is to deliver self-antigens attacked during disease to
antigen presenting cells and have the cells present self-antigen without co-stimulatory signals. The
hypothesis is that when T cells bind cognate self-antigen without co-stimulatory signals, T cells
will not become activated or will be polarized towards regulatory phenotypes that maintain
tolerance to self-tissue. To achieve this outcome, we developed iPEMs composed of antigen

targeted by T cells in a mouse model of multiple sclerosis and a regulatory immune signal that
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inhibits an inflammatory pathway that is active during autoimmunity. In vitro studies indicated
that iPEMs successfully inhibited presentation of co-stimulatory signals by dendritic cells and
reduced antigen-specific T cell activation in response to cognate antigen. When tested in vivo,
iPEM treatment completely prevented disease in mice (Fig. 5C), establishing the promise of this
platform to promote tolerance.

From a manufacturing perspective, iPEMs are relatively simple compared to other common
formulation methods that involve complex polymers or excipients and additional energy input for
encapsulation of immune signals. We have shown that assembly of iPEMs is pH dependent with
respect to both antigen and adjuvant components, and the relative loading of both components can
be tuned by controlling the pH.!% With increasing understanding of the engineering criteria that
drive assembly, iPEMs create the possibility of incorporating and delivering a range of antigens
and adjuvants with control over the relative combinations of signals.

Other aspects of immunotherapies, such as cellular trafficking and route of injection, are
also important to understand to develop clinically relevant therapies.?*!'° We have shown that the
signals delivered by iPEMs were co-localized in lymph nodes and induced more potent T cell
activation than when signals were delivered in soluble form.!'! Using quantitative analysis, we
have also confirmed that 95% of cells that contained at least one signal present in iPEMs (i.e.,
antigen or adjuvant) also contained the other signal.!® iPEMs also activated dendritic cells faster
than soluble signals (Fig. SD) and quickly trafficked through endosomal/lysosomal pathways

involved in antigen presentation.!!?

These are desired outcomes to achieve efficient delivery of
immunotherapeutics that target endosomal receptors such as toll-like receptors. Utilizing layer-by-

layer assembly, the Hammond lab recently revealed that targeting of particular cells and trafficking

pathways can be tuned as a function of the surface chemistry.'!® This observation is intriguing as
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it indicates that the choice of signals incorporated into iPEMs can be extended to target a broad
range of pathways with the right design. Thus, iPEMs mimic key benefits of micro- and
nanoparticles, such as co-delivery of signals and rapid internalization, but eliminate some of the
disadvantageous. For example, iPEMs do not have additional components that could exhibit carrier
effects or create intrinsic immunogenicity; the latter could be problematic in exacerbating
autoimmune diseases.

In addition to some of the targeting concepts discussed above, the route of administration
can impact this aspect. In particular, the skin is an environment rich with immune cells, and thus
has significant potential for immunotherapies. For example, intradermal injection often leads to
efficient immune responses relative to intramuscular or subcutaneous injections, and we have seen
similar effects with iPEM capsules.!!* It is not surprising then that microneedle patches have seen
increasing interest as alternative technologies to needle-based injections. These patches utilize
polymer needles that are long enough to penetrate the skin but too short to reach pain receptors.
Thus, microneedles allow pain-free treatment, and more specifically for immunotherapy, efficient
delivery to the immune cell-rich dermal layer. The Irvine and Hammond labs employed layer-by-
layer assembly to develop microneedles coated with polycationic polymers, anionic nucleic-acid
based adjuvant, and plasmid DNA encoding a model antigen for transfection of antigen presenting
cells in the skin.!'> Microneedles successfully delivered cargo to antigen presenting cells in the
dermal region of mice and non-human primates. In these studies, UV light was used to activate the
surface of the microneedles and initiate release of the layers from the microneedle surface. In an
attempt to develop more practical methods of cargo release, the Hammond lab recently developed
charge invertible microneedles that rapidly released the signals upon insertion into the skin (Fig.

6A).!'® Charge inversion due to the shift to physiological pH resulted in three consecutive layers
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of negative charge that strongly repelled each other and detached the film from the microneedle
surface within one minute (Fig. 6B). These microneedles efficiently delivered antigen to APCs in
mice, induced a strong antibody response, and were able to deliver adjuvant to APCs in human
skin ex vivo.

Our lab recently applied iPEM coatings on microneedles for cancer vaccination (Fig.
6C).!'7 The advantage of iPEMs in this context is the ability to concentrate tumor antigens and
adjuvants to specialized immune cells in the skin. For the specific application of melanoma, skin
delivery is also relevant because the skin is the location of many melanomas. Upon vaccination of
mice with microneedles coated with a human melanoma antigen and adjuvant, the signals were
co-localized at the site of injection. T cells specific for the melanoma antigen expanded over 4

weeks in response to a prime-boost immunotherapy strategy (Fig. 6D), indicating the iPEM-coated
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microneedles promoted a tumor-specific immune response against the melanoma antigen. Studies
from our lab indicate that modulation of immune responses over extended periods of time can be
achieved by controlling the release kinetics of iPEM films.!'!® Thus, an interesting direction could
be the development of rapidly releasing but slowly degrading iPEM films that release from
microneedle substrates to form depots of immune signals within the dermal layer and modulate

immune responses over time.

2.7) One step electrostatic adsorption provides a facile method of conjugation

Another self-assembly approach is to simply mix two oppositely charged components in
aqueous solution, allowing electrostatic interactions to drive self-assembly into entropically
favorable complexes. Historically, these structures — formed from oppositely-charged polymers —
are termed polyplexes. Several efforts have used electrostatic assembly to adsorb antigen and/or
adjuvants with preformed carrier components, such as micelles or nanofibers.!'*!?*> A common
observation among these studies is improved T cell activation and higher antibody titers compared
to when antigen and adjuvant are delivered in soluble form. This recurring observation further
highlights the importance of co-delivering immune signals and delivery in a particulate form to
increase signal potency.

Our lab has used electrostatic assembly to create complexes composed entirely of immune
signals by incubating oppositely charged signals in aqueous conditions.’>!?4127 For example, using
analogous signals discussed above for iPEMs, these polyplex-like structures can be created from
self-antigens and regulatory immune signals to combat autoimmune disease (Fig. 7A).”> Compared
to layer-by-layer assembly, this approach sacrifices the ability to control the relative loading of
multiple signals but simplifies assembly into a single step. However, these complexes still retain

other benefits, such as eliminating any confounding carrier effects, enable co-delivery of signals,
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and allowing 100% of the administered dose to be therapeutic cargo (i.e., no carrier). Treating
mice with complexes in a mouse model of multiple sclerosis reduced the severity of disease over
time (Fig. 7B), highlighting the method’s potential for therapeutic application. Mechanistic studies
using this one-step approach revealed some interesting correlations between biophysical properties
during complex formation and biological effects. For example, a binding assay indicated high
cationic to anionic charge ratios resulted in stronger adjuvant binding (Fig. 7C).'?> However,
complexes assembled with a low cationic to anionic charge ratio were more effective in prolonging
survival in a melanoma mouse model (Fig. 7D). Reconciling these findings revealed high cationic

to anionic charge ratio could result in tighter binding but hindered accessibility and functionality

of the signals in therapeutic settings. Thus, the studies revealed a balance between driving forces

29



needed to promote assembly and the need to maintain accessibility of the cargo to promote desired
immunotherapeutic functions.

2.8) Self-assembled complexes composed of immune cues promote tolerance in a model of
autoimmunity

The dissertation research covered in Chapters 3 and 4 was motivated in large part by the
results just reviewed in Chapters 2.6 and 2.7. This section describes some additional technical
background and previous work from our lab completed by Hess et al., that directly preceded the
dissertation work covered in the subsequent chapters.

Our lab developed self-assembled complexes composed of a myelin self-antigen (MOG)
attacked during multiple sclerosis and GpG, an oligonucleotide sequence that acts as an antagonist
to toll-like receptor 9.7 As mentioned in Chapter 1, toll-like receptors are a family of receptors
found in innate immune cells that recognize molecular patterns common in foreign pathogens but
uncommon in humans. Activation of these receptors induces inflammatory signaling and
activation of an inflammatory immune response. Interestingly, studies have revealed that toll-like
receptors are overexpressed in multiple sclerosis and other human autoimmune diseases, as well
as pre-clinical models.!?®37 For example, in a pre-clinical mouse model of multiple sclerosis,
disease is significantly reduced in mice without toll-like receptor 9 (TLR9) (Fig. 8A). Further,
disease is eliminated in mice without MyD88, one of the main adaptor proteins in multiple toll-
like receptor signaling pathways.!3! This example highlights the importance of toll-like receptor
signaling in driving disease. Motivated by these findings and others, inhibition of toll-like receptor
signaling has been studied as a therapeutic strategy to promote tolerance in the context of
autoimmune disease. One group has shown that repeated treatments with GpG modestly attenuates

disease severity in a mouse model of multiple sclerosis (Fig. 8B).!*® Induction of tolerance was
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further enhanced when GpG was co-delivered with plasmid DNA that encodes self-antigen that is

targeted during disease (Fig. 8C).!*°
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Figure 8. A) Disease progression is reduced in TLR9 knockout mice and completely prevented in
MyD88 knockout mice. B) Treating mice repeatedly with GpG (IMO) reduced severity of disease
compared to PBS controls. C) Treating mice with GpG and a cocktail containing plasmid DNA
that encodes self-antigen reduced severity of disease compared to untreated controls.

Motivated by these findings, our lab reasoned that juxtaposing MOG and GpG in
nanoparticle complexes might reduce inflammatory signaling during processing and presentation
of MOG by APCs.”? Owing to this blunted toll-like receptor signaling, T cells reactive against
MOG might then be biased away from differentiating toward inflammatory phenotypes (e.g., Tul,
Tul7) associated with autoimmune disease and towards regulatory phenotypes (e.g., Trec)
associated with tolerance. MOG peptide antigens were anchored with cationic arginine residues to
increase positive charge of the peptide sequence and facilitate self-assembly with negatively
charged GpG via electrostatic interactions. Complexes were created over a range of MOG:GpG
mass ratios and characterized before testing in vitro and in vivo.

To determine how uptake of complexes impacted activation of dendritic cells (DCs), DCs
were treated either with CpG, CpG + GpG, CpG + soluble MOG peptide, or CpG + MOG/GpG
complexes. CpG is a DNA motif common in bacteria that activates toll-like receptor 9 signaling
and induces APCs to express co-stimulatory markers, such as CD80, CD86, and CD40. DCs

treated with CpG alone or CpG + soluble MOG peptide expressed high levels of CD80 (Fig. 9A)
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and CD40 (Fig. 9B). DCs treated with CpG + GpG expressed baseline levels of CD80 and CD40,
indicating that GpG inhibited activation of DCs by CpG. DCs treated with CpG + MOG/GpG
complexes expressed lower levels of CD80 and CD40 than DCs treated with CpG alone. These
results indicated that MOG/GpG complexes impeded toll-like receptor 9 activity in DCs in the
presence of CpG. Expression levels of CD80 and CD40 were variable depending on the
MOG:GpG mass ratio and whether MOG was anchored with one or two arginine residues. This
observation was one preliminary indicator that the design of complexes may impact processing of

the signals by DCs.
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Figure 9. Expression of A) CD80 and B) CD40 by DCs measured by flow cytometry. Statistics
were analyzed by One-way ANOVA with Tukey post-test to correct for multiple comparisons.
*p<0.05, **p<0.01, ***p<0.001, #p<0.0001, ns = not significant

After determining that MOG/GpG complexes reduced expression of co-stimulatory
markers on the surface of DCs, this change in DC phenotype was tested on T cell proliferation and
phenotype. DCs were treated in the same manner as described above. After 24 hours, MOG-
specific T cells were added to the samples and the T cells and DCs were co-cultured for 48 hours.
After 48 hours, the T cells were analyzed by flow cytometry to assess proliferation and phenotype.

