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SUMMARY

Seminal research in biomaterials and immunoengineering has enabled the
development of advanced therapies to treat cancer, autoimmunity, and other immune-
related pathologies. A vital mediator of the immune system that is often targeted by
pharmaceutical and biological therapeutics is dendritic cells (DCs), which bridge the innate
and adaptive immune system. DCs are a crucial initiator of adaptive immunity, which
directs downstream immunological effector functions in specific tissues targeted with
precision through antigen-based tissue targeting. More recently, DCs have successfully
been utilized as cell therapies for transplantation, vaccines, tumor clearance, and
autoimmunity. The discovery of the Biomaterial Adjuvant Effect by Dr. Julie Babensee
incited a field of investigation into the use of biomaterials as stimulators of immunity and,
more recently, delivery vehicles that also act as adjuvants. While much effort has been
contributed to biomaterials for immunostimulatory applications such as vaccines and
cancer, there has been far less focus on biomaterials that promote tolerance and regulatory
mechanisms. To date, no biomaterials have been shown to inherently promote tolerogenic
processes in vivo. The goal of biomaterial constructs for delivery of cell therapies against
autoimmune disease has historically been to develop bioinert biomaterials that simply do
not activate the immune system. Here we engineer a maleimide-functionalized 4-arm
poly(ethylene glycol) (PEG-4MAL) hydrogel as a biomaterial for delivery of DCs in
tolerogenic applications. The objective of this work will be explored in three parts: (1) to
characterize DC-biomaterial interactions towards optimization of PEG-4MAL hydrogels

to suit DCs, (2) to introduce regulatory properties into PEG-4MAL hydrogels through
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functionalization with the tolerogenic cytokine interleukin-10 (IL-10), and (3) to assess the
efficacy and mechanism of tolerance by PEG-4MAL delivered DCs in treating a mouse
model of autoimmunity.

DCs are continually sampling their surroundings for danger signals and are easily
activated by recognition of foreign epitopes, mechanical stress, pH changes, and metabolic
disturbances. In developing a tolerogenic biomaterial, it was first necessary to characterize
DC responses to the biophysical and biochemical properties of PEG-4MAL hydrogels. The
PEG-4MAL polymer formulation was selected due to its high degree of modularity and its
ability to be end-functionalized with various peptides. DCs were first encapsulated in PEG-
4MAL hydrogels with varying polymer density to modulate the stiffness of their
surroundings. DCs in softer hydrogels (~200 Pa) remained viable, immature, and exhibited
normal morphology after 24 hours. However, encapsulation in stiffer hydrogels (400-800
Pa) resulted in widespread cell death and elongated morphologies. Next, DCs were
encapsulated in PEG-4MAL hydrogels functionalized with various concentrations of
adhesive peptides GRGDSPC (RGD) or its scrambled counterpart, GRDGSPC (RDG).
DCs remained viable and immature with normal morphology at all concentrations tested
(0.08-1.0 mM), contrary to previous studies which showed RGD-induced DC maturation
on a 2D substrate. These differences can be attributed to the stark differences between 2D
and 3D phenomena or the limited range of RGD concentrations tested here were simply
too low to activate DCs. DCs were also encapsulated in PEG-4MAL hydrogels with
various macromer sizes (10 kDa, 20 kDa, 40 kDa) to decouple hydrogel stiffness and mesh
size. Similarly, DCs from these gels had viability and phenotypes consistent with immature

DC controls. Lastly, PEG-4MAL hydrogels were synthesized with various crosslinking
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peptides (GCRDVPMSMRGGDRCG, VPM; dithiothreitol DTT) to modulate their
degradability. Encapsulated DC viability and phenotype were not adversely affected by
crosslinker type after 24 hours. Importantly, stiffness should be a significant consideration
in the development of biomaterial delivery systems and should be modulated to support
the cells being delivered. Our results show that PEG-4MAL constructs are widely flexible
in their design for tolerogenic applications such that properties such as mesh size,
degradability, and adhesive ligand can be tuned for application-specific purposes. For this
project, we selected 20 kDa macromers at 4.5% (wt/v), which results in hydrogels with a
mesh size that allows DC migration and a stiffness that supports DC viability and an
immature phenotype. The highly degradable crosslinker VPM was selected to further
enable DC migration and structural remodeling after injection. Lastly, RGD (1.0 mM) was
selected as the adhesive ligand to promote endogenous cell infiltration and vascularization.

This optimization of the biophysical and biochemical properties of PEG-4MAL
hydrogels resulted in a biomaterial that successfully supports DC viability and an immature
phenotype. However, another critical characteristic of PEG-4MAL is that its maleimide
chemistry allows functionalization with peptides other than adhesive ligands. Towards
developing a truly tolerogenic biomaterial, our second objective was to tether the tolerance-
inducing cytokine IL-10 to the polymer backbone of PEG-4MAL. Maleimide functional
groups have high specificity for free thiols, most commonly found on cysteine residues.
IL-10 does not have any free cysteines in its native state, so our first step was to add free
thiols to IL-10 using 2-iminothiolane (Traut’s reagent). Traut’s reagent targets primary
amines that occur in lysine residues, of which IL-10 has 13. Evaluation of free thiols on

IL-10 after 1-hour incubation with Traut’s reagent at 30 molar excess resulted in, on
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average, all 13 lysine residues being thiolated. Subsequent incubation with PEG-4MAL at
a ratio of 1,000:1 (PEG-4MAL:IL-10) for 15-30 minutes resulted in successful mono-
PEGylation of IL-10, as illustrated by a shift in molecular weight from 19.6 kDa to ~40
kDa visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). We employed a liver mast cell line (MC/9 cells) that proliferates in response to
IL-10 to test the bioactivity of PEGylated IL-10 (PEG-IL10). Bioactivity was tested by two
methods, the first of which included proliferation measurements by cell counting kit-8
(CCK-8) 48 hours after treatment. At 4 and 24 hours after the addition of CCK-8, MC/9
cell proliferation was indistinguishable between IL-10 and PEG-IL10. As a more robust
test of bioactivity, half-maximal effective concentration (ECso) curves were constructed by
treating MC/9 cells with titrated doses of IL-10 or PEG-IL10. Both treatments resulted in
similar levels of proliferation of MC/9 cells at all concentrations, and their EC50 values
were almost identical (~0.003 ng/well). IL-10 was shown to exhibit controlled release from
PEG-IL10 hydrogels over 4-8 days. DCs in PEG-IL10 hydrogels also exhibited
significantly higher viability and lower expression of maturation markers than DCs in
PEG-4MAL hydrogels after 48 hours. Additionally, both IL-10 and encapsulation
contribute to the protective effects of this system against high levels of inflammation,
which is a sizable challenge against cell therapies in autoimmune patients. These PEG-
IL10 hydrogels are capable of IL-10 treatment through three mechanisms: (1) through burst
release of untethered IL-10 from hydrogels, (2) through controlled release of PEG-IL10 as
hydrogels degrade, and (3) through direct presentation of tolerance-inducing epitopes to

encapsulated cells.
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The final objective of this project was to evaluate the efficacy and mechanism of
action of hydrogel-delivered DCs in a mouse model of Multiple Sclerosis (MS). Mice with
experimental autoimmune encephalomyelitis (EAE) exhibit many of the same
characteristics as MS, such as antigen-specific autoimmune mechanisms, inflammation-
induced lesions in the CNS, resultant loss of motor function, and symptoms that progress
in severity. Previous studies have shown that the effectiveness of tolerogenic treatment is
highly dependent on the location of DCs. A primary motivation for biomaterial delivery is
to improve the efficacy of cell therapies through co-localization to the target site and post-
injection support. Thus, hydrogel-encapsulated DCs, DCs alone, or empty hydrogels were
injected prophylactically in the neck of mice near the cervical lymph nodes (LNs). Mice
receiving DCs by either delivery method experienced a delay in the onset of symptoms,
while only mice receiving hydrogel-delivered DCs had durable amelioration of symptoms
by peak disease. This difference in symptom severity suggests that the improved retention
of DCs at the injection site, post-injection support provided by PEG-4MAL hydrogels, or
both contributed to a more robust treatment. Post-processing of mouse tissues highlighted
a significant increase in the frequency of antigen-specific CD11b+ (CD, cluster of
differentiation) cells in the central nervous system (CNS) for hydrogel-delivered DC
groups, which have been previously identified as playing a fundamental role in immune
tolerance through the production of tolerogenic cytokines and induction of regulatory T
cells. Subsequent experiments utilizing congenic mice strains to differentiate between
delivered and endogenous cells showed a marked level of endogenous cell infiltration into
hydrogels 24 hours post-injection. In these same mice, maturation markers on endogenous

DCs were also significantly decreased in both the hydrogel environment and the CNS,
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suggesting that the downstream effects of the treatment reached the CNS in some way.
These infiltration effects were recapitulated in vitro, with splenocytes infiltrating far deeper
into DC-laden hydrogels than blank hydrogels, pointing to DCs as drivers of endogenous
cell recruitment. A series of autologous co-culture experiments were conducted to further
investigate the method of tolerance induction in vitro. DCs receiving various treatments
were co-incubated with splenocytes for 72 hours and T cell phenotypes were assessed.
Immature DCs (iDCs), tolerogenic DCs (DC10s), and DCs recovered from PEG-4MAL or
PEG-IL10 hydrogels all produced significantly higher frequencies of regulatory T cells
than activated DC controls or splenocytes alone. This increase in regulatory T cells was
accompanied by an increase in the expression of programmed cell death protein 1 (PD-1)
in T cells, signifying regulatory capabilities in CD4+ T cells and suppression of CD8+ T
cells. Additionally, these regulatory effects were only achieved in co-cultures utilizing
antigen, suggesting that the function of tolerance by these DCs is highly antigen-dependent.
Taken together, the experiments in Chapter 6 demonstrate the ability of optimized PEG-
4MAL hydrogel delivery scaffolds to improve the robustness of therapeutic DCs and
provides evidence towards how these DCs ameliorate symptoms of EAE. Based on the data
discussed herein, a newly proposed mechanism of tolerance can be derived: post-injection,
hydrogel-encapsulated DCs recruit endogenous lymphocytes which infiltrate the
biomaterial niche. DCs then modulate host T lymphocytes directly, host antigen-presenting
cells (APCs) which subsequently modulate T cells, or both. Tolerized host immune cells
then migrate to the CNS, where inflammation is regulated at the site of injury, impairing

the progression of lesions and ameliorating symptoms of paralysis.
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This experiment conducted herein takes advantage of the highly modulatory PEG-
4MAL hydrogel system to develop tolerogenic, IL-10-conjugated hydrogels that enable
targeted delivery of DCs and support DC viability, an immature phenotype, and tolerogenic
function. This biomaterial construct protects encapsulated DCs from external inflammation
while tolerizing adjacent cell populations through IL-10 release. The downstream
regulatory effects that originate at the immunosuppressive biomaterial niche significantly
ameliorate symptoms of EAE, confirming that this optimized biomaterial delivery system
improves the efficacy of a tolerogenic DC therapy. Additionally, the DC-biomaterial
interactions characterized herein accentuate the flexibility in tuning PEG-4MAL hydrogels

for other tolerogenic applications.
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CHAPTER 1. INTRODUCTION

Multiple Sclerosis is an autoimmune disease that causes neurodegeneration through
damage to the myelin sheath structure, leaving the brain’s axons susceptible to damage!-.
xThis neurodegeneration often results in impaired motor skills, and an estimated 75% of
Multiple Sclerosis patients are unemployed after 15 years due to the hardships of the
disease®. Few options exist for treatment of Multiple Sclerosis, and the pharmaceutical
agents currently being employed function through systemic immunosuppression which is
accompanied by an increased risk of developing other autoimmune diseases, susceptibility
to opportunistic infection, and other complications*. Drugs aiming to prevent the onset or
progression of Multiple Sclerosis have variable patient responsiveness and can only be
monitored by long-term tracking of relapses*®. Recent strategies to treat autoimmune
disease without shutting down systemic immunity have focused on modulating immune
cells in an antigen-specific manner®. Biomaterial delivery of immunomodulatory cells
improves the effectiveness of these cellular therapeutics by promoting cell viability and
functionality and by localizing cells to a disease-relevant site. We hypothesize that
biomaterial delivery systems functionalized with immunosuppressive cytokine IL-10 will
promote DC-mediated amelioration of autoimmunity.

The main objective of cellular therapies against autoimmune disease involves
skewing the T cell compartment towards tolerance in an antigen-specific manner. Thus,
the design of biomaterials to maintain cell viability and the ability to condition T cells
towards tolerance is paramount for effective treatments. As IL-10 has been shown to induce

a tolerizing phenotype in DCs”8, the proposed delivery system utilizes IL-10 covalently-



tethered to PEG-4MAL polymers in a bulk hydrogel carrying therapeutic DCs. This
strategy aims to fully optimize the viability, function, and localization of delivered DCs by
(1) uncovering structure-function relationships between PEG-4MAL scaffolds and
encapsulated DCs, by (2) incorporating adhesive and immunological cues to promote the
sustained function of therapeutic DCs post-injection, and by (3) validating the contribution

of PEG-4MAL delivery and the mechanism of tolerance in a mouse model of MS.

1.1 Research Significance and Innovation

The innovation here lies mainly in applying cutting-edge immunological and
neuropathological concepts for tolerance-induction and immunomodulation that can be
induced and capitalized on using the multi-component modular, biomaterial approach. It is
anticipated that the proposed strategy will be clinically translatable due to its personalized,
scalable, immunomodulatory ability for multiple MS antigens, localized at a key
anatomical location as a means of modulating the immune status. The unique concepts used
here include the use of IL-10 for IL-10-secreting DC10s induction as these cells have a
unique role in tolerance induction through human leukocyte antigen G (HLA-G) and type
1 regulatory T cells (Tr1)°. A significant advantage of DC10s is the ability to process and
present other self-antigens in a regulatory context!®, whereas acellular, single antigen-

based approaches are limited to one epitope!!:!2

. The environment surrounding the cell-
based delivery system and cervical LNs can influence the recruitment of immune cells and
antigen from the CNS. It is expected that tolerogenic DCs will modulate autoimmune

mechanisms by conditioning cognate T cells and other DCs recruited to the gel and the

cervical LNs. Tolerized endogenous DCs and Tregs will exert their effects after migration



to the CNS, which is antigen-driven!® and increased in individuals with MS'4. Using
notation for the human system, the mechanisms of this immunomodulation is expected to
be multifunctional (1) through an IL-10 and HLA-G+-mediated inhibition of effector
cells'>!7, (2) HLA-G1 trogocytosis to form both of CD8+ and CD4+ HLA-G+ regulators'8,
and (3) IL-10 induced expression of HLA-G to form Trl1'. In the human application,
tolerogenic DCs will be derived from peripheral blood mononuclear cells (PBMCs), which
has been shown to produce stable and tolerance-inducing cells even when derived from
patients with Systemic Lupus Erythematosus (SLE)?° and MS?!.

Another innovation is delivering the biomaterial in the cervical (neck) region to
localize immunomodulation at an anatomical site of unique pathophysiological

significance for the CNS?24

, and presumably for disease intervention. Thus, hydrogels
containing DCs will be injected subcutaneously into the neck of mice, the region drained
by the cervical LNs, which also drain the CNS?>2, In this way, the immunomodulatory
function of these DCs and their secreted products are placed at the relevant tissue site for
MS, where immune cells and antigens from the CNS would drain to the cervical LNs?’.
Scalability is achievable by this biomaterial delivery strategy to facilitate translation to
large animal models and clinical applications. The base polymer of the hydrogel, PEG, is
used in FDA-approved products, and the hydrogel degradation products have no local or
systemic toxicity, minimal inflammation, and are rapidly cleared via the urine (96%
clearance in 24 hours)®®. Although injectable PEG-based hydrogels have not yet been
pursued for FDA-approval, these biomaterials are safely used in vivo across a wide variety

of applications in the literature*>-!. In general, this tolerogenic biomaterial system serves

as a model for developing cell-delivery scaffolds in immunosuppressive applications and



other complex immunological diseases where a multipronged approach is needed (e.g.,
islet transplantation for treatment of Type I diabetes, T1D). This biomaterial carrier’s
ability to target delivered cells and provide post-injection support at the implant site is
expected to yield benefits analogous to use of injectable materials to support islet

engraftment or for delivery of stem cells.



CHAPTER 2. SPECIFIC AIMS

2.1 Specific Aim 1

Characterize the relationships between the biophysical and biochemical properties

of PEG-4MAL hydrogels and dendritic cell viability and an immature phenotype.

2.1.1 Significance and Approach

Aim 1 is focused on the relationship between the mechanical properties of
biomaterials scaffolds and the viability and phenotype of encapsulated DCs. Much effort
has been dedicated to studying materials that act as adjuvants to DCs (including past work
from this lab). Still, little has been done to further develop biomaterial delivery systems for
DCs functioning in the opposite context, immunosuppression. Biomaterial epitopes that
mimic pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) have long been the focus of immune cell-biomaterial interactions.
However, this research aims to characterize the relationship between biophysical and
biochemical properties, both microscopic and macroscopic, and DC viability and
phenotype. The stiffness, mesh size, degradability, and adhesive properties of PEG-4MAL
hydrogels will be probed through varying the polymer density, macromer size, crosslinker
type, and adhesive peptides. The results from Aim 1 are expected to elucidate the governing
principles influencing DC viability and phenotype to provide a framework for the
development of biomaterials tailored to DCs in tolerogenic applications. This work will
serve as an optimization process for the delivery scaffold to be used in Aims 2 and 3, as

well as an investigative approach to defining the effect of these bulk hydrogels with varying



biophysical and biochemical properties on DCs. We hypothesize that RGD-functionalized
hydrogels with lower stiffnesses and moderate mesh sizes that are fast will best support

encapsulated DC viability and an immature phenotype.

2.2 Specific Aim 2

Design and characterize controlled release hydrogel systems functionalized with IL-
10 to further support viability and an immature phenotype in DCs, protect DCs from

inflammation, and directly tolerize cells adjacent to the delivery site.

2.2.1 Significance and Approach

Materials that have no activating effects on immune cells have been discovered and
were previously considered “bioinert,” but the research proposed here aims to transform a
polymer-based biomaterial into a material that is capable of directly inducing tolerance
while also achieving targeted cell delivery. To date, there have been no biomaterial
epitopes identified that inducing tolerogenic or regulatory signaling in DCs. The
multifunctional biomaterial platform utilized herein allows direct attachment of
biomolecules to the polymer structure, enabling both (1) presentation of
immunomodulators to encapsulated cells and (2) controlled release of immunomodulators.
For subsequent experiments in this thesis, the optimized hydrogel formulation for our
proof-of-concept disease model will be utilized based on the findings from Aim 1. The goal
for this aim is to engineer immunomodulatory PEG-4MAL scaffolds that support
therapeutic DC viability and function through covalently tethering IL-10 to PEG-4MAL.
This process will first involve the modification of IL-10 to add free thiol groups before

developing the PEGylation process. The bioactivity of PEG-4MAL-bound-IL-10 (PEG-



IL10) will be thoroughly investigated and the effect of tethered IL-10 on DCs before and
after release from hydrogels will be quantified. Additionally, proposed experiments will
illustrate the protective effect of hydrogel encapsulation and IL-10 treatment against
inflammation by incubating DC-laden hydrogels in media with a relatively high
concentration of a moderate stimulus (tumor necrosis factor-a, TNF-a; and interferon-y,
IFN-y) or a severe stimulus (lipopolysaccharide, LPS). The controlled release of tethered
IL-10 from the optimized PEG-IL10 hydrogels will be modeled and tuned to meet the
needs of our in vivo application. We hypothesize that IL-10 conjugation to PEG-4MAL
will not significantly affect its bioactivity. We expect that these hydrogels will promote a
tolerogenic phenotype in encapsulated DCs, protect encapsulated cells from inflammation,

and directly tolerize nearby cells through the controlled release of IL-10.