In samples that were treated with CpG + MOG/GpG complexes, T cell proliferation was reduced

compared to samples that were treated with CpG + soluble MOG antigen (Fig. 10A). Additionally,
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in samples that were treated with CpG + MOG/GpG complexes, fewer inflammatory Tul T cells
were found compared to samples that were treated with CpG + soluble MOG antigen (Fig. 10B).
These results indicated that in samples treated with CpG + MOG/GpG complexes, DCs presented
MOG to T cells in a manner that reduced T cell activation. Again, there were some differences in
T cell proliferation depending on the MOG:GpG mass ratio and whether MOG was anchored with
one or two arginine residues. Importantly, this observation was a preliminary indicator that the

design of antigen sequence may impact how antigen is processed and presented by DCs to T cells.
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Figure 10. A) Proliferation and B) Tul phenotype of MOG-specific T cells after incubation with
DCs for 48 hours. Statistics were analyzed by One-way ANOVA with Tukey post-test to correct
for multiple comparisons. **p<0.01, #p<0.0001, ns = not significant

After observing that MOG/GpG complexes reduced inflammatory signaling in DCs and T
cells in vitro, complexes were tested in vivo to determine their potential as a treatment strategy for
multiple sclerosis. Mice were induced with disease on days 0 and 1 and then treated with
complexes on days 6, 12, and 18 (Fig. 11A). Starting on day 6, mice were monitored for disease
progression by assessing mean clinical score, where increased disease severity is indicated by
increasing clinical scores. Compared to untreated controls, complexes ameliorated disease

progression over the course of the study (Fig. 11B) and reduced overall severity of disease,

measured by the maximum clinical score (Fig. 11C). These studies showed that co-delivering
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MOG antigen and GpG promoted tolerance in mice and could be a useful platform for studying

how design parameters impact immunological outcomes in vivo.
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Figure 11. A) In vivo timeline indicating time of disease induction and treatment over the course
of the study. B) Average mean clinical scores in mice treated with complexes and untreated
controls over the course of the study. C) Average maximum disease score of mice treated with
complexes and untreated controls. n= 8-10 mice for all studies. Unpaired t-tests were used to
compare clinical scores between groups. *p<0.05, **p<0.01, ***p<0.001, ns = not significant

Taken together, we have seen promising results indicating that MOG/GpG complexes can
reduce inflammatory signaling in DCs and T cells and promote tolerance in an autoimmune disease
setting. However, we do not understand what was driving the differences observed in the in vitro
studies and therapeutic effects were only partially effective after three administrations. To achieve
more robust efficacy and to be able to generalize this platform to other autoimmune settings, a
better understanding of how to design immune signals for self-assembly is needed. As discussed
in Chapter 3, we addressed this issue by using MOG/GpG complexes as a platform to better
understand specific molecular principles that for the first time connect engineered antigen
structure, biophysical properties of the resulting immunotherapies, and ultimately the immune

outcomes.
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2.9) Computational modeling can help understand interactions between charged molecules

Employing established computational modeling techniques could help shed light on how
the biophysical properties of immune signals impact self-assembly. For example, one recent study
used molecular dynamics simulations to observe and quantify how arginine and lysine interact
with the cellular membrane.'*® This model revealed that arginine can attract more phosphate
groups and water molecules in the membrane due to its ability to form more hydrogen bonds than
lysine. A similar type of analysis discussed in Chapter 4 provided insight into how changing the
amino acid anchored to peptide antigens from arginine to lysine changed the interactions between
immune signals during self-assembly. Another recent study used field-theoretic simulations to
study how two oppositely charged polyelectrolytes interact in a polar solution.'*! Some important
variables in the model are length of the polyelectrolytes, charge of the polyelectrolytes, charge
density within the polyelectrolytes, and overall number of each polyelectrolyte in solution. The
model described at what point coacervation occurs, a phenomenon describing the phase-separation
of oppositely charged species in aqueous solution. The phase separation creates two distinct
“phases” in solution: a concentrated aqueous phase containing the charged species and a dilute
aqueous phase that is mostly devoid of the charged species.!*? The authors discussed how this
approach could be extended to more complex models that include salt ions in solution or different
charge densities and chain lengths. Similar analyses methods could be applied to MOG/GpG
complex formation, where cationic peptide antigen and anionic oligonucleotide are mixed in water
to facilitate self-assembly. Chapter 3.3.4 mentions the possibility of coacervates forming with the

neutrally charged MOG/GpG complexes.

35



As highlighted throughout Chapter 2, strategies utilizing self-assembly benefit from facile,
low energy manufacturing methods that result in consistent and controlled formulation of
immunotherapies. These self-assembly strategies harness hydrophobicity and charge polarity as
driving forces to spontaneously assembly immune signals and other biomaterials in aqueous
solution. Certain self-assemblies with hydrophobic domains uniquely benefit from the ability to
stimulate immune responses in specific immune cells without additional adjuvants. This aspect
can reduce broad inflammation but may also limit what parts of the immune system can be targeted
with this strategy. Assemblies utilizing electrostatic interactions benefit from the ability to easily
tune biophysical interactions between two charged components by simply changing the charge
density of each component or the ratio of the two components in solution. However, the design
principles may be limited by their effect on the functionality of the signals after assembly.
Electrostatic assemblies may benefit from utilizing hydrophobic and/or hydrogen bonding motifs
that stabilize formulation and increase the capacity to incorporate a range of signals.
Understanding how charge polarity and hydrophobicity can be utilized together can position self-

assembly to be a powerful modality for the development of new and improved immunotherapies.
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CHAPTER 3: BIOPHYSICAL PROPERTIES OF SELF-ASSEMBLED IMMUNE
SIGNALS IMPACT SIGNAL PROCESSING AND THE NATURE OF REGULATORY
IMMUNE FUNCTION?

As reviewed in Chapters 1 and 2, antigen-specific therapies have not been successful in

patients with autoimmunity,*?7373

in part due to the difficulty of targeting immune cues to spatially
restricted receptors on and within immune cells. Whether the immune system elicits inflammation
or tolerance against self-antigens depends on how self-antigens are encountered and the immune
cues integrated during antigen presentation, such as toll-like receptor signaling. Elucidating
specific links between biophysical properties and immune interactions could provide more
sophisticated levers to direct innate and adaptive immune response for rational control of clinical

outcomes. Thus, technologies that enable more precise control over immune signal integration

would be transformative for autoimmune therapies.

3.1) Leveraging self-assembly to study the links between biophysical design and immune outcomes

Self-assembled materials offer some unique properties to address the gap mentioned above,
including definable molecular structures and homogenous compositions (see Chapter 2).2* We
posited that these capabilities could be used to connect structural features that drive self-assembly
to biophysical properties, and ultimately, to the resulting innate and adaptive immune functions.
As reviewed in Chapter 2.8, we recently showed complexes formed from a regulatory toll-like
receptor 9 ligand (GpG) and a self-antigen (MOG) attacked during multiple sclerosis improve
paralysis in a mouse model of multiple sclerosis.”? However, the selectivity of this tolerance is
unknown. Here, we first show efficacy depends on the presence of myelin-relevant antigen (i.e.,

MOG) in a mouse model of multiple sclerosis. Building on this exciting result, we used these

* Adapted from Froimchuk, E., et al. Biophysical properties of self-assembled immune signals impact signal
processing and the nature of regulatory immune function. Nano Letters. 2021. 21 (9): 3762-71.
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immune signals as the base to create a library of complexes assembled from anionic GpG and
cationic MOG peptides; the latter were designed with specific charge densities by anchoring
cationic amino acids to MOG. We hypothesized modifying MOG on the C-terminus with these
anchors — rather than throughout the sequence — would allow electrostatic assembly without
impacting the fidelity of MOG antigen presented to T cells by APCs. We show the molecular
features and charge densities of the anchors control biophysical properties of self-assembled
complexes, including binding affinity between MOG peptides and GpG, and complex surface
charge and diameter. These changes resulted in altered processing by innate immune cells and
controlled the polarization of MOG-specific T cells between regulatory and inflammatory
phenotypes. Intriguingly, MOG peptide designs that drove assembly with weak binding affinities
resulted in better inhibition of inflammatory gene expression in DCs shortly after uptake and the
greatest polarization towards regulatory T cell phenotypes. These results suggest important design

criteria for material assembly, immune signal availability, and the resulting immune outcomes.

3.2) Materials and Methods

3.2.1) Materials

GpG DNA (5-T*G*A*C*T*G*T*G*A*A*G*G*T*T*A*G*A*G*Z*T*G*A*-3") and
CpG DNA (5'-T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T*-3") were purchased from
IDT (Coralville, IA). Biotinylated GpG was synthesized with a biotin tag on the 5° end. MOG
(MEVGWYRSPFSRVVLHLYRNGK) and SIINFEKLRy (SIINFEKLRRRRRRRRR) were
synthesized by Genscript (Piscataway, NJ). MOG peptides were anchored with either 2, 3, or 9
arginine (R) or lysine (K) residues on the C-terminus. FITC labeled MOGR; was synthesized with

a FITC tag on the N-terminus. HBS-N running buffer (0.01 M HEPES, 0.15 M NaCl, pH 7.4,
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filtered, degassed), 10 mM sodium acetate pH 5, amine couple kits (1-ethyl-3- (3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS)), 1 M
ethanolamine, and Series S CM4 sensor chips were provided by Cytiva. B-mercaptoethanol,
ethylenediaminetetraacetic acid (EDTA), 5x tris-borate-EDTA (TBE) buffer, and bovine serum
albumin (BSA) were purchased from Sigma Aldrich (St. Louis, MO). Molecular biology grade
water, fetal bovine serum (FBS), 20X PBS, 20% sodium dodecyl sulfate (SDS), HEPES, and non-
essential amino acids were purchased from VWR (Radnor, PA). RPMI-1640 media, SYBR Gold
gel stain, l-glutamine, penicillin-streptomycin, neutravidin protein, Ultrapure Agarose, DAPI
viability stain, cell proliferation dye CFSE, RT-qPCR grade water, SuperScript IV VILO Master
Mix, TagMan Gene Expression Master Mix, Tagman probes glyceraldehyde 3-phosphate
dehydrogenase (Gapdh); actin beta (Actb), Mm00607939 s1; 18s rRNA (18s), Mm03928990 gl;
interleukin 6 (I116), Mm00441891 m1l; tumor necrosis factor (Tnf), Mm00443258 m1; myeloid
differentiation primary response 88 (Myd88), Mm00440338 ml; were purchased from Thermo
Fisher Scientific (Grand Island, NY). Spleen Dissociation Medium and CD4 negative selection
kits were from STEMCELL Technologies (Vancouver, BC). CD11¢ MicroBeads were purchased
from Miltenyi Biotec (Cambridge, MA). HEK-Blue™ TLR9 report cells, detection media, and
antibiotics were supplied by Invivogen (San Diego, CA). Fluorescent antibody conjugates and
enzyme-linked immunosorbent assay (ELISA) reagents were purchased from BD (San Jose, CA).
Heat-inactivated TB (hiTB, nonviable desiccated Mycobacterium tuberculosis H37 Ra) and
Incomplete Freud’s Adjuvant was purchased from BD Difco. Quick-RNA microprep Kit and RNA
lysis buffer was provided by Zymo Research (Irvine, CA). MicroAmp Optical 384-well reaction
plates and optical adhesive film were purchased from Applied Biosystems (Waltham, MA).

Pertussis toxin was purchased from List Biological Laboratories (Campbell, CA).
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3.2.2) Cells and animals

Female C57BL/6J mice (9 weeks old, stock #000664) purchased from Jackson
Laboratories (Bar Harbor, ME) were used for the in vivo EAE study. All primary cells were
harvested from female C57BL/6J mice (6—12 weeks old, stock #000664) and female C57BL/6-
Tg(Tcra2D2,Tcrb2D2)1Kuch/J (2D2) mice (10—16 weeks old, stock #006912) purchased from
Jackson Laboratories (Bar Harbor, ME). 2D2 mice have transgenic CD4" T cell receptors specific
for MOG. All animal care and experiments were carried out 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).

3.2.3) Complex formulation

Complexes were formed by mixing aqueous solutions of GpG with MOGRx (x =2, 3, or
9) and MOGK« (x =2, 3, or 9) in molecular biology grade water. The components were mixed at
defined MOG:GpG charge ratios ranging from 1:20 to 20:1. In characterization and in vitro
studies, the total concentration of GpG was fixed at 0.1 mg/mL while the concentration of MOG

peptides was varied to control the charge ratio.

3.2.4) In vivo EAE efficacy study

EAE induction was accomplished using an injection of MOGss-ss and adjuvant, as
previously reported.!* Briefly, an ampule of heat-inactivated TB (hiTB) was ground with a mortar
and pestle to improve mixing. Complete Freund’s Adjuvant (CFA) was made by suspending hiTB

in Incomplete Freund’s at 4 mg/mL and then mixed with a 2 mg/mL solution of peptide MOGss-
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55 in sterile PBS. These solutions were mixed thoroughly at a 50:50 ratio (v/v) to make a solution
of 2 mg hiTB and 1 mg MOGss_ss per mL of suspension. This suspension was emulsified using a
probe sonicator (Qsonica, CL-18 and 1/8 inch probe) while in a chilled ice bath. Mice were
anesthetized under isoflurane and injected with 50 pL of suspension at two sites in the dorsal
subcutaneous space for a total of 100 puL per injection. Mice were then injected i.p. with 60 ng of
pertussis toxin in PBS at 2 and 24 hrs after the emulsion injection. Mice were monitored daily for
weight and paralysis to assess health. Mice were weight matched prior to the first treatment.
Treatments were administered on days 5, 10, and 15 after induction of EAE. Treatments were
administered through two 50 pL injections in the dorsal subcutaneous space, near the tail base and
avoiding the injection site of the emulsion. On the day of treatment, complexes composed of
MOGK; and GpG (indicated as MOG/GpG) or SIINFEKLRy and GpG (indicated as
SIINFEKL/GpG) were formulated by mixing peptide and GpG at a 1:1 charge ratio in molecular
biology grade water. Enough MOG/GpG complexes were made to treat each mouse with a total
complex dose of 285 ng (174 ug MOGK3, 111 pg GpG). Mice treated with SIINFEKL/GpG
complexes were dose matched to mice treated with MOG/GpG complexes so that all mice received
equivalent doses of GpG per treatment. Sham treated mice received two 50 pL injections of PBS.