2.3 Specific Aim 3

Assess the ability and primary mechanism of hydrogel-delivered dendritic cells to

ameliorate symptoms in a mouse model of MS.

2.3.1 Significance and Approach

While identifying DC-biomaterial interactions to develop a suitable delivery system
(Aim 1) and engineering an otherwise benign biomaterial to induce tolerance (Aim 2)
represent significant contributions to scientific knowledge, Aim 3 focuses on confirming
the benefits of biomaterial delivery in vivo, which is most important to advancing the
clinical translation of DC therapies. Experiments in Aim 3 will first assess the ability of
the proposed cell-biomaterial therapy to ameliorate autoimmune disease in a model of

experimental autoimmune encephalomyelitis (EAE) compared to DCs delivered



subcutaneously. DC10s are known to be proficient at inducing T regulatory cells, but these
experiments aim to illustrate the importance of targeted delivery and post-injection cell
support provided by our immunosuppressive biomaterial niche. Processing immunological
and disease-relevant tissues (such as the spleen, LNs, CNS, and the hydrogel site) of EAE
mice will provide insights into the mechanism of tolerance that leads to amelioration of
symptoms. By employing congenic strains of mice, delivered DCs can be tracked, and the
phenotypes of delivered and endogenous cells can be distinguished. Migration and co-
culture studies in vitro will be conducted to recapitulate the effects observed in vivo and
further support the proposed mechanism. We hypothesize that, compared to DCs
inoculated independently, hydrogel-delivered DCs will significantly ameliorate symptoms

of EAE mice through the induction of T regulatory cells mediated by IL-10.



CHAPTER 3. LITERATURE REVIEW

3.1 The Role of Dendritic Cells in Immune Responses

3.1.1 Adaptive Imnmune Responses

Identification of DCs was credited to Ralph Steinman in 1973 when he discovered
that these cells were required to produce a humoral immune response®2. He named these
cells based on their dendritic extensions, a process by which DCs create a greater cell
surface area for enhanced antigen sampling. DCs are considered professional antigen-
presenting cells (APCs), whose primary role is to phagocytose proximal antigen, internally
process antigens, and present antigens on major histocompatibility complexes (MHCs) to
condition other immune cells. DCs are responsible for recognizing self and foreign antigens
and subsequent conditioning of T cells, B cells, and other immune cell types.

The three effector mechanisms of adaptive immunity**34, defined as being antigen-
specific, are: (1) B cell differentiation into plasma cells, which secrete specific antibodies
as the humoral response; (2) CD4" T helper (Tw) cells are conditioned by APCs and assist
immunogenic functions through cytokine release and effector cell support; and (3) CD8*
cytotoxic T (Tc) cells are conditioned by APCs and specifically attack antigen-presenting
pathogens. Thus, DCs are necessary to instruct the downstream immune response for
effective immunity in response to foreign antigens or homeostatic tolerance in response to

self-antigens.



3.1.2  Development and Function of Dendritic Cells

DC development begins with hematopoietic progenitor cells in the bone marrow,
which differentiate into plasmacytoid DC (pDC) or conventional DC (cDC) progenitors
that circulate through the body*>*. Plasmacytoid and conventional DCs differ in their
morphology, surface marker expression, function, and expression of PRRs**. The life cycle
of DCs includes differentiation into immature DCs, infiltration into peripheral tissues,
sampling the environment for antigen, phenotypic maturation in response to a pathogen,
migration to proximal LNs, and conditioning effector cells until cell death. DCs have an
extremely limited ability to proliferate, and it has been estimated that the lifespan of DCs
is on the order of 2 weeks once reaching the fully differentiated iDC state®’.

Circulating DCs continue to develop and infiltrate peripheral tissues through the
vasculature where naive, or immature, DCs begin to sample antigen. In peripheral tissues,
DCs are continually sampling their environment using pattern recognition receptors
(PRRs) such as toll-like receptors (TLRs), Nod-like receptors (NLRs), c-type lectin
receptors (CLRs), and retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) to
search for epitopes that warrant an immune response®®. Upon ligation of PRRs, DCs
envelope the foreign material through phagocytosis, receptor-mediated endocytosis, or
micropinocytosis, and each affects the presentation of peptides by DCs differently3*4°.
Intracellular DC machinery then digests proteins and presents a representative peptide on
MHC-I or MHC-II (depending on the context) to enable highly specific conditioning of
lymphocytes with the same specificity*!. After processing foreign antigen, DCs
fundamentally change their function by downregulating molecules involved in antigen

sampling (CC-chemokine receptor-5, CCRS, and CCR6) and upregulating cell surface
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markers (CD80, CD86) and cytokines (TNF-q; interleukin-12, IL-12) involved in
conditioning lymphocytes and CC-chemokine receptor-7 (CCR7), which drives their

migration to LNs!#+2

. LN architecture enables fast and efficient sampling (driven by
lymphocyte affinity to peptide-MHC, pMHC) of lymphocytes by DCs searching for
immune cells specific to the presented antigen. Once a cognate lymphocyte is found, the
process of conditioning involves three types of signaling: (1) T cell receptors (TCR) bind
to pMHC on DCs to ensure DCs are modulating the appropriate lymphocyte, (2)
differential expression of co-stimulatory (CD80, CD86) and co-inhibitory (programmed-
death ligand-1, PD-L1) molecules signaling activation or regulation of lymphocyte
functions, and (3) distinct secreted cytokines (IL-10, IL-12, TNF-a, interleukin-6, IL-6;
transforming growth factor-f, TGF-P) that inform the type of effector function to be
induced**#. Additionally, there have been some examples DCs imprinting a target location
for T cells to migrate to, although this does not always occur (or has not been identified).
For instance, gut-homing lymphocytes primed by retinoic acid-induced upregulation of
asP7 and CC-chemokine receptor-9 (CCR9)*. Similarly, DCs imprint skin trafficking on
lymphocytes by vitamin D-mediated upregulation of CC-chemokine receptor-10 (CCR10)
on T cells*’. Recent studies have shown that lung resident DCs were capable of targeting
lymphocytes to the lung tissue via CCR4%4,

DCs are the bridge between innate and adaptive immunity and the most proficient
cells at conditioning antigen-specific immune responses. DCs are directly involved in
vaccination and immunotherapies due to their plastic and robust nature. As cells

indispensable to a competent immune system, DCs are an important target for both

immunoactivation, as related to infectious disease prevention® and treatment of solid
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tumors®>!; and immunosuppression, as related to transplantation acceptance®? and

autoimmunity®33-4,

3.2 Pathophysiology of Multiple Sclerosis

Treatment of MS in human patients is the eventual goal of the research conducted
herein. Biomaterial optimization and design will be tailored to the context of MS treatment
and will be validated in a murine model of MS (EAE). However, the strategies developed
here can be modified to cater to any cell therapy delivered in an immunosuppressive
context, such as in the treatment of autoimmune disease, transplantation, and allergy.
Autoimmune diseases are disorders of the immune system which, due to genetic

predisposition®> or environmental factors®®->8

, result in chronic inflammation or antigen-
specific destruction within the body. The initiators of autoimmune disease are varied and
widely debated, but common threads suggest that immune cells recognize self-antigens as
foreign pathogens and activate immune response to host tissues®”. Breakdowns in
homeostatic tolerance mechanisms may also contribute to disease, by which developing
autoreactive T cells escape negative selection in the thymus. In antigen-specific
autoimmune diseases such as MS, DCs and other APCs have been implicated in the

pathological changes that lead to autoimmune disease®®-%°.

3.2.1 Multiple Sclerosis

MS is an autoimmune inflammatory disease characterized by axonal demyelination

in the CNS and resultant neurological deficits>*!

. Multiple sclerosis (MS) is the most
common cause of chronic neurological disability and remains a considerable detriment to

the health and financial well-being of the US population®!. Within 15 years of diagnosis of
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relapsing-onset MS, 75% of patients are unemployed®!. It is estimated 3% of the US
population is affected by an autoimmune disorder, including MS?. Neurodegeneration due
to MS can lead to a loss of motor control, cognitive deficits, and eventual paralysis®.
Currently, there is no cure for MS, and present treatment strategies aim to slow the
progression of neurodegeneration in patients through inhibition of neuroinflammation. The
autoimmune attack on the CNS in MS has been suggested to be a secondary pathogenic
factor evoked by CNS injury®?. Autoimmunity against myelin antigens, such as myelin
basic protein, further exacerbates the autocatalytic process of neurodegeneration®®. IFN-y-
producing Tul and interleukin-17 (IL-17)-producing Tul7 CD4+ helper T cells contribute
to CNS autoimmunity®®. Tul and Tul7 cells are proinflammatory and propagate
autoimmune responses through uncontrolled activation of other Ty cells, myelin-specific
CD8+ T cells, autoantibody-producing B cells, and cognate DCs®. This immunoactivation
can be controlled by tolerance-inducing regulatory T cells (Tregs) and regulatory B cells,
and a deficit of regulatory Forkhead Box P3+ (FoxP3+) T cells (CD4+ and CD8+) is
associated with MS lesions!'>%%, Thus, the severity and progression of MS is dependent on
the balance between the number and functional capacity of inflammatory auto-reactive T
cells and Tregs®®. Thus, many therapeutic strategies aim to either increase the number and
functional capacity of Tregs or decrease the number and functional capacity of autoreactive
Tul, Tul7, and CD8+ T cells.

Leading treatment strategies include drugs such as beta interferons, glatiramer
acetate, dimethyl fumarate, fingolimod, mitoxantrone, ocrelizumab, and natalizumab>¢!-67,
These drugs function through systemic immunosuppression by inhibiting immune cell

proliferation, replacing endogenous immune components, and preventing immune cells
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from crossing the blood-brain barrier (BBB)>%. If successful, these treatments only act to

slow disease progression and are accompanied by a myriad of side effects such as a higher

risk of opportunistic infection, risk of autoimmunity, depression, and organ damage*.
While the exact cause of MS is under debate®®, significant findings have highlighted

both genetic®®> and environmental factors®>7->8

as being correlated to the onset of MS.
Candidate genes have been linked to both MS and other autoimmune diseases, suggesting
that the onset of MS is indeed immune-mediated, likely through modulation of

inflammatory cytokines®-7°,

Evidence of environmental factors contributing to
autoimmunity primarily points toward molecular mimicry as the pathological mechanism,
which is the concept that a foreign antigen processed by APCs may closely mimic an
autoantigen®. Increased inflammation adjacent APC presentation of self-antigen and APC-
induced activation towards molecular mimics results in an autoimmune state of
autoreactive immune cells.

Once MS is established in an individual, T cells targeting epitopes on myelin basic
protein (MBP), myelin-oligodendrocyte glycoprotein (MOG), or proteolipid protein (PLP)
in the CNS destroy the myelin sheath leaving axons exposed®. Self-inflicted
neurodegeneration causes signal propagation to be inefficient and eventually disrupted,
which translates to a loss of motor control, other cognitive deficits, and eventual paralysis.
Several disease subtypes of MS in humans exist, most commonly including relapsing-
remitting MS (RR-MS), primary progressive MS, and secondary progressive MS>°. The

heterogeneity in disease subtype, diversity of target self-antigen, and variable patient

responsiveness make MS difficult to treat effectively.
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3.2.2  Mechanisms of Tolerance

In healthy individuals with a stable immune system, tolerance is achieved primarily
through central tolerance and peripheral tolerance. Central tolerance is the process of
negatively selecting autoreactive T cells and B cells in the bone marrow and thymus while
they are in development’!. Perturbations to these homeostatic tolerance mechanisms have
been suggested to contribute to the development of autoimmune diseases.

In the thymus, T cells are first checked for their capability to bind to pMHC
complexes before assessing their affinity to self-antigen’. T cells that bind self-peptides
are signaled to apoptose, protecting the individual from the downstream auto-inflammation
that would have otherwise occurred®*. The purpose of peripheral tolerance is to inhibit any
autoreactive lymphocytes that might escape central tolerance mechanisms. In peripheral
tissues, self-reactive T cells are controlled in three ways: clonal deletion, conversion to T
regs, or induction of anergy’. Clonal deletion is achieved by apoptosis of autoreactive T
cells conditioned by healthy DCs that correctly identify self-peptides. This direct
mechanism of killing T cells is analogous to the clonal deletion process in the thymus
during central tolerance. DC-mediated conversion of autoimmune T cells into Tregs can
also occur by secreting immunosuppressive cytokines (namely IL-10) and presenting co-
inhibitory surface markers (or just a lack of co-stimulatory markers) in the context of self-
pMHC complexes™. This process also induces tolerogenic phenotypes in other
lymphocytes, such as macrophages and B cells. The final mechanism of peripheral
tolerance is the induction of anergy, a state defined by T cell inaction in response to their
cognate antigen. T cells are suppressed by DC presentation of the cognate antigen in the

absence of co-stimulation (CD80, CD86) or the presence of co-inhibition (PD-L1)7.
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Anergic conditioning renders T cells ineffective which neutralizes its autoreactive immune
response and moderates over-stimulated inflammation.

Tregs, whether induced or natural, play a vital role in the homeostasis of immunity
in healthy individuals. Tregs maintain tolerance in CD4+ T helper cells, CD8+ cytotoxic
T cells, B cells, and other lymphocytes, most notably through secretion of
immunosuppressive cytokines, such as IL-10, adenosine, and TGF-B’6. These cells are also
able to regulate their educators, DCs, through a combination of immunosuppressive
cytokines and presentation of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
which binds co-stimulatory molecules on DCs’”. Regulatory T cells can tolerize cognate
DCs through depletion of pMHC complexes from the surface of DCs in an antigen-specific
manner by trogocytosing portions of the DC membrane’®. Studies have shown that mature
DCs tolerized by Tregs can become immunosuppressive by upregulating the production of
indoleamine 2,3-dioxygenase (IDO), an immune checkpoint molecule that suppresses T
effector cells and induces tolerized phenotypes in other lymphocytes”. Tregs also maintain
functioning immunity by killing autoreactive T effector cells through Granzyme B-
mediated apoptosis®. Increased levels of interleukin-2 (IL-2), a characteristic of T effector
cell activation and proliferation, can be sensed by Tregs and leads to the initiation of these

various immunosuppressive processes as a method to moderate inflammation®!.

3.2.3 Strategies for Intervention

Therapeutic modulation of the immune system to treat autoimmune disease is
targeted mainly to the components of homeostatic tolerance discussed previously.
Clinically active and progressive MS is treated with drugs such as interferon 3-1o (IFN(-

la), glatiramer acetate, teriflunomide, dimethyl fumarate, fingolimod, mitoxantrone,
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alemtuzumab, and natalizumab>-¢!-67

. These drugs generally suppress immune function by
hindering immune cell proliferation, serving as an immune system decoy, and reducing
immune cell migration through the BBB%. While these drugs slow MS progression, they
only reduce the symptom severity and disease progression and are associated with
increased risks of infection, depression, and organ damage®'. Recent studies have shown
effectiveness in ameliorating EAE with acellular, biomaterial-based tolerizing strategies,
such as a dual-nanoparticle system that drains to LNs and modulates DCs in vivo'2.
However, acellular approaches are limited to the antigen being delivered and cannot adapt
to antigen-spreading or unknown antigens. Therapeutic strategies based on DC-delivery
also benefit from the ability to condition several types of immune cells directly and migrate
based on chemotactic or antigen gradients in vivo.

Promoting tolerance towards MS-disease associated antigens is expected to
ameliorate MS disease immune stimulation. Antigen-specific DC-based immunotherapies
are being considered to replace the above noted broadly immunosuppressive drug therapies
to reduce patient risks and maximize therapeutic outcomes®. Theoretically, antigen-specific
therapeutic vaccination is designed to specifically restore tolerance to self-antigens. In this
way, treatment specifically targets the autoimmune disease without systemic effects on the
immune system. DC phenotype is central to determining the balance between immunity
and tolerance, and an imbalance mirrors that of T cells and contributes to autoimmunity.
This is demonstrated by DCs in the CNS that play dual roles of supporting the EAE disease
process®? or of inhibiting T cell responses leading to protection from EAE®, presumably
as directed by the DC phenotypic spectrum. As discussed previously, tolerogenic DCs can

induce Tregs®*, which are responsible for inducing tolerance®. Tregs have the ability to
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produce various anti-inflammatory molecules, such as immethridine, histamine H3-
receptor agonist®®, or 14-dehydroergosterol®’, to affect endogenous DCs function.

The level of investigation into tolerogenic DC therapies has expanded since Getts et
al. first demonstrated long-term T-cell tolerance using apoptotic splenocytes crosslinked to
present encephalitogenic peptides??®®. Some protocols deliver tolerogenic DCs induced
with immunomodulatory molecules such as 1,25-dihydroxyvitamin D3 (VD3)*-*! and IL-
10°2, while more recent strategies have employed hepatocyte growth factor (HGF)»%4,
BD750 (a JAK3/STATS inhibitor)?®, GSK-J4 (a selective inhibitor of IMJD3 and UTX)®,
triterpenoid CDDO-DFPA (RTA-408)°7, Tofacitinib (a Janus kinase inhibitor)®%, LPS®,

100,101

and apoptotic cells . Interestingly, the mechanism by which apoptotic cell-treated DCs

induce tolerance appears to mirror DCs treated with IL-10 and TGF-, which function by

blocking Twul7 cell activity!'®!

and inhibiting CD4+ effector memory T cell
development!'?, Specifically, apoptotic cell-treated DCs induce Tregs by secreting TGF-B,
inhibiting T cell proliferation by upregulating PD-L1, and by downregulating retinoic acid
receptor—related orphan receptor yt (ROR-yt), IL-21, and IL-22 in CD4+ T cells!'®!. Other
strategies have genetically engineered tolerogenic DCs to overexpress various immune
mediators, such as CD40 and interleukin-23p19 (IL-23p19)!%2, and CCR5'*, Recent
studies administer tolerogenic DCs through intravenous, intradermal, intraperitoneal,
intranodal, and subcutaneous delivery, resulting in a systemic distribution of therapeutic
DCs!'%195 However, systemic delivery may not be optimal as intracerebral (but not
systemic) delivery of stimulatory or inhibitory tolerogenic DCs mediated EAE disease

severity or amelioration, respectively, suggesting that the anatomical site for DC delivery

is important for neurological functionality!%. Furthermore, the primary antigen target may
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not be known, or it may shift during disease progression, known as epitope spreading,
making antigen responsiveness of adoptively transferred tolerogenic DCs a desirable
benefit of this approach — a phenomenon known as “infectious tolerance”'%’. Another
consistent trend across studies with tolerogenic DCs is that large numbers of cells and often
multiple doses of tolerogenic DCs are necessary for significant amelioration of
EAE®-198.109 Multiple doses are likely necessary due to the low yield of tolerogenic DCs
that remain viable, tolerogenic, and reach the target site (cervical LNs). While multiple
high doses of tolerogenic DCs may ameliorate autoimmunity in mice, this strategy presents
a challenge to translation, where cost and cell number are major barriers to therapy
development. The tolerogenic DCs utilized herein will take advantage of the natural
immunosuppression provided by IL-10, which produces DCs that have superior
tolerogenic function versus other treatments’.