Mice were monitored daily for paralysis and graded using a clinical score rubric. Scores
were assigned as follows: 0 = paralysis free, 0.5 = partial tail paralysis, 1 = full tail paralysis, 1.5
= decrease in hind limb stability, 2 = hind limb weakness and altered gait, 2.5 = partial hind limb
paralysis, 3 = hind limb paralysis, 3.5 = hind limb paralysis and trunk weakness, 4 = hind limb
paralysis and partial front limb paralysis, 4.5 = hind and front limb paralysis, and 5 = moribund.
Humane end points were set for a score of 4 for 2 days in a row or anytime a score was >4.5 or

when the weight of a mouse dropped to 70% of its initial weight. Water and food were localized
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at the cage floor level to accommodate the levels of paralysis during the disease course. No mice

were euthanized during the course of the study.

3.2.5) Surface plasmon resonance

Experiments were performed on the Biacore T200 instrument. GpG was immobilized to a
Series S CM4 sensor chip and the different MOG peptides were flowed over the chip to analyze
binding affinity between MOG and GpG. Flow rates during the experiment were 30 ul/min unless
indicated otherwise and detection temperature was 25°C. To start, the CM4 chip was activated
with an 8 minute injection of a mixed solution of 0.4 M EDC and 0.1 M NHS. Neutravidin was
diluted in 10 mM sodium acetate pH 5 to a final concentration of 50 ug/mL and injected for 10
minutes to couple neutravidin to the sensor chip. The surface was then blocked with a 7 minute
injection of 1 M ethanolamine pH 8.5 to remove any remaining reactive species on the surface.
After couple neutravidin to the surface, biotinylated GpG was immobilized on the surface by
diluting GpG in HBS-N running buffer to 1 ug/mL and injecting for 20-60 seconds. To measure
kinetic curves of MOGK: and MOGR:, peptides were diluted in HBS-N running buffer to
concentrations of 4800, 2400, 1200, and 600 nM and flown over the sensor chip with a total contact
time of 2 minutes. To measure kinetic curves of MOGK3; and MOGR3, peptides were diluted in
HBS-N running buffer to concentrations of 3600, 1800, 900, and 450 nM and flowed over the
sensor chip with a total contact time of 2 minutes. HBS-N buffer with no peptide (0 nM) was used
as a baseline for each run. In between each kinetic curve, the surface of the chip was regenerated
with two 15 second injections of 50 mM NaOH. For each MOG peptide, the five concentrations
(including 0 nM) were fitted to a two-state binding model and Kp was calculated based on the

association and dissociation rates between MOG peptides and GpG.
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3.2.6) Agarose gels

Complexes were created at different charge ratios as mentioned above. 2% agarose gel
were created with UltraPure Agarose in TBE buffer and stained with SYBR Gold nucleic acid gel
stain. To run studies, 10 uL of samples were loaded into the gels and run for 5 minutes at 120V.
For studies in Figure 2¢ and Figure 2d, complexes were created as indicated and then diluted in
1% and 0.01% SDS, respectively, before loading into the gels. Images were taken on the

ProteinSimple FluorChem E System Gel Imager.

3.2.7) Characterization of complex size and surface charge

Hydrodynamic diameter and zeta potential of complexes were measured in triplicate using
samples prepared in molecular biology grade water as described above and subsequently analyzed
on a NanoBrook Omni_Particle Sizer and Zeta Potential Analyzer. Size was measured by dynamic

light scattering and zeta potential was measured by phase analysis light scattering.

3.2.8) Toll-like receptor 9 reporter cell assay

HEK-Blue™ mTLRY 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 grown and plated in HEK-Blue
detection media according to manufacturer instructions. After plating, mTLRY cells were treated
with media (negative controls), 0.5 pg/mL CpG (positive control), or 0.5 pg/mL CpG and either 1
pg/mL GpG, MOG/GpG complexes to a final concentration of 1 pg/mL GpG, or soluble MOG

peptides dose matched to the amount of peptide in samples treated with complexes. After a 16 hr
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incubation period, the level of SEAP was measured by spectrophotometry at 650 nm using a Tecan

Spark Multimode Microplate Reader.

3.2.9) Dendritic cell activation assay

CDl11c" DCs were isolated from the spleens of female C57BL/6J mice through positive
selection with Spleen Dissociation Medium and CD11¢ MicroBeads according to the manufacturer
protocol. 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 I-glutamine, 1X non-essential amino acids, 10 mM
HEPES buffer, 1X penicillin and streptomycin, and 55 uM B-mercaptoethanol at 37 °C and 5%
CO,. DCs were left untreated (negative control), stimulated with 0.5 pg/mL CpG (positive
control), or stimulated with 0.5 pg/mL CpG and then treated with either 1 upg/mL GpG,
MOG/GpG complexes to a final concentration of 1 pg/mL GpG, or soluble MOG peptides dose
matched to the amount of peptide in samples treated with complexes. To measure DC activation,
cells were stained after 20 hrs for viability (DAPI) and for classic surface activation markers CD86,
CD80, and CD40 using fluorescent antibody conjugates. Expression of surface markers was
measured by flow cytometry using a BD FACS Celesta on the BD FACSDivaTM software and

data were analyzed with FlowJo v.10.7 (TreeStar, Ashland, OR).

3.2.10) Dendritic cell RT-qPCR

CDl11c+ DCs were isolated, plated, and treated for 6 hrs as described above. After the 6
hour incubation, RNA was isolated using a Quick-RNA Microprep Kit according to
manufacturer’s protocol. Cells were lysed in their wells using RNA lysis buffer, genomic material

was captured in a column, and DNA was degraded with DNase I. Concentration and purity of
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RNA were assessed on a Nanodrop 2000c (Thermo Fisher), and RNA was diluted to 20 ng/pL in
RT-qPCR grade water. cDNA was reverse transcribed using a SuperScript [V VILO Master Mix.
The qPCR reaction mix was made using TagMan Gene Expression Assay probes in TagMan Gene
Expression Master Mix. The Tagman probes we used were Gapdh, Actb, 18s, Myd88, Tnf, and
116. qPCR was performed in a MicroAmp Optical 384-well reaction plate with optical adhesive
film on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). Sample
normalization was done using an average of three housekeeping genes: Gapdh, Actb, 18s. Analysis
and hierarchal clustering were done in MatLab using the clustergram function. The data were
standardized for each gene to compare across multiple groups. Clustering was performed using a

single linkage (nearest neighbor).

3.2.11) Dendritic cell/T cell co-cultures

DCs were isolated, plated, and treated for 24 hrs as described above. After 24 hrs, CD4* T
cells were isolated from the spleens of 2D2 mice via a CD4 negative selection kit and stained with
CFSE to assess proliferation. 300,000 T cells were added to the wells containing the DCs and
incubated for 72 hrs at 37 °C and 5% CO». After 72 hrs, cells were stained for markers CD4, CD25,
and FoxP3 to assess polarization towards Trec. Cells were also stained with DAPI to assess
viability. Expression of markers was measured by flow cytometry using a BD FACS Celesta on
the BD FACSDivaTM software and data were analyzed with FlowJo v.10.7 (TreeStar, Ashland,

OR).
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3.2.12) Enzyme-linked immunosorbent assay

Supernatants from DC/T cell co-cultures were collected. Cytokine secretion levels were
analyzed via ELISA using mouse interferon gamma (IFN-y) and interleukin-6 (IL-6) reagents.
Briefly, 96-well plates were coated with either IFN-y or IL-6 capture antibody and after an
overnight incubation, the supernatant samples were added. An IFN-y or IL-6 detection antibody
and streptavidin-horseradish peroxidase conjugate mixture was then added to the wells for 1 hr. A
tetramethylbenzidine and hydrogen peroxide mixture was added to each well for 30 min and the
reaction was stopped by the addition of 1 M phosphoric acid. Absorbance of each sample at
450 nm was measured with a Tecan Spark Multimode Microplate Reader. IFN-y and IL-6

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

3.2.13) Statistical analysis

All characterization studies were replicated at least three times and all data points, along with
mean + standard deviation, were reported. Cellular analyses were replicated at least twice to ensure
reproducibility of biological effects. For surface plasmon resonance, DC activation, and T cell
studies, one-way ANOVA with Tukey post-test corrections for multiple comparisons was used to
compare groups. For sizing and surface charge studies, two-way ANOVA with Tukey post-test
corrections for multiple comparisons was used to compare the effect of MOG:GpG charge ratio
and MOG peptide sequence. Only differences for the 1:1 ratio were reported. For the EAE study,
a non-parametric Steel-Dwass test was used to compare clinical scores of each treatment group at
day 25 of the study (p<0.05). For the RT-qPCR studies, a Tukey-Kramer test for multiple
comparisons with an adjusted p<0.05 was used to compare all groups. Statistical calculations were

performed using JMP Pro (v14, SAS institute).
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3.3) Results and Discussion

3.3.1) Complexes induced antigen-specific tolerance in a pre-clinical model of multiple sclerosis

A critical limitation of existing autoimmune therapies is the inability to generate antigen-
specific tolerance, creating immunosuppression and immunotoxicty for patients. Thus, we first
tested if complexes generate antigen-specific tolerance in a pre-clinical model of multiple
sclerosis, experimental autoimmune encephalomyelitis (EAE). In these studies mice were treated
with complexes 5, 10, and 15 days after EAE induction, representing an early therapuetic
intervention. Excitingly, we discovered MOG/GpG complexes generated significant therapuetic
improvements in paralysis relative to both sham injections (PBS) and complexes composed of
GpG and a disease-irrelevant antigen (SIINFEKL) (Fig. 12A-B). Likewise, MOG/GpG complexes
reduced weight loss and promoted return to healthy baseline weights (Fig. 12C). These results
demonstrate the importance of antigen sequence, motivating our studies to understand how the

electrostatic interactions between MOG and GpG impacted binding affinity, the subsequent
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Figure 12. A) Disease progression assessed by daily measurements of clinical scores. 0 = paralysis
free, 1 = tail paralysis, 2 = hind-limb weakness, 3 = hind-limb paralysis, 4 = partial front-limb
paralysis. B) Distribution of clinical scores within each treatment group at the conclusion of the
study (day 25). Statistical significance (p<0.05) is indicated for Steel-Dwass tests for all pairs at
day 25. C) Disease progression assessed by daily measurements of body weight and reported as a
percentage of the initial weight at the start of the study. n=10 for all treatment groups.
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interactions and processing by APCs, and ultimately the role these changing biophysical aspects

played in polarizing myelin-specific T cells.

3.3.2) Binding affinity between immune signals could be tuned as a function of total charge and
type of anchored amino acid residue

We first designed a library of MOG peptide sequences anchored with distinct types and
numbers of cationic amino acid residues (Fig. 13A). In particular, the native MOG sequence was
appended with 2, 3, or 9 residues of either lysine (K) or arginine (R). Complexes were then
spontaneously formed by mixing each cationic MOG peptide with the anionic oligonucleotide,

GpG, at defined charge ratios (Fig. 13B).

A

Total
Signal Sequence Charge
MOGR: MEVGWYRSPFSRVVLHLYRNGKRR +5
MOGR:s MEVGWYRSPFSRVVLHLYRNGKRRR +6
MOGRs MEVGWYRSPFSRVVLHLYRNGKRRRRRRRRR +12
MOGK: MEVGWYRSPFSRVVLHLYRNGKKK +5
MOGKs MEVGWYRSPFSRVVLHLYRNGKKKK +6
MOGKs» MEVGWYRSPFSRVVLHLYRNGKKKKKKKKKK +12
GpG TGACTGTGAAGGTTAGAGATGA -22
B
MOG GpG MOG-GpG
(Positively Charged) (Negatively Charged) Complex

Mix

—_—N
—>

,_/\.,""" +

Figure 13. A) Sequence and total charge of all MOG peptides and GpG used to form complexes.
Red amino acids indicate additional amino acids anchored to MOG. B) MOG and GpG are mixed
in aqueous solution to form MOG/GpG complexes.

R

We next used surface plasmon resonance to measure the binding affinity with which MOG
peptides assembled with GpG (Fig. 14A). Using a range of concentrations, peptides were flowed

over a sensor chip coated with GpG to measure the association and dissociation rates. The kinetic
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binding curves were then fitted to a two-state binding model and the dissociation rate constants
(Kp) were calculated for binding between GpG and MOGK>, MOGK3, MOGR>, and MOGR3 (Fig.
14B-F). A two-state binding model was chosen based on the expectation that the peptide-oligo
complex is formed after an initial binding event, followed by a subsequent solvent exclusion-like
step to readjust to an entropically favorable conformation.!#*

When anchoring MOG with either arginine or lysine, Kp values decreased as the number
of anchored residues was increased from 2 to 3 (Fig. 14B). This observation indicated that the
binding affinity between MOG and GpG increased when MOG exhibited a more positive charge.

Interestingly, when comparing MOGK; to MOGR? and MOGK3 to MOGR3, Kp values were lower

A B
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x ANV - \  Dissociation i,
2 $ i \ NN MOGKs (7.77 £ 0.55)e-7 x|,
5 ?] ?) ~ MOG Peptide $ 2) $ ?( X
o ~~ GpG MOGR: (9.95 £ 0.23)e-7
c . Biotin . *
8_ Baseline / v  Neutravidin Baseline ¥
8 i i ?ﬁ / ﬁ f ii MOGRs (5.51 + 0.69)e-7
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Figure 14. A) Graphic representation describing the kinetic curves generated by surface plasmon
resonance as MOG associates and dissociates from GpG. B) Average Kp values (n = 3) calculated
for binding between MOG peptides and GpG. Representative kinetic curves from one experiment
are shown for C) MOGK>, D) MOGK3, E) MOGR;, and F) MOGR3. Statistics were analyzed by
One-way ANOVA with Tukey post-test to correct for multiple comparisons. **p<0.01,
*HE%p<0.0001
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when MOG was anchored with arginine residues rather than lysine residues. Since the peptides for
a given number of residues exhibited the same overall charge, this finding suggested additional
factors may have impacted the molecular interactions between MOG peptides and GpG. One
potential explanation is hydrogen bonding with the side chain of the amino acids. For example, a
recent molecular dynamics simulation study revealed arginine attracted more phosphate groups
and water molecules relative to lysine through greater hydrogen bond formation.!#? This possibility
is supported by computational modeling studies described in Chapter 4. Alternatively, differences
in the side chain acidity of arginine and lysine could have altered the charge states of the peptides
and resulted in differential electrostatic interactions when adsorbed to GpG. Laboratory studies
have also revealed that replacing lysine with arginine improved stability of proteins in the presence
of chemical denaturants.'* Thus, differences in amino acid side chain structure might have also
impacted the self-assembly between MOG peptides and GpG. To further test this, we attempted
lengthier anchoring sequences in these binding studies (i.e., MOGKo, MOGRy). Unfortunately, we
could not achieve sufficient signal resolution with these high charge designs to distinguish between
binding of peptides to GpG in the probe channel and high background level of peptide binding

measured on the uncoated reference channel of the sensor chip.

3.3.3) Assembly ratio and peptide sequence impacted signal loading and complex stability.

After establishing a link between MOG peptide design and binding affinity with GpG, we
studied how peptide sequence impacted assembly of MOG and GpG into complexes. Since
complexes were formed due to electrostatic interactions, we first determined the effect of charge
balance on complex formation. This was accomplished by fixing the concentration of GpG
(anionic) constant and varying the input concentration of MOG peptides (cationic) across a range

of positive to negative charge ratios - the MOG:GpG charge ratio. We then performed gel
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electrophoresis to assess the amount of GpG in complexes, relative to the amount unbound in
solution, as a function of MOG:GpG charge ratio. Beginning with MOGR3, analysis of a broad
range of charge ratios (1:20 —20:1) revealed GpG was complexed at charge ratios >1:1 (Fig. 15A);
this was indicated by the absence of migrating bands compared to the free GpG migrating in the
control lane. Subsequently, we created complexes with the entire library of MOG peptide
sequences and assessed complex formation over MOG:GpG ratios of 1:5 — 5:1. Full complexation
of GpG was associated with the ratio at which the charge balance was neutral (i.e., 1:1) and at
positive MOG:GpG charge ratios (i.e., >1:1) (Fig. 15B). This suggested that loading of signals
into complexes was determined by the aggregate charge ratio during formulation. These results
were consistent with all MOG peptide sequences, indicating that irrespective of the charge of an
individual peptide design, the assembly charge ratio drove loading of GpG into complexes.

We next directly assessed the proportion of MOG and GpG in the complexes and remaining
unbound in solution. To do this, we created complexes with FITC-labeled MOGR: and GpG, used
centrifugation to isolate the complexes from the supernatants, and then added a surfactant, 1%
sodium dodecyl sulfate (SDS), to each fraction. Diluting the samples in SDS dissociated MOG
and GpG in the pellets and coated the peptides with a negative surface charge; this allowed both
uncomplexed MOG peptides and GpG to migrate through the gel. Using FITC-labeled MOGR:
allowed us to detect migrating peptide within the gel (unlabeled MOGR: could not be visualized).
At the 1:1 charge ratio, MOG and GpG were observed in pellets, but not supernatants, indicating
both MOG and GpG were loaded into complexes (Fig. 15C). At ratios <1:1, minimal levels of
GpG were observed in the pellets, indicating negative charge ratios were insufficient to fully load

GpG. At ratios >1:1, MOG and GpG were each observed in the pellets, but an increasing amount
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Figure 15. A) Agarose gel of MOGR2/GpG complexes over a wide range of charge ratios. B)
Agarose gel of MOG/GpG complexes with the entire library of MOG peptide sequences over a
narrow range of 1:5 — 5:1. C) Agarose gel of complex pellets and supernatants after dilution with
1% SDS. Complexes were formed with FITC-MOGR: (FMR»2) and GpG. D) Agarose gel of
complexes create at a 2:1 charge ratio and then diluted in 0.01% SDS after formulation.

of MOG was also detected in the supernatants as the MOG:GpG charge ratio increased. This
indicated an excess of uncompensated positive charge at higher ratios that resulted in uncomplexed
MOG. These different assembly features were notable since high levels of self-antigen in isolation
(i.e., without regulatory signals) might exacerbate autoimmune disease. Similarly, high doses of
regulatory signals alone (i.e., without self-antigen) might drive broad, non-specific suppression.

Delivery of signals in particulate form is also a desired characteristic, as this state typically
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improves uptake and potency of the signals compared to soluble forms (see Chapter 1).3+36:146
Particulate delivery also provides more precise control over the mechanism through which the
signals are taken up, which is important for targeting spatially restricted receptors involved in
inflammation, such as toll-like receptors.

Our findings above indicated that MOG peptide sequence impacted the interactions
between MOG and GpG, but not loading of GpG into complexes. Since the strength of interaction
between MOG and GpG changed as a function of peptide sequence in Fig. 14, we tested if the
peptide sequence used to form complexes was correlated with better colloidal stability. To
investigate this question, we created complexes at a 2:1 MOG:GpG charge ratio with each MOG
peptide sequence, exposed complexes to SDS, then used gel electrophoresis to determine if
complexes remained bound. We chose this ratio since the complexes exhibited the most uniform
properties across the different peptide designs. In these studies, a lower concentration of SDS
(0.01%) was used to allow measurement of relative interaction as a function of peptide sequence.
We discovered complexes synthesized with MOGK> and MOGR; resulted in greater amounts of
migrating GpG relative to lanes with complexes assembled using MOGR3, MOGRy, MOGK3, and
MOGKo (Fig. 15D). These results correlated with the results from Fig. 14, which revealed MOGK>
and MOGR: exhibited the lowest affinity for GpG. Together, the data suggested the binding
affinity between self-assembled immune signals impacted stability of the complexes in the

presence of environmental stresses, such as the presence of surfactants.

3.3.4) Peptide sequence and charge density impacted complex size and surface charge

As reviewed in Chapter 1, biophysical parameters, such as particle diameter and surface
charge, have dramatic impacts on uptake by immune cells and the subsequent intracellular signal

processing. Thus, we characterized complex diameter and surface charge over a MOG:GpG charge
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ratio range of 1:2 — 5:1 for each MOG peptide. The size of particles generally ranged from 120 —
200 nm in diameter across charge ratios and peptide designs (Fig. 16A, Table 1). This size range
readily enables endocytic uptake,'’ a property desired for targeting toll-like receptor 9 receptors
located in endosomes and lysosomes of innate immune cells. Other biophysical properties - such
as distribution of toll-like receptor ligands along carriers with distinct surface curvature - have

recently been shown to impact endosomal access to toll-like receptors.!*®

In macrophages, an
important APC, this report demonstrated a change in innate signaling resulting from changes in
endosome structure. Thus, designing delivery systems with appropriate biophysical properties
provides a new dimension to influence upstream events and control downstream immune
outcomes.

The surface charge of complexes changed as a function of the charge ratio. Complexes
were negatively charged at ratios <1:1, positively charged at ratios >1:1, and varied in surface
charge at 1:1 (Fig. 16B). In all cases, a common result was an inversion of surface charge as the
positive to negative charge balance shifted from <1:1 to >1:1. We were particularly interested in
the physical properties of complexes at the 1:1 ratio, as this was the ratio where MOG and GpG
were fully loaded in complexes (Fig. 16C). Interestingly, when focusing on complexes at the 1:1
ratio, complexes containing MOGK; were ~1 um (Fig. 16A, 16C), which was an order of
magnitude larger than complexes containing other peptide sequences. From Fig. 14, this antigen
design exhibited the lowest binding affinity for GpG, which might suggest a loose association that
maintained a particulate form, but that did not tightly complex GpG. Further, depending on the
antigen design, complexes at the 1:1 ratio exhibited a range of surface charges between positive,

negative, and neutral (Fig. 16D). The MOGK: complexes were near-neutral in surface charge at

this ratio. Previous studies by us and others have made similar observations where complexes with
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Figure 16. A) Hydrodynamic diameter and B) surface charge of complexes formed over a charge
ratio range of 1:2 — 5:1 with different MOG peptides. C) Hydrodynamic diameter and D) surface
charge of complexes formed at the 1:1 charge ratio with different MOG peptides. Statistics were
analyzed by two-way ANOVA with Tukey post-test to correct for multiple comparisons (n=3).
*p<0.05, **p<0.01, ****p<0.0001

near-neutral surface charge appeared larger than complexes with positive or negative surface
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charge.!2>14%159 [ certain situations, the neutral charge balance in solution may drive the formation

of coacervates,!#?

causing the complexes to appear larger when measured by dynamic light
scattering. Additionally, because near-neutral ratios result in low levels of uncompensated charge,
the driving force for tight electrostatic assembly of complexes is reduced. Futures studies using
transmission electron microscopy or other techniques could help reveal the nature for these specific
complexes. The variability in surface charge highlighted an area where better understanding of

how to design peptides for self-assembly could improve control over biophysical properties of

self-assembled immunotherapies and create uniformity across formulations.

Table 1: Average count rates and PDI (n=3) of MOG/GpG complexes.

Count rate (kilo
Charge counts per

Ratio second) STD PDI STD

1:2 509 46 0.238 0.017

1:1 500 37 0.171 0.120

MOGK, 2:1 529 35 0.253 0.021
3:1 571 52 0.234 0.007

4:1 518 59 0.173 0.095

5:1 673 208 0.174 0.050

1:2 558 55 0.200 0.002

1:1 566 6 0.194 0.015

MOGKs 2:1 564 72 0.203 0.028
3:1 581 56 0.219 0.012

4:1 561 89 0.239 0.010

5:1 418 142 0.265 0.010

1:2 505 59 0.232 0.027

1:1 469 98 0.230 0.037

MOGKs 2:1 510 50 0.219 0.015
3:1 514 3 0.214 0.014

4:1 506 30 0.217 0.026

5:1 517 33 0.233 0.029

1:2 463 57 0.259 0.004

1:1 482 32 0.259 0.035

MOGR:2 2:1 513 36 0.252 0.038
3:1 565 15 0.269 0.012

4:1 560 81 0.273 0.030
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5:1 567 119 0.210 0.087
12 525 13 0.243 0.028
1:1 573 48 0.284 0.012
2:1 565 30 0.281 0.027
MOGR; 3:1 520 66 0.257 0.014
4:1 534 41 0.262 0.026
5:1 521 44 0.251 0.003
12 537 16 0.252 0.028
1:1 462 54 0.221 0.012
2:1 492 17 0.243 0.012
MOGRs 3:1 478 15 0.241 0.023
4:1 506 7 0.239 0.013
5:1 546 62 0.249 0.009

3.3.5) Complexes inhibited toll-like receptor 9 signaling and restrained inflammatory gene
expression in dendritic cells

We next investigated whether changes in biophysical properties resulting from peptide
design impacted innate immune signaling. We incubated complexes with TLRO reporter cells that
were activated with a molecular agonist of TLR9, CpG. This activation resulted in strong TLR9
signaling that was blunted by both soluble GpG and MOG/GpG complexes (Fig. 17A-B). GpG in
complexes was equally effective in inhibiting TLRY stimulation relative to soluble GpG, regardless
of the MOG peptide sequence (Fig. 17A) or the charge ratio (Fig. 17B); this result indicated GpG

retained full functionality even when delivered in complexes.