Tolerance-inducing therapeutics are currently under clinical investigation. To date,
three open-label, single-center phase I clinical trials evaluating the safety and tolerability
of myelin-derived peptide-pulsed tolerogenic DCs administered intradermally,
intranodally, or intravenously are ongoing or have recently concluded (clinicaltrails.gov
identifiers NCT02618902, NCT0290353, and NCT02283671)!'°. Nonetheless, numerous
questions remain including dose, route, and frequency of administration before the
widespread use of these vaccination strategies!!!. Of these, the route of delivery for
tolerance inducing strategies is particularly important since the site of deposition of the
administered product will influence the immune response induced. For induction of
tolerance, tolerogenic DCs would need to exert their effects on autoreactive T cells found

in relevant lymph nodes. Another cited issue is that delivered tolerogenic DCs may need
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to shuttle to draining lymph nodes or may need to exert their immunomodulatory effect
upon migration across the BBB. Steady-state migration of DC out of the CNS to cervical
LNs is noted to be essential for the maintenance of immune tolerance to brain-derived
antigens'!2, Results from NCT02283671 show that delivering tolerogenic DCs was safe
but had limited efficacy based on secondary measurements'®. In another DC therapy
utilizing immunoactivated DCs to promote immune responses in solid tumors, migration
towards lymph nodes was much lower after subcutaneous injection than after intradermal
injection, whereas the migration of intravenously injected cells has so far not been
monitored in humans!!*!'% Nevertheless, in vivo studies in patients with cancer have
shown that, after intradermal injection, only 2—4% of the DCs migrate to draining lymph
nodes!'®. Poor targeting of DCs has been supported in several murine studies, with one
study showing DC accumulation in the liver and spleen after intravenous delivery!®* of
tolerogenic DCs in a model of EAE. One potential problem with wide biodistribution of
tolerogenic DCs is the hindrance of functional immunity in off-target organs. The
physiological process for DC migration to LNs involves sampling antigen, maturing, and
activating various migratory mechanisms. In the context of tolerogenic DCs, activation is
counterproductive to the tolerizing function of the cell therapy, and alternative delivery
methods need to be investigated. Improved delivery of tolerogenic DCs will contribute to
better potency and lower costs which will be imperative after translation to autologous
therapies, where cell number will be a limiting factor. Local delivery of tolerogenic DCs
via biomaterial systems can overcome issues such as potency, risk of disease propagation,

cost of therapy, and therapeutic efficacy.
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3.3 Dendritic Cell Responses to Biomaterial Systems

3.3.1 Biomaterial Adjuvant Effect and Receptor Signaling

Biomaterials are an essential consideration to achieve the optimal effectiveness of
immunotherapies, as shown by the elucidation of immune cell-biomaterial interactions by
the work of Julie Babensee et al''>!'7. The discovery of differential responses in DC
activation and downstream T cell stimulation to various biomaterials inspired many of
today’s biomaterial immunomodulation strategies. DCs adjust their immune function
accordingly, based on direct recognition of PAMPs on biomaterials through PRRs!!8119,
which can result in favorable immunoactivation (such as in vaccination) or unfavorable
immunoactivation (such as in transplantation). Work in this field has shown differential
DCs responses to glycoconjugates'!® and highlighted materials such as polyethyleneimine
(PEI) and polylactic-co-glycolic acid (PLGA) as significant adjuvants for DCs!?°,
Oppositely, discoveries of biomaterials with non-activating epitopes, including hyaluronic
acid and agarose-based scaffolds, resulted in immature and stable responses from DCs.
Thus, biomaterial selection criteria and scaffold design parameters are heavily application-
dependent and must be considered carefully.

Beyond the recognition of specific adjuvanting epitopes, the use of biomaterials to
deliver payloads within nanoparticles (NPs) and microparticles (MPs) illuminated another
set of biomaterial properties that influence DC activity. Parameters such as particle size,
shape, and charge have been shown to significantly impact DC maturation'?!. Some
examples from recent studies have engineered biomaterial NPs and MPs to target

51,122

endogenous DCs and direct antigen processing outcomes . Biomaterial adjuvants such

as PEI have been used as delivery vehicles for antigen and chemokines to instruct antigen-
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specific activation of DCs in situ'?*!124, Biomaterial encapsulation of tissues such as islet
clusters delayed host rejection in a model of autoimmune diabetes mellitus?®!2°. DC-
stimulating biomaterials have been utilized as cell delivery systems in the case of DC
vaccination against solid tumor antigens>%!2°,

However, there are far fewer studies investigating tolerance-inducing biomaterials
for the maintenance of homeostatic immunity. To our knowledge, there are no biomaterials
with molecular patterns that potentiate tolerogenic signaling with the exception of
polysaccharide A — an endotoxin response to LPS, which is generally outweighed by a
parallel inflammatory response!?’. However, the modular PEG-4MAL biomaterial system

has been shown to be non-activating towards immune cells and can be engineered to

promote tolerance through other functionalities.

3.3.2  Effect of Mechanical Characteristics on Encapsulated Cells

The process of encapsulating DCs in three-dimensional biomaterial scaffolds
expands the range of properties that can modulate encapsulated DCs. The effects of the
biophysical and biochemical properties of the environment on DCs have not been
characterized as well as the effects of biomaterial epitopes. Cellular differentiation,
morphology, viability, and function have been shown to be mediated by cell-extracellular
matrix (ECM) interactions such as cellular attachment and spreading!?%!12°,

Mechanosignaling due to matrices with differential stiffnesses direct mesenchymal
stem cells (MSCs)!3, pancreatic progenitors'?®, and neural stem cells'?® to commit to
different developmental pathways. Integrin-mediated signaling resulting from cell-cell and

cell-ECM interactions has been implicated in cell morphology, differentiation, survival,

and other cell processes!?®131-135 A previous study demonstrated an adhesive peptide
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mimicking the bioactive epitope of fibronectin, RGD, differentially increased DC
maturation with increasing RGD concentration!¥. Tt is unclear whether downstream
signaling of DC receptor ligation by RGD or the ability for DCs to recognize the substrate
stiffness due to RGD is responsible for maturation. Cellular signaling from cell-ECM
interactions is often different between two- and three-dimensional matrices, and it is widely
accepted that three-dimensional synthetic polymer matrices can be engineered to provide
a more biomimetic cellular environment'?®,

Additionally, mechanical stimulation of DCs leads to increased expression of co-
stimulatory molecule CD86 and cell death!?”. These effects have been observed in our lab;
when training new students to handle DC cultures correctly, physical disturbances to the
culture plates often results in DCs with activated phenotypes similar to our mature controls.
Poly(2-hydroxyethyl methacrylate) (pHEMA) and poly(dimethylsiloxane) (PDMS)
hydrogel scaffolds with varying pore sizes have been shown to differentially modulate DC
viability, expression of co-stimulatory markers (CD86, CDS80), and secretion of
inflammatory cytokines (TNF-a, IL-6)!3%, This handful of studies suggests that the scope
of biomaterial properties that modulate DCs is more extensive than what has currently been

studied.

3.4 Biomaterial Systems for Cell Delivery

3.4.1 Controlled Release of Biomolecules

Efforts towards engineering biomaterial systems with controlled release of
biomolecules can be organized into two major categories: entrapment of biomolecules

within biomaterials and tethering biomolecules to biomaterials. Strategies of biomolecule
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entrapment include PLGA NPs with therapeutic payloads and polymer-dense hydrogel
scaffolds loaded with drugs control release of payloads by designing a system that
significantly impedes diffusion. Alternatively, tethering strategies include therapeutics
bound to PEG chains to increase circulation time and hydrogel scaffolds that can be
tethered with virtually any biomolecule to achieve sustained release as the scaffold
degrades.

There are currently more than 200 approved biomolecules used to treat various
diseases and there are over 1,500 in clinical trials. Biomolecules such as monoclonal
antibodies, growth factors, hormones, and cytokines are most commonly used to kill
specific cells or inactivate unwanted proteins but they can also be applied to influence cell
differentiation, activation, migration, and other cellular processes. Many strategies have
been developed to extend or improve the delivery of drugs, thereby increasing their
effectiveness. Biomaterials have a major role in the design of controlled release systems
for the delivery of biomolecules, most commonly through encapsulation of pharmaceutical
and biological compounds. Nanoparticles, microparticles, hydrogels, and their biological
analogs (liposomes, micelles, etc.) deliver payloads in a highly tunable fashion by
modulating particle size, shape, hydrophobicity, degradability, charge, and other factors'3*-
141" Site targeting can be accomplished through the functionalization of particles with

142,143

tissue-specific peptides . Diffusion of biological compounds from polymeric hydrogel

systems can be further engineered by modulating hydrogel volume, drug concentration,
and, most importantly, mesh size!44-146,

Controlled release through biomaterial functionalization is most simply achieved by

conjugating polymer chains (i.e., PEGylation) to biomolecules to extend their half-life of
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147 Biomaterial functionalization with chemokines,

circulation by reducing renal clearance
cytokines, or other biologics can direct cells to mediate cellular activities such as migration,
proliferation, survival, and differentiation. This conjugation of biomolecules to biomaterial

systems enables robust control over the rate and location of release in response to various

stimuli. Microgels and hydrogel scaffolds degrade and release product differentially by

149,150 tlSl

exposure to water!*®, proteases , ultraviolet light'>!, change in pH!*2, or combinatorial
gates!> depending on the hydrogel crosslinker. Engineering stimuli-sensitive crosslinkers
allows for robust spatiotemporal control over biomolecule release.