Figure 17. TLRO activity in reporter cells as a function of A) MOG peptide sequence and B)
charge ratio. C) Representative analysis scheme of dendritic cells analyzed by flow cytometry.
D) CD86 and E) CD40 expression as a function of MOG peptide sequence. In panels D and
E, comparisons between MOG/GpG complexes and soluble MOG within the same peptide
sequence are indicated. Statistics were analyzed by One-way ANOVA with Tukey post-test to
correct for multiple comparisons (n=3, ****p<0.0001). F) A heat map and log2 gene
expression data for G) Myd88, H) Tnf, and I) 116 is shown. In panels G-I, statistical
significance indicates an adjusted p<0.05 compared to CpG (b) and CpG + GpG (c) following
a Tukey-Kramer multiple comparisons test.
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During healthy immune processes, when toll-like receptors are activated, dendritic cells
present antigens along with co-stimulatory signals to T cells. As reviewed in Chapter 1, when T
cells bind antigen and co-stimulatory signals on the surface of dendritic cells, T cells differentiate
into inflammatory phenotypes and mount immune responses against cells or tissue expressing the
antigens they are specific for. Dendritic cells can also present antigen without co-stimulatory
signals or with regulatory signals, as in the case of antigen originating from self-tissue during
cellular turnover. T cells that bind antigen in the absence of co-stimulatory signals can be rendered
inactive or adopt regulatory phenotypes. This is a key mechanism by which the body promotes
immune tolerance and prevents inadvertent attack of self-antigens expressed on host tissue.

Thus, we next tested the ability of this library of complexes to inhibit TLR9 activation in
primary dendritic cells isolated from mice. Dendritic cells were activated with CpG and cultured
with complexes as described above. CpG activates dendritic cells and triggers upregulation of co-
stimulatory markers, such as CD86, CD40, and CDS80. Thus, after 20 hours, dendritic cells were

analyzed by flow cytometry for expression of CD86, CD40, and CD80 to determine if GpG
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Figure 18. A) Viability of dendritic cells as a function of treatment. B) CD80 expression by
dendritic cells as a function of treatment. Comparisons between MOG/GpG complexes and soluble
MOG within the same peptide sequence are indicated. Statistics were analyzed by One-way
ANOVA with Tukey post-test to correct for multiple comparisons (n=3). ****p<0.0001
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effectively inhibited TLR9-induced activation (Fig. 17C). None of the complexes impacted cell
viability (Fig. 18A). Dendritic cells cultured with CpG and MOG/GpG complexes exhibited
reduced levels of CD86 (Fig. 17D), CD40 (Fig. 17E), and CD80 (Fig. 18B) that were similar to
cells cultured with CpG and soluble GpG.

These results indicated that the modulatory component of this therapy, GpG, remained
available to exert pathway-specific functions when delivered in complexes. To directly probe the
fate and action of these complexes after uptake, we analyzed the gene expression of MyD8S, a
master regulator of the TLRO signaling pathway, and inflammatory cytokines TNF and IL-6 six
hours after treatment. As expected, stimulation with CpG significantly increased expression of
Myd88, Tnf, and 116 in dendritic cells compared to untreated media controls (Fig. 17F-I). However,
when dendritic cells were treated with MOG/GpG complexes or soluble GpG in addition to CpG,
expression of Myd88, Tnf, and 1l6 was significantly reduced. These results indicated that
complexes are taken up and processed at least in part via endosomal processes where GpG can
inhibit TLRY stimulation and prevent inflammatory signaling via MyD88. Interestingly, dendritic
cells treated with MOGKo/GpG and MOGRo/GpG complexes expressed significantly more
Myd88, Tnf, and 116 relative to cells treated with other complex formulations or soluble GpG (Fig.
17G-I). This result may indicate that GpG was not as readily available to inhibit TLR9 activation
when complexed with MOGKy or MOGRy because of tighter binding due to the larger cationic

charge per MOG peptide.

3.3.6) T cell proliferation and polarization were influenced by peptide design

We hypothesized that although complexation of GpG did not impact expression of co-
stimulatory markers by DCs, the peptide design might lead to distinct antigen-specific T cell

responses resulting from the altered binding affinity with GpG and biophysical properties driven
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by peptide charge density. To investigate this possibility, primary dendritic cells were cultured
with CpG and MOG/GpG complexes as above for 24 hours, then co-cultured with MOG-specific
T cells isolated from 2D2 transgenic mice (Fig. 19A). These cells exhibit T cell receptors specific
for MOG antigen. When the T cells encounter MOG presented by dendritic cells with the
appropriate molecular machinery and co-stimulatory signals, they proliferate and secrete
inflammatory signals, mimicking some aspects of MOG-driven autoimmune inflammation during
multiple sclerosis. Thus, after 72 hours, we analyzed the T cells by flow cytometry for proliferation
and to determine the extent to which each complex design could polarize these cells towards Trea
phenotypes (Fig. 19B-D) and away from inflammatory functions. The latter was assessed by
measuring secretion of key inflammatory cytokines by ELISA (Fig. 19E-F).

In all cases, complexes drove significant levels of MOG-specific proliferation (Fig. 19C).
Interestingly, proliferation was impacted by the number of lysine and arginine residues in the
peptide design. Of note, ~65% of T cells proliferated in response to MOGK>, which was
significantly lower than proliferation of T cells in response to all other MOG peptides. In all cases,
the level of proliferation in cells treated with MOG/GpG complexes was similar to that of cells
treated with soluble MOG peptides without GpG. These results indicated that peptide sequence,
and not delivery of GpG, impacted T cell proliferation. Intriguingly, however, when we assessed
the function of the proliferating MOG-specific T cells, significant differences existed between

cells treated with MOG/GpG complexes vs. soluble MOG peptides without GpG, and as a function

Figure 19. A) Representative analysis scheme of T cells analyzed by flow cytometry. B)
Proliferation, C) regulatory phenotype, and presence of inflammatory cytokines D) IFNy and E)
IL-6 as a function of MOG peptide sequence. In panel C, green asterisks indicate comparisons
between MOG/GpG complexes, black asterisks indicate comparisons between soluble MOG
peptides. In panels D, E, and F, comparisons between MOG/GpG complexes and soluble MOG
within the same peptide sequence are indicated. Statistics were analyzed by One-way ANOVA
with Tukey post-test to correct for multiple comparisons (n=3). *p<0.05, **p<0.01, ***p<0.001,
*H%p<0.0001
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of MOG peptide design. T cells treated with MOGK; and MOGR:> complexes were strongly

polarized towards regulatory phenotypes relative to soluble MOGK> and MOGR., respectively
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(Fig. 19D). These results indicated that presence of GpG was necessary for polarization of T cells
towards regulatory phenotypes. Intriguingly, the size of the effect was dependent on MOG peptide
design. Polarization towards Trec was inversely correlated with the dissociation constant (Kp)
between MOG and GpG (Fig. 20): peptides with the largest Kp (MOGK; and MOGR>) polarized
T cells towards regulatory phenotypes while the other peptide sequences did not. When assessing
the impact of complexes on inflammatory signaling, inflammatory cytokines were not produced
by untreated cells or cells treated with CpG or CpG + GpG. This is not surprising as there was no
MOG antigen present to activate the MOG-specific T cells in these controls. Of the cells stimulated
with MOG antigen, all complex formulations reduced inflammatory cytokines, including IFNy
(Fig. 19E) and IL-6 (Fig. 19F), relative to control treatment using soluble MOG peptides without
GpG. This result indicated that delivery of GpG was important for suppressing inflammatory

signaling during dendritic cell and T cell interactions.
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Figure 20. Percentage of T cells polarized towards regulatory phenotypes (FoxP3+/CD25+) vs.
measured dissociation constant (Kp) between MOG peptides and GpG.
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3.4) Concluding remarks

Taken together, our results suggest that a complex design that was sufficient to load
immune signals without limiting availability of antigen during processing and presentation by
dendritic cells was most effective in polarizing antigen-specific responses toward tolerance.
Additionally, distinct MOG peptide designs may have impacted how or when antigen was
processed by dendritic cells and presented to T cells; both concentration and duration of antigen
display impact T cell response. After uptake, dendritic cells present external antigens in major
MHC-II proteins. The ability of peptide antigens to be loaded into MHC complexes and the
interactions between antigens and MHC within the binding groove depend on physical properties
such as the geometry, charge distribution, and hydrophobicity of both the binding groove and the
peptide, as well as the length of the peptide.®” Any changes in this regard could impact the ability
of T cells to recognize and respond to antigen within MHC. For example, the affinity with which
a T cell binds antigen as well as the duration of the interaction impacts the T cell’s level of activity
and specificity.!'"!5! Furthermore, loading of antigen into MHC-II with low affinity has been
proposed as a mechanism for induction of autoimmune reactions in settings such as in type 1
diabetes.!>!153 Thus, further elucidation of the connections between design of peptide antigens and
loading of antigen into MHC complexes will be a key consideration in the development of effective
antigen-specific therapies. Overall, these results highlight key connections that could inform how

to design immune cues with biophysical properties that help direct immunological outcomes.
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CHAPTER 4: INTEGRATING MOLECULAR DYNAMICS SIMULATIONS TO
ENABLE RATIONAL ASSEMBLY OF IMMUNE SIGNALS FOR IMMUNOTHERAPY

In Chapter 3.3.2, we discussed how total charge and anchored amino acid residue impacted
the binding affinity between cationic MOG peptides and anionic GpG oligonucleotide. In
particular, our studies revealed that MOG peptides anchored with arginine residues self-assembled
with a higher binding affinity compared to MOG peptides anchored with lysine residues.'?® The
differences in binding affinity impacted availability of GpG to inhibit inflammatory signaling in
dendritic cells, illustrating the importance of biophysical design when engineering
immunotherapies to program immune response. Incorporating biophysical design when
engineering immunotherapies can provide a powerful lever to direct immune function to combat
autoimmune disease. However, leveraging biophysical design to direct immune function requires
a systematic understanding of how specific design parameters impact biophysical properties of
self-assembled immunotherapies. Only once this understanding is achieved can immune signals
be rationally designed to self-assemble with specific biophysical characteristics. Building off our
previous studies, Chapter 4 implements the use of molecular dynamics simulations as tool to study
how molecular interactions between MOG peptide and GpG change as a function of peptide
design. Using computational methods, we compare molecular contacts - including hydrogen
bonding and salt bridges - across a library of MOG peptides. These insights are used to define
what contributed to differences in binding affinity between MOG peptides and GpG
oligonucleotide, Insights from these analyses inform how rational design of immune cues can build

self-assembled immunotherapies with specifically tuned biophysical properties.

65



4.1 Replica exchange molecular dynamics is a practical method for modeling self-assembly

Understanding the molecular interactions that take place during self-assembly of immune
signals is important for rational design of immunotherapies. However, studying the initial self-
assembly step is challenging to characterize experimentally due to the short timescale of assembly.
From this perspective, computational approaches can be powerful tools to study self-assembly
processes. Conventional molecular dynamics simulations have limited applications for studying
self-assembly because these simulations can become trapped in local free-energy minimum
conformations. Thus, traditional molecular dynamics approaches do not guarantee a sampling of

all possible conformations of self-assembled biomolecules. Replica exchange molecular dynamics

(REMD) is one enhanced sampling method that can be used to overcome this limitation,!5%15

The REMD method combines molecular dynamics simulations with a Monte Carlo
algorithm. During a REMD simulation, several replicas of the same system are simulated in
parallel using molecular dynamics simulations at different temperatures. Periodically, swaps

between neighboring replicas are attempted with a predefined probability of success (Fig. 21).
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Figure 21: Illustration of replica exchange molecular dynamics method (ref
154).
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Over the course of the simulation, this method can overcome high energy barriers and sufficiently
sample all possible conformations. For example, if a conformation is trapped in an energy
minimum, the conformation can eventually swap to a higher temperature replica where there is
enough energy in the system to exit the local minima. In the following studies, we leveraged the
REMD method to simulate self-assembly between MOG peptides and GpG oligonucleotide.
Motivated by our exciting results discussed in Chapter 3, we sought to develop tools that
can inform rational design of immunotherapies with distinct biophysical properties. With this goal
in mind, we employed REMD as a tool elucidate how molecular interactions between MOG
peptides and GpG changed as a function of MOG peptide design. We hypothesized that MOG
peptides anchored with arginine residues facilitated more electrostatic interactions with GpG than
MOG peptides anchored with lysine residues. To test this hypothesis, we studied how peptide
design influences molecular interactions between five MOG peptides (MOGK., KMOGK,
MOGR2, MOGKy, MOGR9) and GpG oligonucleotide. Elucidating differences in molecular
interactions helped explain the experimentally measured differences we observed in binding
affinity and highlights the use of molecular dynamics as a tool to inform biophysical design of

immunotherapies.