The modular function of biomaterials to present biomolecules and control their
release is an important consideration for immunomodulatory strategies. PEG-4MAL
hydrogel systems are empowered by such approaches, enabling both immunomodulator

presentation to encapsulated DCs and protease-responsive controlled release of

immunomodulators.

3.4.2 Biomaterial Hydrogels as Cell Delivery Scaffolds

Hydrogel systems are increasingly being used as cell delivery scaffolds in cell

29,30 154,155

therapy!?S, transplantation®-°, and regenerative medicine applications. Hydrogels
significantly improve the effectiveness of cell therapies through localized delivery of cells
to disease-relevant sites. In transplantation, hydrogel delivery of transplanted cells or
tissues prevents endogenous DC recognition of foreign antigens presented on transplanted
tissues by functioning as barriers®. Hydrogel systems are especially utilized in a
regenerative capacity, where the polymer matrix can serve as a temporary ECM to be

remodeled by infiltrating cells in a tissue-specific manner while also presenting cues that

support cell growth and vascularization!¢.
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Cellular differentiation, morphology, viability, and function have been shown to be
mediated by cell-ECM interactions such as cellular attachment and spreading!Z%!2°,
Cellular signaling from cell-ECM interactions is often different between two- and three-
dimensional matrices, and it is widely accepted that three-dimensional synthetic polymer
matrices can be engineered to provide a more biomimetic cellular environment'S,
Mechanosignaling due to matrices with differential stiffnesses direct mesenchymal stem
cells (MSCs)!'*0, pancreatic progenitors'?®, and neural stem cells'?® to commit to different
developmental pathways. Cellular attachment due to various adhesive ligands in synthetic
hydrogels control the fate of immune cell function and differentiation!>’.

Mechanical properties of biomaterial scaffolds for cell delivery is an essential
consideration for the viability and function of encapsulated cells. The highly modular PEG-
4MAL platform benefits from both localized delivery of cell therapies and directing
cellular responses through tunable mechanical and adhesive properties!?!-138:159,

Biomaterials have widely been used to target various cell therapies to the respective
sites of disease, including MSCs for chondral defects'®®, macrophages for wound
healing!¢!, and islet clusters for Type 1 Diabetes®. Biomaterial delivery enables post-
injection control of tolerogenic DC fate, whereas tolerogenic DCs administered alone are
at risk of off-target effects such as non-antigen-specific immunosuppression (due to
cytokine release) and becoming immunogenic in the highly inflammatory environment of
autoimmune patients, propagating disease instead of ameliorating it'6%!63. Highly
customizable polymer hydrogel systems can be utilized to facilitate effective delivery of

tolerogenic DCs to the cervical LNs (where CNS-resident DCs and antigens drain to, the

primary site for conditioning autoreactive T cells)!'?. Using biomaterials to co-localize
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DCs to the site of activity can improve the efficacy of DC therapies by shortening the
distance of migration to the target site, positioning in proximity to recruit endogenous
effector cells, or ensuring DCs enter the lymphatics upstream of the most disease-relevant
LNs (cervical LNs for MS). A significant prerequisite for biomaterial selection in this
context is that the material must be non-immunogenic, such that the tolerogenic DCs to be
delivered are not adjuvanted by the material in any way during delivery. Agarose, alginate,
and other non-adjuvanting materials were considered, but another non-adjuvanting
material, polyethylene glycol (PEG), was chosen due to its branched macromer precursor
of which each arm is terminated with a maleimide group (PEG-4MAL), allowing for the
incorporation of bioligands such as adhesive peptides, degradable or non-degradable
peptide crosslinkers, and growth factors®!%. Crosslinking of these macromers occurs
through a Michael-type addition reaction, which is cytocompatible to enable cell
encapsulation within the hydrogel'>®. This biomaterial system provides an injectable, in
situ crosslinkable, degradable PEG hydrogel for localized delivery of tolerogenic DCs.
Preparation of PEG-4MAL hydrogels is also very technically simple, and functional
components of the system can be swapped out with ease. Collectively, the additional
capabilities, modularity, and ease of use render PEG-4MAL hydrogels superior to other
non-adjuvanting biomaterials and is thus our biomaterial of choice. The PEG-4MAL
hydrogel system has been modulated for use with a variety of cells, including Islets of

29,164

Langerhans?*1%4, cardiac progenitors!®>, and skeletal muscle satellite cells'®. The

multifactorial properties of this biomaterial system allow it to be tailored to the delivered
cells through the selection of adhesive peptide, incorporation of growth factors, and

167

degradability through crosslinker sequences'©’. These biomaterials locally deliver cells
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amidst a cell-stabilizing mechanical environment that promotes cell survival signaling
through adhesive ligand presentation and protects from inflammatory mediators!6%.

This hydrogel system can also be tailored for on-demand biomolecule release
through proteins being covalently bound to PEG-4MAL via free cysteines or through
physically entrapment in the hydrogel polymer mesh!¢®. Hydrogel physical properties such
as mesh size, modulus, gelation rate, and degradation rate are controllable by varying
formulation variables such as polymer density, PEG-4MAL precursor molecular weight,
crosslinker used (non-degradable or fast or slow degrading), and an additive used to control
reaction rate!’’. Immunosuppressive proteins (such as IL-10) can be covalently tethered
within the polymer network and controlled-released to combat inflammation at the site of
delivery. Release rates can be tuned by modifying the ratio of degradable and non-
degradable crosslinkers, and the released biomolecules are fully bioactive!*’. Biomolecules
non-covalently entrapped within hydrogels can be released by simple diffusion or in
response to degradative enzymes for those with incorporated degradable crosslinkers. In
total, this system is in many ways analogous to “niches” of in vivo activation nodes for
DCs, where instead of activating endogenous DCs, delivered tolerogenic DCs tolerize other

endogenous immune cells.
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CHAPTER 4. BIOPHYSICAL AND BIOCHEMICAL DESIGN OF
PEG-4MAL HYDROGELS TO SUPPORT DENDRITIC CELL

VIABILITY AND AN IMMATURE PHENOTYPE

4.1 Overview

Many studies have shown a direct relationship between cell function and signaling
induced by the biophysical and biochemical properties of the surrounding
matrix?LB38I5717 Dye to the plasticity of DCs, the end state of DCs delivered as part of a
cell therapy is likely mediated by mechanosignaling resulting from encapsulation in PEG-
4MAL hydrogels. Scaffold stiffness in immunological tissues has also been correlated with

malignant cancers!’? and differential T cell function!”

, further demonstrating the
importance of these biomaterial design parameters.

Therefore, the objective of this aim is to examine the relationship between
biophysical and biochemical properties of PEG-4MAL hydrogels and encapsulated DCs
derived from murine bone marrow. Our goals are to (1) characterize the PEG-4MAL
biomaterial platform, and (2) relate the biophysical and biochemical properties of PEG-
4MAL hydrogel matrices to murine DC viability and maturation. The working hypothesis
for this aim is that physiologically-relevant tissue stiffnesses will support DC viability and
an immature phenotype, while RGD promotes DC attachment and survival signaling
without causing DC maturation. The rationale for this hypothesis is that DCs will respond
similarly to a similar environment as is recognized in vivo, which is supported by studies

with other cell types and matrix stiffnesses!3%-13%157:174 " Although the presentation of RGD

has been shown to activate DCs when seeded on a 2D scaffold!?3, there can be disconnects
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D136’158, and

in the magnitude of cellular responses between ligands presented in 2D and 3
the effect of RGD presented in a 3D scaffold on bone marrow-derived dendritic cells
(BMDC:s) has yet to be investigated. Completion of this aim is expected to define the
effects of PEG-4MAL hydrogels characteristics on the phenotype of encapsulated DCs and

to select the optimal parameters for DC delivery in the context of EAE treatment.

4.2 Materials and Methods

4.2.1 Animals

All live animal procedures were conducted under the approval of the Institutional
Animal Care and Use Committee (IACUC) of the Georgia Institute of Technology. Mice
were housed, maintained, and bred in the Physiological Research Laboratory (PRL)
Animal Facility of the Georgia Institute of Technology. Animals were 8-to-12-week-old

male C57BL/6J mice (Jackson Laboratories, Inc.).

4.2.2  Differentiation of Dendritic Cells

Bone marrow was harvested from 8-week-old male C57BL/6J mice, red blood cells
(RBCs) were lysed, and the remaining cells were washed twice in phosphate-buffered
saline (PBS) with 10% fetal bovine serum (FBS). Cells were then cultured (1.5x10°
cells/mL) in Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS supplemented
with 20 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) and
interleukin-4 (IL-4), refreshed every three days, for six days. On Day 6, non-adherent cells
were removed, and fully differentiated adherent iDCs were released from plates using

CellStripper (Corning) for 15 minutes at 37°C/5% CO,. DCs were then treated with 50

30



ng/mL IL-10 (DC10), 50 ng/mL TNF-a and 10 ng/mL IFN-y (stimulated DCs, STIM-DC),
1 pg/mL LPS (mature DCs, mDC) or no treatment (immature DC, iDC) and cultured (10°

cells/mL) in 24-well plates for 24 hours at 37°C/5% COea.

4.2.3 PEG-4MAL Hydrogel Synthesis

PEG-4MAL macromer (20 kDa; Laysan Bio) was dissolved in PBS containing 10
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4). GRGDSPC
(RGD) cell adhesive peptide (>95% purity; GenScript) was dissolved in 1x PBS containing
10 mM HEPES and added to the PEG-4MAL to produce a solution of RGD-functionalized
PEG-4MAL. After 10 minutes of incubation, the protease-degradable crosslinking peptide
GCRDVPMSMRGGDRCG (VPM; GenScript) was added and hydrogels were
polymerized at 37°C/5% CO> for 5 min. For hydrogels encapsulating DCs, cells were

added to the mixture of PEG-4MAL and RGD prior to the addition of crosslinker.
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Figure 4.1. Schematic of BMDC culture, DC treatments schedule, and analysis
techniques.

4.2.4 Characterization of Hydrogels

PEG-4MAL hydrogels were prepared as described in 4.2.3. Following this
procedure, 10 pL hydrogels were cast in cylinder-shaped, Sigmacote-treated (Sigma-
Aldrich) silicone molds. Once fully crosslinked, hydrogels were removed and swelled
overnight in 1x PBS (pH 7.4) at 4°C. Hydrogels were then removed and examined using a
rheometer (MCR-302, Anton Paar; CP10-2). Samples were maintained at 37°C while a
frequency sweep (100 to 0.1 rad/s) was performed at a constant strain of 1%. Storage
modulus (G”) and loss modulus (G’’) were determined by averaging values acquired within
the linear range. PEG-4MAL hydrogels are viscoelastic materials that are primarily treated
as linearly elastic based on higher G’ values and lower G’’ values (loss factor ~0.05 for

most samples).
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Figure 4.2. PEG-4MAL hydrogel overview and synthesis schematic. Schematic of a)
PEG-4MAL chemical structure, b) macroscopic image of PEG-4MAL hydrogels
(scale bar =1 cm), ¢) process of hydrogel synthesis, and d) distribution of DCs in PEG-
4MAL hydrogels (scale bar = 50 pm).

4.2.5 DCs Encapsulation in Hydrogels

PEG-4MAL hydrogels were prepared as previously described, with specified
modifications to incorporate cells. After 10 minutes of incubating PEG-4MAL and RGD,
DCs in 1x PBS containing 10 mM HEPES were added to the hydrogel solution at a
concentration of 10° cells per 50 puL hydrogel. Immediately following the addition of DCs,
the protease-degradable crosslinking peptide GCRDVPMSMRGGDRCG (VPM;
GenScript) was added and hydrogels were polymerized at 37°C/5% CO- for 5 min. DC-
laden hydrogels were incubated in the same DMEM-based media with cytokines, as

specified previously.
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4.2.6 Hydrogel Digestion

Media was removed and 1 mL collagenase II (2 mg/mL; Gibco) was added to each
well of PEG-4MAL hydrogels encapsulating DCs. Hydrogels were incubated at 37°C/5%
CO; for 15 minutes. Contents of wells were then pipetting directly into media with 25%
FBS to quench collagenase II activity. Cells were collected by centrifugation at 300 xg and

prepared for flow cytometry.

4.2.7 Flow Cytometry

DCs were washed with 1x PBS and then reconstituted in 100 pL of fluorescence-
activated cell sorting (FACS) Buffer (Hank’s Buffered Salt Solution, HBSS; 1% bovine
serum albumin, BSA; 1 mM ethylenediaminetetraacetic acid, EDTA). TruStain FcX (anti-
mouse CD16/32; BioLegend) was added, and cells were incubated on ice for 10 minutes.
DCs were then stained with FITC-IA® (AF6-120.1; BD), APC-CD86 (GL-1; BioLegend),
BV785-CD11c (N418; BioLegend), and PE-PDL1 (MIH7; BioLegend) for 30 minutes on
ice, protected from light. DCs were washed twice with FACS Buffer and analyzed on a
flow cytometer (FACSAria III; BD). Propidium lodide (PI) was added 5 minutes before

analysis to assess viability. Gating strategies are illustrated in Figure A.5.

4.2.8 Confocal Microscopy

Cell viability was visualized by staining with calcein acetoxymethyl (AM) and
ethidium homodimer-1 (EthD-1) and imaging on a confocal microscope (Nikon Eclipse
Ti-E C2+). Media was removed and PEG-4MAL hydrogels encapsulating DCs were

washed twice with 1x PBS by gentle pipetting. Samples were then stained with 1 pM
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calcein AM and 1 pM EthD-1 in media without FBS for 20 minutes. Intact hydrogels were

then washed two more times and media without FBS was added for imaging.

4.2.9 Cytokine Multiplexing

Supernatants were collected from samples at the end of culture and stored at -80°C
until use. Samples were thawed to room temperature and treated according to the
manufacturer’s protocol for Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad).
Samples were then analyzed on a Luminex MAGPIX. A linear range of cytokine
concentrations was determined to optimal sample dilution according to cytokines of
interest. Cytokines tested are categorized below in Table 4.1 based on their effects being

inflammatory, pleiotropic, tolerogenic, or unrelated to DCs.

Table 4.1. Multiplexed Cytokines of Interest

Cytokines Assayed
Inflammatory Pleiotropic Tolerogenic Unrelated to DCs
IL-1a IL-4 IL-10 IL-2
IL-1B IL-13 IL-5
IL-3 G-CSF IL-9
IL-6 IL-17A
IL-12p40 IFN-y
IL-12p70 Eotaxin
TNF-a
CCL2
CCL3
CCLA4
CCLS
CXCL1
GM-CSF

*CCL = Chemokine ligand
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4.2.10 Statistical Analysis

Experimental values are reported as mean and standard deviation for all samples.
Statistical analysis was determined using one or two-way analysis of variance (ANOVA)
coupled with Sidak’s posthoc pairwise tests using GraphPad (Prism Inc.). All datasets were
normally distributed. If datasets failed the Brown-Forsythe test (due to significant
differences in variances between treatment groups), Welch’s correction was applied to
account for these differences and Dunnett’s posthoc pairwise test was used. DC10 groups
served as the control for comparison tests. p-values <0.05 were considered statistically

significant. Error bars represent the standard deviation.

4.3 Results

4.3.1 Treated Dendritic Cells have Distinct Phenotypes and Secretory Profiles Mainly
Distinguished by Cell Surface Markers CD86 & MHC-II and Cytokines IL-10),

INF-0, & CCL5

After 24 hours of treatment, DCs receiving various treatments exhibit distinct cell
surface marker and secretory profiles. While viability was consistent across treatments,
both TNF-a/IFN-y-treated DCs and mDCs had significantly increased expression of both
CD86 and MHC-II, with mDCs having the highest expression of both (Figure 4.3). Both
adherent and non-adherent fractions of mDCs secreted significantly higher levels of TNF-
a and CCLS, well known inflammatory cytokines (Figure 4.4). Interestingly, these mDCs

also had increased secretion of anti-inflammatory IL-10 (Figure 4.4).
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Figure 4.3. Viability and phenotype of CD11c+ DC controls. a) Live cells, b) CD86
expression, and ¢) MHC-II expression of DCs receiving various treatments were
analyzed via flow cytometry after 24 hours. Live cells are defined by propidium iodide
(PI) negative cells. ****p<0.0001, **p<0.01 and *p<0.05 via one-way ANOVA with

Welch’s correction and Dunnett’s comparison test.
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Figure 4.4. Cell secretory profiles of CD11¢+ iDCs, DC10s, and mDCs analyzed by
Luminex cytokine multiplexing. a) Heatmap of relevant cytokines assayed and
comparison of fold change values for b) TNF-a, ¢) CCLS5, and d) IL-10 compared to
adherent iDC (Ad iDC). **p=0.0045 via Kruskal-Wallis test and Dunn’s comparison
test for b). ****p<0.0001, ***p<0.001, **p<0.01, and *p<0.05 via one-way ANOVA
and Tukey’s comparison test for ¢) and d).

4.3.2 Hydrogel Stiffness Increases and Mesh Size Decreases as Polymer Density

Increases

An expected increase in hydrogel stiffness is represented by significantly higher
values of G’ and G’ with increasing polymer weight percentage (Figure 4.5). Mesh sizes
of hydrogels were calculated using storage modulus based on Rubber Elasticity
Theory!”>!76. Figure 4.5 illustrates a significant decrease in hydrogel mesh size with

increasing polymer weight percentage, as the hydrogel polymer network becomes denser.
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Figure 4.5. Hydrogel characterization of PEG-4MAL hydrogels using a cone-and-
plate rheometer. a) Storage modulus (G’) and b) loss modulus (G’’) of PEG-4MAL
hydrogels with varying polymer weight percentages. ¢) Mesh sizes of hydrogels with
varying polymer weight percentages, calculated by Rubber Elastic Theory.

4.3.3 Viability of Encapsulated Dendritic Cells is Significantly Lower at Higher

Hydrogel Stiffnesses

Softer hydrogels (3.5-4.5 wt%) supported DC viability, while stiffer hydrogels (6.0-
10.0 wt%) resulted in widespread cell death of encapsulated cells (Figure 4.6). DCs that
survived encapsulation in stiff hydrogels had elongated morphology, whereas DCs in soft
gels exhibited typical round DC morphology (Figure 4.6). The number of live cells
recovered after gel digestion was higher in softer hydrogels (3.5-4.5 wt%) (Figure 4.6).
CDl11c¢" DC expression of a common co-stimulatory molecule, CD86, was similar to
immature DC controls after 24 hours of encapsulation in soft hydrogels (Figure 4.6). These
results suggest that microenvironments with a storage modulus of ~150-250 Pa support

BMDC viability and an immature phenotype.
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Figure 4.6. Viability and phenotype of CD11c¢+ DCs after 24 hours’ encapsulation in
PEG-4MAL hydrogels with various polymer weight percentages. a) Calcein AM
(green) and Ethidium homodimer-1 (red) assessed by confocal microscopy (scale bar
= 100 pm). b) Live cells recovered after collagenase II digestion and c) CD86
expression in DCs assessed by flow cytometry. White bars denote unencapsulated
DCs in 24-well plates and gray bars denote hydrogel-encapsulated DCs. Live cells are
defined by propidium iodide (PI) negative cells. *p<0.05 via one-way ANOVA and
Tukey’s comparison test for b). ****p<0.0001 and *p<0.05 via one-way ANOVA with
Welch’s correction and Dunnett’s comparison test for c).