4.2 Materials and Methods

4.2.1) Materials and software

For molecular dynamics simulations, MOG peptide and GpG oligonucleotide structures
were generated with The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.
Simulations were set up using the CHARMM forcefield'*® and executed with the freely available

GROMACS software package.!>” All simulations were completed with resources from University

67



of Maryland's High Performance Computing Cluster made available for conducting research

reported in this manuscript. Data analysis was completed with both Python and Matlab.

For surface plasmon resonance studies, GpG DNA (5'-
T*G*A*C*T*G*T*G*A*A*G*G*T*T*A*G*A*G*Z*T*G*A*-3") was purchased from IDT
(Coralville, TA). GpG was synthesized with a biotin tag on the 5 end. MOG
(MEVGWYRSPFSRVVHLYRNGK) peptides were synthesized by Genscript (Piscataway, NJ).
MOG peptides were anchored with either arginine (R) or lysine (K) residues on the C-terminus or
both the N-terminus and C-terminus. The MOG peptides studied by surface plasmon resonance
included MOG, MOGK>, MOGR;, KMOGK, and RMOGR. HBS-N running buffer (0.01 M
HEPES, 0.15 M NaCl, pH 7.4, filtered, degassed), 10 mM sodium acetate pH 5, amine couple kits
(1-ethyl-3- (3- dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS)), 1
M ethanolamine, and Series S CM4 sensor chips were provided by Cytiva.

Ethylenediaminetetraacetic acid (EDTA) was purchased from Sigma Aldrich (St. Louis, MO).

4.2.2) Temperature replica exchange molecular dynamics simulations

MOG peptide and GpG oligonucleotide sequences were generated with the Pymol
software. After all sequences were generated, MOG/GpG systems were created for each MOG
peptide. Each system contained a single MOG peptide and a single GpG oligonucleotide separated
by 1 nm. A total of 5 systems were created: MOGK, + GpG, MOGR; + GpG, MOGKy + GpG,
MOGR9 + GpG, and KMOGK + GpG. Each system was contained in a 10x10x10 nm box with
periodic boundaries. Each system was solvated with water and salt ions using the solution builder
tool on CHARMM.!*¢ Total salt concentration was 150 mM of monovalent salt ions. Once

solvated, energy minimization and equilibration steps were completed for each system as directed
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by the output files from CHARMM using GROMACS 2019.4 on University of Maryland’s High
Performance Computing Cluster. After equilibration, an initial 50ns simulation was completed for
each individual system. The MOG/GpG conformations found at the end of this step were used as

the starting conformations in subsequent simulations.

After the initial simulation was completed, water and salt ions were removed from each
system, leaving just the complexed MOG peptide and GpG oligonucleotide. Each system was then
run through the Enhanced Sampler tool on CHARMM. During this step, the system was solvated
again with the same conditions mentioned above. Additionally, the CHARMM36m force field was
applied to the system and the Temperature Replica Exchange MD (T-REMD) option was selected
under the Enhanced Method Input Options. The minimum and maximum temperatures were set to
298K and 440K, respectively, with an exchange probability of 0.21. Dynamics Input Generation
Options was set to NVT Ensemble. The number of replicas and Enhanced Sampler inputs were
generated for each of the systems after completing these steps. Energy minimization and
equilibrium steps were completed for each system as directed by the output files from CHARMM.
Once equilibrated, all replicas within each system were simulated in parallel using GROMACS
2019.4 on University of Maryland’s High Performance Computing Cluster. Each system was

simulated for 300-350ns until convergence was achieved.

4.2.3) Computational analysis

After a simulation was terminated, the data was demultiplexed in GROMACS using the
demux.pl script. This step created replica_index.xvg and replica_temp.xvg files that are necessary
to analyze data at specific temperatures of interest. Once the files were created, the total energies

for all frames in each temperature replica were extracted. Then, MDAnalysis was used to identify
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and extract values for radius of gyration, total contacts, hydrogen bonds, and salt bridges.!>® The
radius_of gyration() attribute was used to calculate the radius of gyration of complexed MOG and
GpG in each frame. All atoms on MOG and GpG were treated as a single entity to compute the
radius. Total contacts were calculated by computing the distance of all non-hydrogen atoms on the
MOG peptide and all non-hydrogen atoms on the GpG oligonucleotide. Any non-hydrogen atoms
within a 4.5 A distance were recorded as a contact. The cutoff of 4.5 A was recommended by
MDAnalysis usage documentation for native contact analysis of all-atom simulations. The
hydrogen bond analysis (HBA) class was used to identify hydrogen bond donors and acceptor on
both MOG peptide and GpG oligonucleotide. Only hydrogen bond pairs between an atom on MOG
peptide and an atom on GpG oligonucleotide were computed, and the total hydrogen bonds formed
were recorded for each frame. Salt bridges were computed using the same native contact analysis
as mentioned for total contacts, but more parameters were specified. Salt bridges were identified
as a contact between a nitrogen atom on arginine, lysine, or histidine residues of MOG peptide and
an oxygen atom on GpG oligonucleotide. A 4 A cutoff distance was used for salt bridges.'5%160
Once all measures of interest were computed, free energy differences were computed using the
multistate Bennet acceptance ratio estimator (MBAR).!$! The code for completing the analysis
was obtained from Github.!6? In short, values for total energies and torsions from each simulation
were read in by temperature. The trajectories of each replica in each simulation were reconstructed
to reflect their true temporal correlation, and then subsampled to produce statistically independent
samples and collected by temperature. Then, dimensionless free energies were calculated at each
temperature using MBAR; the dimensionless free energies are referred to as the Potential Mean
Force (PMF). The torsions were binned into sequentially labeled bins in two dimensions and the

relative free energies and uncertainties were estimated at 298K. The dimensions used for analysis
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were the parameters of interest identified above (radius of gyration, total contacts, hydrogen bonds,

salt bridges). The outputs contained values for PMF as a function of the parameters of interest.

4.2.4) Surface plasmon resonance

Experiments were performed on the Biacore T200 instrument. GpG was immobilized to a
Series S CM4 sensor chip and the different MOG peptides were flowed over the chip to analyze
binding affinity between MOG and GpG. Flow rates during the experiment were 30 ul/min unless
indicated otherwise and detection temperature was 25°C. To start, the CM4 chip was activated
with an 8 minute injection of a mixed solution of 0.4 M EDC and 0.1 M NHS. Neutravidin was
diluted in 10 mM sodium acetate pH 5 to a final concentration of 50 ug/mL and injected for 10
minutes to couple neutravidin to the sensor chip. The surface was then blocked with a 7 minute
injection of 1 M ethanolamine pH 8.5 to remove any remaining reactive species on the surface.
After couple neutravidin to the surface, biotinylated GpG was immobilized on the surface by
diluting GpG in HBS-N running buffer to 1 ug/mL and injecting for 20-60 seconds. To measure
kinetic curves, all MOG peptides were diluted in HBS-N running buffer to concentrations of 4800,
3600, 2400, and 1200 nM and flown over the sensor chip with a total contact time of 2 minutes.
HBS-N buffer with no peptide (0 nM) was used as a baseline for each run. In between each kinetic
curve, the surface of the chip was regenerated with a single injection of HBS-N running buffer for
60 seconds. For each MOG peptide, the five concentrations (including 0 nM) were fitted to a two-
state binding model and Kp was calculated based on the association and dissociation rates between

MOG peptides and GpG.
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4.2.5) Statistical analysis

Statistical analysis for the modeling data was completed during the MBAR analysis. As
mentioned, the trajectories of each replica in each simulation were reconstructed to reflect their
true temporal correlation, and then subsampled to produce statistically independent samples.
Explanations of how uncertainties for free energies and PMF were estimated can be found from
the source.!¢! For surface plasmon resonance, one-way ANOVA with Tukey post-test corrections
for multiple comparisons was used to compare groups. Statistical calculations were performed

using JMP Pro (v14, SAS institute).

4.3) Results and Discussion

4.3.1) MOG peptide and GpG oligonucleotide self-assemble into 13 A conformations

In Chapter 3, we described how surface plasmon resonance studies indicated that MOG
peptides anchored with arginine residues bound to GpG oligonucleotide with a higher affinity than
MOG peptides anchored with lysine residues. We hypothesized that this difference occurred
because MOG peptides anchored with arginine residues facilitate more electrostatic interactions
with GpG than MOG peptides anchored with lysine residues. We also observed that increasing the
total charge of MOG peptide increased its binding affinity to GpG. We hypothesized that this
difference occurred because MOG peptides formed more molecular interactions with GpG as more
cationic amino acid residues were anchored to the peptide sequence. To test our hypotheses, we
used the REMD method to simulate self-assembly of MOGK>, MOGR2, MOGKjy, and MOGRy
with GpG. We also simulated self-assembly of KMOGK with GpG and compared to MOGK to
study how charge distribution in the peptide influenced molecular interactions during self-

assembly when total charge was held constant.
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After simulations were completed, we performed two quality control analyses before
interpreting the data. First, we plotted the radius of gyration of the MOG/GpG complex over two
non-overlapping time intervals in the last 100ns of each simulation. If the simulations converged,
we would expect to see the same results within both time intervals. Determining where the
simulation converges is important for identifying the time interval over which computational
analyses can be completed. Second, we generated heatmaps that illustrated the temperatures of all
replicas over the course of the simulation. These plots were used to confirm that temperature
mixing occurred throughout the replicas, which provides confidence that all possible
conformations had been sampled during the simulation. Completing this quality control step
ensures that any analysis of molecular interactions factors in all possible conformations.

Examining the MOGK first, we plotted Potential Mean Force (PMF) vs. radius of gyration
to visualize the conformations at four different time intervals (Fig. 22A). This graph illustrates the
relative free energy (PMF) of the MOGK./GpG complex at different radii. When analyzing the
intervals of 250-300ns and 300-350ns, we observed little separation between the two graphs. When
analyzing the 0-100ns and 100-250ns intervals, we saw large differences compared to the 250-
300ns and 300-350ns graphs. These results indicate that the MOGK.> simulation converged over
the last 100ns of the simulation. Next, we analyzed the temperature mixing of the MOGK:;
simulation (Fig. 22B). The heatmap illustrates the temperature at which a replica (y-axis) is being
simulated at a given timestep (x-axis) of the simulation, where yellow indicates high temperature
and blue indicates low temperature. The substantial mix of yellow and blue colors across all
replicas and time steps indicates that temperature mixing did indeed occur during the MOGK:;
simulation. Similar observations were made for MOGR: (Fig. 22C-D), KMOGK (Fig. 22E-F),

MOGKoy (Fig. 23A-B), and MOGRy (Fig. 23C-D). The PMF vs. radius of gyration graphs did
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exhibit some separation at larger radii for all simulations. This indicated that the simulations could
be run for longer to gather more data to see if better convergence may be reached at the larger
radii. To avoid analyzing potentially non-converged data, the analyses in subsequent sections focus

on conformations with radii less than 15 A where convergence was achieved. We were particularly
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Figure 23. Quality control data looking at simulation convergence and temperature mixing for
A+B) MOGKy and C+D) MOGRy.

interested in the conformation at these radii to study the interactions that facilitate the lowest
energy conformations. Understanding the interactions within the lowest energy conformations
informs what biophysical factors and design parameters facilitate the most stable conformations
during self-assembly of immune signals.

After confirming convergence and temperature mixing, we more closely examined the
conformations of MOG/GpG complexes and what percentage of time during the simulation the
complexes were found in each conformation. We used differences in radius of gyration to
distinguish between different conformations. Comparing the conformations of all 5 peptide

simulations, we found that all MOG/GpG complexes were at their lowest energy states when the
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radius of the MOG/GpG complex was between 12-15A (Fig. 24A). All MOG/GpG complexes
were at their lowest energy state at 13A, indicating that neither the peptide length nor charge
impacted the size of the most stable complex. However, we did observe differences in the
probabilities of MOG/GpG complexes to be found in their lowest energy conformations.
Probabilities were calculated by dividing the number of frames found in each radius of gyration

bin by the total number of frames being analyzed. For this analysis, different converged time
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intervals were analyzed for each MOG peptide simulation so that the total number of frames being
analyzed were all within 1% of each other. MOGK; had very similar conformation profiles to
MOGR: (Fig. 24B) and MOGKy (Fig. 24C). Interestingly, when comparing MOGKy to MOGRy
(Fig. 24D), MOGRy was almost twice as likely to be in its lowest energy conformation as MOGKGo.
Similarly, MOGRy was almost twice as likely to be in lowest energy conformation as MOGR>
(Fig. 24E). Given MOGRy’s significantly higher cationic charge than MOGR3, one can intuit that
MOGRy binds to GpG with a higher binding affinity, and thus is more likely to be found in a
tightly bound conformation than MOGR>. Given that arginine confers a higher binding affinity
than lysine (Chapter 3),!26 the same trend makes sense when comparing MOGRy to MOGKG. The
same large difference was not observed when comparing MOGK> and MOGKjy at its 13A
conformation (Fig. 24C). MOGKy does have a secondary conformation at ~30A that is almost
twice as likely as MOGK: (Fig. 24C). MOGK; was more likely to be found in its lowest energy
conformation than KMOGK, and KMOGK had a secondary conformation that it was more likely
to be in than MOGK (Fig. 24F). This result indicates that, in addition to total charge and anchored
amino acid residue, charge distribution on MOG peptide also impacts self-assembly of MOG
peptide and GpG oligonucleotide.

Overall, analyzing differences in conformation was not enough of a predictor, on its own,
of the binding affinity between MOG peptides and GpG. For example, we know that MOG
peptides with more cationic charge have a higher binding affinity for GpG than MOG peptides
with less cationic charge.!?® However, MOGRo was almost twice as likely to be in its lowest energy
conformation as MOGR: (Fig. 24E), while MOGKy was equally likely to be in its lowest energy
conformation as MOGK: (Fig. 24C). Thus, additional insights are necessary that explain the

differences in binding affinity in order to have predictive power with molecular dynamics.
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4.3.2) Peptide charge, anchored residue, and charge density alter interaction profiles between
MOG and GpG

To better understand how the conformational differences correspond to binding affinity
between MOG peptides and GpG, we next analyzed how many contacts are formed during self-

assembly as a function of peptide design. When comparing MOGK, to MOGKy (Fig. 25A) and
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MOGR: to MOGRy, (Fig. 25B), we observed large differences in the total contacts formed when
MOG/GpG complexes were in their lowest energy states. Compared to MOGKoy, MOGK; formed
200 fewer contacts with GpG in its lowest energy states (Fig. 25A, 25F). Even more strikingly,
MOGR: formed almost 300 fewer contacts than MOGRy in its lowest energy states (Fig. 25B,
25F). Given that MOGKy and MOGRy peptides have more cationic charge and longer sequence
lengths than MOGK> and MOGR;, this result holds physical significance. Interestingly, when
comparing MOGK> to MOGR; (Fig. 25C, 25F) and MOGKy to MOGRy (Fig. 25D, 25F), we
observed that MOG peptides anchored with arginines residues formed 100-200 more contacts than
MOG peptides anchored with lysine residues. These data align well with the experimental results
that indicate arginine confers a higher binding affinity than lysine during electrostatic self-
assembly (Chapter 3). When comparing MOGK> to KMOGK (Fig. 25E, 25F), MOGK.> formed
slightly fewer contacts with GpG than KMOGK. The larger range of contacts formed by KMOGK
likely contributed to the increased probability of being found in a secondary conformation
compared to MOGK: (Fig. 24F).

In addition to total contacts between MOG peptides and GpG, we were also interested in
analyzing the specific contacts formed between amino acids of the MOG peptide sequence and
nucleotides of the GpG oligonucleotide sequence. To perform this analysis, we computed all
contacts formed between amino acids of MOG and nucleotides of GpG and then calculated what
frequency each amino acid and nucleotide pair was of the total contacts formed. Using this data,
heatmaps were generated to visualize frequencies of each amino acid and nucleotide contact
relative to all contacts formed.

Figure 26 illustrates clear differences in the types of contacts that drive self-assembly

between MOG peptides and GpG. MOGK: (Fig. 26A) interacted more with the 5’ end of GpG,
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indicated by the presence of contacts with a relative frequency of ~0.25-0.3 on the left side of the
heatmap and contacts with a relative frequency of ~0.1 on the right side of the heatmap. The
heatmap of MOGR: (Fig. 26B) indicates contacts with relative frequency of ~0.2-0.25 were

formed with both the 5* and 3’ ends of GpG. Intriguingly, anchoring MOG peptide with arginine
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Figure 26. Contact heatmaps showing relative contact frequency between (y-axis) amino acids of
A) MOGK2>, B) MOGR;, C) KMOGK, D) MOGRy, E) MOGKjy and (x-axis) nucleotides of GpG.
Color bars indicate relative frequency, with bright colors as high frequency and dark colors as low
frequency.
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residues on the C terminus facilitated more contacts with the 3° end of GpG, while anchoring MOG
peptide with lysine residues on the C terminus facilitated more contacts with the 5’ end of GpG.
When MOG peptide was anchored with lysine residues on both the N and C terminus (Fig. 26C),
contacts with a relative frequency of 0.2 or higher were not seen at the 5’ end of GpG like they
were with MOGK,. These data indicate molecular interactions between MOG peptide and GpG
are influenced by both the type of anchored amino acid residue and the distribution of charge on
the peptide sequence.

Analyzing the contact heatmaps of MOGRy (Fig. 26D) and MOGKoy (Fig. 26E), the
differences in interaction profiles are even more stark compared to the lower charge peptides. The
highest frequency contacts of MOGRy and MOGKy range from ~0.5-0.7, which is more than
double the ~0.2-0.3 range of MOGK_:, MOGR2, and KMOGK. The heatmaps of MOGKy and
MOGRy contain broad areas with contact frequencies less than 0.1 and tight zones of high
frequency contacts of ~0.4-0.7. The higher total charge and high charge density of the arginine and
lysine tales of MOGKo and MOGRy facilitated fewer types of contacts between MOG peptide and
GpG, but these contacts occurred at high frequency. This contrasts with the heatmaps of MOGKo,
MOGR>, and KMOGK, which have broad areas where contact frequencies are ~0.1-0.3. Thus, the
lower charge peptides facilitated more types of contacts between MOG peptide and GpG, but these
contacts occurred at lower overall frequencies.

Considering these results with the surface plasmon resonance data described in Chapter 3,
we see an intriguing association between experimentally measured binding affinity and
computationally modeled molecular interaction. Self-assembly of MOG peptides characterized
with a lower binding affinity for GpG (MOGK:, and MOGR>) were driven by more types of

contacts that were weaker and occurred at lower frequencies. Self-assembly of MOG peptides
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characterized with a higher binding affinity for GpG (MOGKy and MOGRy) were driven by fewer
types of contacts that were stronger and occurred at higher frequencies. This kind of insight
highlights the potential of using computational modeling to help design self-assembly of immune
signal with designed biophysical characteristics, such as high or low binding affinity. For example,
one may need to design immune signals with a binding affinity that’s high enough to achieve self-
assembly but low enough to effectively exert their biological function, as described in Chapter 3.
Another context may require more tightly bound immune signals to facilitate better protection
from environmental factors such as enzymatic degradation. To achieve such granularity and
predictive power, it will be important to understand not only where and how many contacts are
forming, but also the specific type of molecular interactions that influence differences in
biophysical characteristics. One commonality with all MOG peptides was that the highest
frequency contacts always included arginine or lysine residues. This points to the importance of
charged amino acids in driving molecular interactions during electrostatic self-assembly of MOG

peptides and GpG oligonucleotide.

4.3.3) Arginine residues facilitate more electrostatic interactions than lysine residues

Since self-assembly of MOG peptides and GpG oligonucleotide is driven by electrostatics,
we analyzed how molecular interactions driven by charge polarity changed as a function of MOG
peptide design. We started by computing how many hydrogen bonds were formed between MOG
and GpG in the different simulations and analyzed how the number of hydrogen bonds changed
with different MOG peptide designs. When comparing MOGK: vs. MOGKy (Fig. 27A 27F) and
MOGR: vs. MOGRy (Fig. 27B, 27F), we observed MOGK> and MOGR: formed 6 and 10 fewer
hydrogen bonds, respectively, with GpG in their lowest energy states. These results indicate that

MOG peptides with higher cationic charge and longer sequence lengths formed more hydrogen
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Figure 27. Comparisons of hydrogen bonds formed between MOG peptides and GpG for A)
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bonds compared to MOG peptides with lower cationic charge and shorter sequence lengths. When
comparing MOGK> vs. MOGR; (Fig. 27C, 27F) and MOGKjy vs. MOGRy (Fig. 27D, 27F), we
observed MOGK> and MOGKjy formed 1 and 5 fewer hydrogen bonds, respectively, with GpG in
their lowest energy states. When comparing MOGK; vs. KMOGK (Fig. 27E, 27F), we observed

MOGK: formed 1 less hydrogen bond with GpG than KMOGK in their lowest energy states. These
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results indicate that MOG peptides anchored with arginine residues formed more hydrogen bonds
with GpG than MOG peptides anchored with lysine residues. The number of hydrogen bonds was
not impacted when distributing the charge by anchoring lysine on both the N and C terminus

(KMOGK), as opposed to just the C terminus (MOGK>).
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Because MOG and GpG are designed to self-assemble via electrostatic interactions, we
also analyzed formation of salt bridges and how the number of salt bridges changed with different
MOG peptide designs. Salt bridges were defined as a contact between a nitrogen on arginine,
lysine, or histidine on the MOG peptide and an oxygen on the GpG oligonucleotide. When
comparing MOGK> vs. MOGKy (Fig. 28A, 28F) and MOGR; vs. MOGRy (Fig. 28B, 28F), we
observed MOGK; and MOGR: formed 12-13 and 29-31 fewer salt bridges, respectively, with GpG
in their lowest energy states. These results indicate that MOG peptides with higher cationic charge
and longer sequence lengths formed more salt bridges compared to MOG peptides with lower
cationic charge and shorter sequence lengths. When comparing MOGK.> vs. MOGR; (Fig. 28C,
28F) and MOGKy vs. MOGRy (Fig. 28D, 28F), we observed MOGK> and MOGKjy formed 8 and
25-26 fewer salt bridges, respectively, with GpG in their lowest energy states. When comparing
MOGK.; vs. KMOGK (Fig. 28E, 28F), we observed MOGK> and KMOGK formed the same
number of salt bridges with GpG in their lowest energy states. These results indicate that MOG
peptides anchored with arginine residues formed more salt bridges with GpG than MOG peptides
anchored with lysine residues. The number of salt bridges was not impacted when distributing the
charge by anchoring lysine on both the N and C terminus (KMOGK), as opposed to just the C

terminus (MOGK)>).

Our analysis of electrostatic interactions reveals that arginine residues facilitate a greater
number of hydrogen bonds and salt bridges, compared to lysine residues, during self-assembly of
MOG peptide and GpG oligonucleotide. Given that self-assembly of MOG and GpG is driven by
electrostatics, the ability of arginine to form more hydrogen bonds and salt bridges than lysine
likely conferred a higher binding affinity to MOG peptides anchored with arginine residues during

the surface plasmon resonance studies described in Chapter 3. Similarly, MOG peptides with
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higher total charge (MOGKo9 and MOGRoy) facilitated a greater number of hydrogen bonds and salt
bridges compared to MOG peptides with lower total charge (MOGK; and MOGR3). However,
with this analysis, it is difficult to distinguish between the effect of the inherent peptide charge and
the presence of more amino acids to facilitate more electrostatic interactions. A different modeling
approach, like coarse grained methods, would be more suitable to elucidating the effects of overall
charge balance on self-assembly. Anchoring MOG with lysine residues on both the N and C
terminus did not result in differences in hydrogen bond or salt bridge formation compared to
anchoring MOG with lysine residues on only the C terminus. From a design perspective, this may
indicate that computing differences in electrostatic interactions would not on its own predict the
effect of charge distribution on biophysical properties like binding affinity. Modeling peptides
such as RMOGR, K4+MOG-Ks, and R4-MOG-R;s and comparing the results to MOGR2, MOGKo,
and MOGRy, respectively, would provide valuable insight to better determine how electrostatic

interactions change as a function of charge distribution.

4.3.5) Effects of distributing charge density are different when comparing lysine to arginine

Seeing no differences in electrostatic interactions as a function of charge distribution, one
initial hypothesis was that utilizing the contact heatmaps as a secondary indicator would be useful
in predicting how binding affinity would change as a function of charge density. When comparing
contact heatmaps of MOGR;, and MOGK.; (Fig. 26A, 26B), we observed fewer areas of low
frequency contacts with MOGR> than MOGK;, Given that MOGR:> binds to GpG with a higher
binding affinity than MOGK_, a greater distribution of contacts between MOG and GpG could be
another indicator of relatively higher binding affinity. When comparing MOGK?2 and KMOGK
(Fig. 26B, 26C), we observed that KMOGK has fewer areas of low frequency contacts than

MOGK.;. Since KMOGK has the same total charge and sequence length as MOGK,, we
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hypothesized that the larger range of contacts seen with KMOGK would indicate a higher binding

affinity for GpG.

To test this initial hypothesis, we used surface plasmon resonance to measure the binding

affinity between GpG and MOG (Fig. 29A), MOGK:, (Fig. 29B), MOGR; (Fig. 20C), KMOGK
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Figure 29. Representative kinetic curves from one surface plasmon resonance experiment are
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(Fig. 29D), and RMOGR (Fig. 29E). MOG peptides were flowed over a sensor chip coated with
GpG to measure the association and dissociation rates between peptides and GpG. The kinetic
binding curves were then fitted to a two-state binding model and the dissociation rate constants
(Kp) between MOG peptides and GpG were calculated. A two state binding model was chosen
with the expectation that the peptide-oligonucleotide complex is formed after an initial binding
event, followed by a subsequent solvent exclusion-like step to readjust to an entropically favorable
conformation.!* This two-state binding event could explain why a secondary conformation was

observed in Figure 24.

When anchoring MOG with either arginine or lysine, Kp values decreased significantly
compared to just the native MOG peptide (Fig. 29F). Consistent with previous results, this
observation indicated that the binding affinity between MOG and GpG increased when MOG
exhibited a more positive charge. Based on the simulation results, native MOG peptide likely did
not form as many electrostatic interactions with GpG as MOG peptide anchored with arginine or
lysine. When comparing MOGK: to MOGR2, Kp values were significantly lower when MOG was
anchored with arginine residues rather than lysine residues. This is again consistent with previous
results. Since both MOGK> and MOGR: have the same overall charge, this finding suggests that
additional factors impacted the molecular interactions between MOG peptides and GpG. Our
simulation data revealed that arginine residues facilitate formation of more hydrogen bonding and

salt bridges between MOG and GpG than lysine residues, which predicts the experimental result.

Intriguingly, KMOGK had a significantly lower Kp value than MOGK.,. These data
indicate that compared to MOGK_, increasing charge distribution by anchoring MOG peptide with
lysine on both the N and C terminus increased binding affinity with GpG. This result is in line with

our initial hypothesis. The simulation data indicated no differences in electrostatic interactions
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between MOGK: and KMOGK, but KMOGK did form slightly more total contacts than MOGK
(Fig. 25). The contact heatmaps also indicated that KMOGK formed a broader range of contacts
with GpG than MOGK: (Fig. 26). Taken together, these data indicate that when considering
peptides of the same charge and amino acid composition, increasing charge distribution may
impact other types of interactions that were not identified in our analysis. This trend may also be
different when distributing charge with lysine residues and arginine residues. When measured by
surface plasmon resonance, the binding affinity of RMOGR decreased compared to MOGR: (Fig.
29F). It may be that because arginine forms more electrostatic interactions with GpG than lysine,
concentrating arginines together could confer a higher binding affinity compared to distributing
the arginines. This hypothesis needs to be confirmed by completing a REMD simulation of

RMOGR and GpG.

4.4) Concluding remarks

REMD simulations are a powerful tool to inform design of self-assembling
immunotherapies with specific biophysical properties, such as higher or lower binding affinity.
The ability to understand and control these design levers will enable innovative methods of
programming immune responses to combat diseases such as cancer and autoimmunity. Our studies
revealed a stark contrast in molecular interactions when anchoring MOG peptides with different
total number (2 vs. 9) and type (lysine vs. arginine) of cationic residues. Specifically, we revealed
that MOG peptides with higher total charge or anchored with arginine residues formed more
electrostatic interactions with GpG than MOG peptides with lower total charge or anchored with
lysine residues, respectively. These data explain experimental measurements discussed in Chapter
3 and 4 that indicate MOG peptides with higher total charge or anchored with arginine residues

have a higher binding affinity with GpG than MOG peptides with lower total charge or anchored
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with lysine residues, respectively. Additional simulations with completely different peptide
antigens would be useful in determining how the insights discussed here translate to different self-
assembly systems. If the trends observed in our studies translate to other peptide/oligonucleotide
self-assembly systems, we can leverage molecular dynamics as a screening tool for designing
modular, self-assembling immunotherapies with specifically designed biophysical characteristics.
Since REMD methods are resource intensive, it is likely a different simulation method, like coarse
graining, would be used for this purpose in the future. With continued collaboration between
immunoengineers and computational researchers, new and more efficient methodologies can be

developed to help build the next generation of immunotherapies.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK
5.1) Outlook

The research completed in this dissertation highlights how biophysical design of
immunotherapies can directly impact immune outcomes. This work revealed for the first time that
immune signals can be self-assembled into immunotherapies with designed biophysical properties,
such as higher or lower binding affinity, to influence immune cell signaling and function.
Additionally, our work demonstrated how molecular dynamics can be utilized as a tool to
understand and identify how design parameters of immune cues, such as total charge and anchored
amino acid residue, will influence the biophysical properties of self-assembled immunotherapies.
These developments also led to several questions for further exploration, including how design of
peptide antigens impacts loading of antigen into MHC-II, and what computational methods may
be better suited for future study of how design parameters impact the biophysical properties of

immunotherapies. Several of these areas are presented below.

5.2) Exploring loading of MOG peptides into MHC and recognition of MOG by T cells

Loading of peptides into MHC-II complexes is restricted by length; it is estimated that only
peptides 13-25 amino acids long can fit into the binding groove of MHC-IL.7 Additionally, MHC-
IT complexes have open binding grooves, which allows the N-terminus of peptides loaded into
MHC-II to protrude out and even bind with different affinities. This indicates that anchoring
antigen with amino acids on either terminus may impact how antigen is loaded into MHC-II. This
could lead to loading of antigen into MHC-II with lower affinity, which has been proposed as a
mechanism for induction of autoimmune reactions in type 1 diabetes.!3%!3 Thus, it is important to
study if the MOG peptides can be loaded into MHC-II and how loading changes as a function of

the structure of the peptide.
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Previous studies described in Chapter 3 observed differences in T cell proliferation and
polarization towards regulatory phenotypes as a function of the MOG peptide sequence. As
discussed at the end of Chapter 3, the ability of peptide antigens to be loaded into MHC complexes
depend on physical properties such as the geometry, charge distribution, and hydrophobicity of
both the binding groove and the peptide, as well as the length of the peptide.®’ Any changes in this
regard could impact the ability of T cells to recognize and respond to antigen within MHC. Thus,
further elucidation of the connections between design of peptide antigens and loading of antigen
into MHC complexes will be a key consideration in the development of effective antigen-specific
therapies. I hypothesize that increased T cell polarization towards regulatory phenotypes was at
least in part linked to T cells binding MOG in MHC complexes with low affinity. To test this
hypothesis, we can study if the MOG sequences can be loaded into MHC-II complexes and how
T cells respond to MOG presented by dendritic cells.

We can use surface plasmon resonance to study the interactions between the different MOG
sequences and MHC-II. To develop this assay, first we can anchor biotinylated MHC-II on the
surface of a gold sensor chip via biotin/neutravidin binding. Then, we can flow each MOG peptide
sequence in order to measure the kinetic association and dissociation curves between MOG in
solution and MHC-II that is anchored to the chip. As MOG associates with MHC-II, surface
plasmon resonance can be used to measure the rate of association and dissociation and
subsequently, the dissociation constant (Kp) can be calculated. We can then compare the different
peptide sequences to unmodified MOG to determine if anchoring MOG with cationic amino acids
hinders loading of MOG into MHC-II. This assay will 1) verify whether or not the different MOG
sequences can bind to MHC-II without any modifications during antigen processing and 2) if they

do bind to MHC-II, do the peptides bind to MHC-II with different affinities.

92



To assess how design of MOG impacts T cell response, we can isolate dendritic cells from
the spleens of mice and treat the dendritic cells with CpG, CpG + GpG, CpG + soluble MOG
peptides, or CpG + MOG/GpG complexes for 24 hours to allow for processing of signals and
presentation of MOG by DCs. After 24 hours, we can isolate MOG-specific CD4 T cells from the
spleens of mice, stain them with a proliferation dye (CFSE), and co-culture the T cells with the
treated dendritic cells for 72 hours to allow time for T cells to bind MOG on the surface of DCs
and respond accordingly. After 72 hours, we can measure proliferation and phenotype of T cells
by flow cytometry to assess activation of T cells. To quantify inflammatory phenotypes, we can
stain for markers associated with Tul (T-bet, IFN-y) and Tul7 (ROR-y, IL-17). To quantify
regulatory phenotypes, we can stain for markers associated with Treg (CD25, FoxP3). Comparing
the impact of peptide structure on T cell activation in combination with the observations from the
surface plasmon resonance studies measuring association of the different peptide sequences with
MHC-II will reveal how antigen structure is associated with T cell response. For example, T cells
studies could confirm that T cell response is altered as a function of MOG sequence and surface
plasmon resonance studies could reveal that different MOG sequences associate with MHC-II with
different affinities compared to unmodified MOG. This combination of results would indicate that
T cell response is altered by the affinity that MOG is bound in MHC-II, which in turn affects the
affinity with which T cells bind MOG. Alternatively, T cell studies could confirm that T cell
response is altered as a function of MOG structure, but surface plasmon resonance studies could
reveal there are no distinct differences in the affinity MOG sequences associate with MHC-II. This
combination of results may indicate that after uptake of complexes, the structure of MOG alters
mechanisms during processing and presentation of antigen that alter how efficiently MOG is

presented on the surface of DCs.
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5.3) Exploring coarse grained modelling methods to simulate self-assembly of immune signals

Course-graining is a common technique that is useful for creating biomolecular
simulations.!61¢* Compared to atomistic models that model interactions of individual atoms,
course-grained models map several individual atoms to one larger unit or “interaction site” that
approximates the interactions of the underlying atoms (Fig. 30). In doing so, coarse-grained
models focus on essential features while averaging over less important details, and thus speed up
simulations by reducing the number of computations per timestep. Coarse-grained models are
composed of two main mapping components. The system mapping specifies the number, type, and
connectivity of the interaction sites that describe the system. Interactions sites are connected with
coarse-grained bonds that are based on the chemical bonds connecting the atomic groups. The
coordinate mapping describes the configuration of the coarse-grained model as a function of the
configuration of the underlying atomistic model. Using a coarse-grained modeling approach to
simulate electrostatic self-assembly of charged immune signals could provide valuable insight into
the governing biophysical parameters that are required to synthesize self-assembled
immunotherapies. While this approach limits the level of detail in modeling the molecular
interactions compared to atomistic models, it is well suited to study parameters that can be

described without atomistic levels of detail, such as charge balance.
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Atomistic Coarse-grained

Figure 30. Example of an atomistic structure mapping to a
coarse-grained structure. (ref. 163)

We can use coarse gained methods to develop a computational model to model the self-
assembly of MOG and GpG in aqueous solution into complexes. In doing so, we can gain insight
into general principles of how biophysical design parameters impact self-assembly that can’t be
gleaned from modeling the self-assembly of a single peptide and oligonucleotide. To increase
computational efficiency, we can use a coarse-grained modeling approach to represent groups of
atoms with properties of interest as one “interaction site.” To model the structure of MOG peptide
sequences, we can build off of a peptide model previously described by Dr. Matysiak’s group.'6’
This model was built off of a previous model that generated peptide secondary structures based on
primary amino acid sequences without any built-in bias.'®%1¢7 The course grained peptide would
consist of three types of beads: charged (+/-), hydrophobic (H), or polar (P) mapped to an atomistic
amino acid sequence (Fig. 31).'®> Each amino acid’s backbone can be mapped into a single
backbone bead (BB) with dummy positive/negative charges. These charges will allow interaction
with the environment through electrostatic interactions and within the structure itself to generate
induced-dipole effects that allow for formation of secondary structures.!®® Charged residues (e.g.,

R, K, E) can be represented as two side chain beads (S1/S2), one hydrophobic and one charged,
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and uncharged side chains will be represented as one or two hydrophobic beads. Parameters to

describe beads that can form hydrogen bonds will also be defined.
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Figure 31. Example schematic of peptide coarse-grained model from ref. 165.

To model the sequence of GpG, we can utilize a Martini coarse grained approach that has
been extended to modeling nucleotide sequences.!®® Martini models map roughly four non-
hydrogen atoms to one coarse grained bead and have a limited number of beads and interaction
types.'® Each bead describes one or more chemical building blocks and mimics their properties,
thus making this model transferrable to different systems and compatible with each other,
including the peptide model described above. Nucleotides in GpG would be modeled to six or
seven coarse grained beads (Fig. 32).!° In the nucleotide backbone, the phosphate would be
modeled to one bead and the sugar will be modeled to two beads. The rings of cytosine and thymine
would be modeled to three beads and the rings of adenine and guanine would be modeled to four

beads. Parameters would also be defined to describe beads that are charged and beads that can

96



form hydrogen bonds. We can also include water molecules in the simulation and model four water

molecules to one bead using the Martini approach.

Figure 32. Example schematic of DNA coarse grained model from ref.
168. Letter + number codes identify different beads of each nucleotide.

The molecular simulations would be performed on the GROMACs simulation package.
Parameters related to self-assembly, such as timesteps, non-bonding interactions, electric
permittivity, etc. can be set and tested based on previous methods.!>-1%8 The simulations can be
developed to study formation of complexes as a function of many formulation conditions,
including MOG peptide design, concentration, charge balance in solution, pH, and salinity.
Completing these simulations can reveal a wealth of insights that inform how to engineer self-

assembled immunotherapies with specifically designed biophysical parameters.
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