4.3.4 Adhesive Peptide RGD Does Not Significantly Alter Encapsulated Dendritic Cell

Viability or Maturity

The viability of DCs encapsulated in all conditions was similar to controls (Figure
4.7). CD11c* DCs encapsulated in hydrogels with all concentrations of RGD and RDG had
CD86 expression similar to immature controls (Figure 4.7). This data suggests that either

RGD presented on 3D matrices does not cause maturation in DCs, which contradicts
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previous studies performed in 2D!'*3, or that RGD concentrations utilized herein are too
low to cause DC maturation.
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Figure 4.7. Viability and phenotype of CD11c¢c+ DCs after 24 hours’ encapsulation in
PEG-4MAL hydrogels with various adhesive ligand concentrations. a) Calcein AM
(green) and Ethidium homodimer-1 (red) assessed by confocal microscopy (scale bar
=100 pm). b) Live cells and ¢) CD86 expression assessed by flow cytometry. White
bars denote unencapsulated DCs in 24-well plates and gray bars denote hydrogel-
encapsulated DCs. Live cells are defined by propidium iodide (PI) negative cells.
**%%*p<0.0001 via one-way ANOVA and Dunnett’s comparison test.

4.3.5 PEG-4MAL Macromer Size Does Not Significantly Alter Encapsulated Dendfritic

Cell Viability or Maturity While Hydrogel Stiffness Remains Constant

Live cells recovered after gel digestion was higher in 10 kDa hydrogel samples than
20 kDa and 40 kDa hydrogel samples, while the viability of cells was similar between
hydrogels of all macromer sizes (Figure 4.8). CD86 expression among encapsulated

CD11c* DCs was similar to immature DC controls (Figure 4.8). This data suggests that DC
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viability and phenotype is not significantly impacted by macromer size, but that smaller

mesh sizes may contribute to better recovery of DCs from hydrogels.
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Figure 4.8. Viability and phenotype of CD11c¢+ DCs after 24 hours’ encapsulation in
PEG-4MAL hydrogels with various macromer sizes. a) Calcein AM (green) and
Ethidium homodimer-1 (red) assessed by confocal microscopy (scale bar = 100 pm).
b) Cells recovered after collagenase II digestion, c) live cells, and d) CD86 expression
in DCs assessed by flow cytometry. White bars denote unencapsulated DCs in 24-well
plates and gray bars denote hydrogel-encapsulated DCs. Live cells are defined by
propidium iodide (PI) negative cells. **p<0.01 and ****p<0.0001 via one-way
ANOVA with Welch’s correction and Dunnett’s comparison test.

4.3.6 Degradability Kinetics Dictated by Peptide Crosslinkers Does Not Significantly

Alter Encapsulated Dendritic Cell Viability or Maturity

PEG-4MAL hydrogels were synthesized using a percentage of the crosslinker DTT
(e.g. 25% DTT) with VPM constituting the remaining crosslinker (e.g. 75% VPM). The

viability of cells collected from 0% DTT, 25% DTT, and 50% DTT-crosslinked PEG-
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4MAL hydrogels was similar to immature DC controls (Figure 4.9). CD86 expression
among encapsulated CD11c¢" DCs was similar to immature DC controls (Figure 4.9). This
data suggests that hydrogel degradability kinetics do not significantly affect DC viability
and phenotype, allowing for flexibility in crosslinker choices when designing PEG-4MAL

hydrogels for in vivo applications.
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Figure 4.9. Viability and phenotype of CD11c¢+ DCs after 24 hours’ encapsulation in
PEG-4MAL hydrogels with ratios of degradable (VPM) and non-degradable (DTT)
crosslinkers. a) Live cells, and b) CD86 expression in DCs assessed by flow cytometry.
White bars denote unencapsulated DCs in 24-well plates and gray bars denote
hydrogel-encapsulated DCs. Live cells are defined by propidium iodide (PI) negative
cells. ****p<(.0001 via one-way ANOVA with Welch’s correction and Dunnett’s
comparison test.

4.4 Discussion

4.4.1 Characterization of DC Controls

Reproducible controls needed to be validated to set a benchmark for DC viability,
tolerogenicity, and maturity for later comparison. This characterization included analysis
of cell phenotype (CD11¢c, MHC-II, CD86) and analysis of secreted biomolecules (23-plex,

Table 4.1) by cytokine multiplexing. While DCs have been utilized by many different
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academic research labs for many different applications, the differentiation and treatment
protocols are just as varied. Thus, control phenotypes were established based on IL-10
treatment (DC10s), vitamin-D3 treatment (VD3), stimulation with TNF-a and IFN-y (TNF-
o/IFN-y), LPS (mDCs), or no treatment (iDCs). The DCs in this thesis were differentiated
using a well-established culture protocol adapted from Pulendran et al'””!78, VD3-treated
DCs were included as a tolerogenic control that functions primarily through PD-L1
presentation, while DC10s have been shown to induce tolerance through both PD-L1
presentation and secretion of IL-107.

There were no significant differences in cell viability between treatment groups,
although some mDC replicates had poor viability. An increase in cell number followed by
a sharp decline was also observed following LPS treatment. Mature DCs and, to a lesser
extent, TNF-a/IFN-y DCs exhibited high levels of expression of CD86, a co-stimulatory
molecule involved in activation of cognate T cells; and MHC-II, a protein that present
antigenic peptides to cognate T cells. These results contrast DC10 and VD3 groups, which
had similar phenotypes to iDCs. While the expression of MHC-II on iDC, DC10, and VD3
groups is less than that of TNF-o/IFN-y DCs and mDCs, an increase in MHC-II on
immature controls was observed from Day 6 to Day 8 of culture during characterization of
controls (Figure A.6). This basal expression of MHC-II is sufficient for presentation of
peptides to lymphocytes, as illustrated later in Chapter 6.

We observed an expected increase in the secretion of TNF-a for mDCs, while DC10
groups were similar to iDCs. mDCs also exhibited increased secretion of CCLS5. Another
key cytokine is IL-10, which had increased secretion in DC10 groups and even greater

increased secretion in mDC groups. This IL-10 secretion has been shown to be a
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compensatory mechanism to dampen the activation in response to LPS!'”, which is a very
rough stimulus generally not experienced in vivo, especially at this concentration (1
pg/mL). Additionally, some groups have utilized LPS treatment to induce a type of
tolerogenic DCs!®0.

Non-adherent DCs across all treatments showed secreted higher levels of CCL5
than their adherent DC counterparts, which is one of many distinct differences between the
adherent and non-adherent fractions of DCs after six days of differentiation. Other major
differences include the expression of CD86 and DC stability as measured by the recovery
of DCs from hydrogels (Figure A.2).

The metrics discussed in the section will be used to classify the phenotypes of DCs

after biomaterial treatments, using iDCs, DC10s, and mDCs as benchmarks for the

immature, tolerogenic, and mature DC states, respectively.

4.4.2 Characterization of PEG-4MAL Hydrogels

Towards designing a biomaterial delivery system tuned specifically for DC
delivery, it was first necessary to identify the relationships between PEG-4MAL polymer
characteristics and the biophysical properties of the hydrogels. This characterization is well
established and based on cone-and-plate rheological data. Although expected biophysical
values such as storage modulus can be found in the literature, it is crucial to establish
reproducible hydrogels that respond properly such that properties such as stiffness can be
effectively manipulated to suit DCs. Factors of hydrogels that may contribute to
irregularities include reagent purity, molarity, pH, hydrolyzation of maleimide functional

groups, and handling technique.
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Hydrogel stiffness (represented by storage modulus) and loss modulus increased
linearly with increased polymer density, validating that additional PEG-4MAL was indeed
crosslinked into the hydrogel structure. Mesh sizes were calculated by Rubber Elastic

Theory!” according to the formula below.

= ()

where G’ is the storage modulus in Pa,

A is the Avogadro’s constant (mol!)

R is the gas constant (cm?® Pa K ™! mol™!)
and T is the temperature (K)

Hydrogel mesh size is inversely related to PEG-4MAL polymer density, decreasing
due to increased polymer concentration and entanglements. Mesh sizes are reported in
nanometers, which theoretically represents the distance between two junctions of
polymers!”. Hydrogel mesh size can be tuned by altering PEG-4MAL macromer size
while keeping hydrogel stiffness constant, which enables the optimization of both stiffness

and mesh size to support DCs.

4.4.3  Effect of Polymer Density on PEG-4MAL Hydrogel-Encapsulated DCs

To develop a biomaterial delivery platform for DCs against autoimmune disease, it
is vital that DCs remain viable and immature throughout delivery. Many studies have
shown that the stiffness of biological and synthetic ECMs can influence viability,

differentiation, phenotype, and function of encapsulated cellg!?8131:157

. Thus, our first goal
was to determine the optimal range of hydrogel stiffnesses that supported DC viability and

an immature phenotype. The stiffness of the physiological equivalent, a lymph node,
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cannot be accurately measured by standard rheological methods because the tissue is not
fluidic'’. The storage modulus of LNs measured by other methods have been reported as
values from 1.5 kPa'¥! to 150 kPa'!®2, but studies by Singh et al. cleverly compared these
values to rheological values of their synthetic scaffolds and identified a storage modulus
of ~2000 Pa for lymphoma malignant LNs!*7. Considering healthy LNs had stiffnesses less
than half the values of malignant LNs, we expect the optimal hydrogel stiffness for DCs to
be around 500-1000 Pa as measured using a cone-and-plate rheometer.

After 6 days of differentiation, DCs were encapsulated in PEG-4MAL hydrogels
with varying stiffnesses, altered by PEG-4MAL polymer density. After 24 hours of
encapsulation, DC viability, morphology, and distribution in hydrogels were evaluated by
confocal microscopy. We observed that DCs within softer hydrogels (~150-250 Pa) with
larger mesh sizes (~30 nm) were viable and had round morphologies that are characteristic
of immature DCs. Oppositely, DCs within stiffer hydrogels (~400-750 Pa) exhibited
widespread cell death and elongated morphologies. Cells within the hydrogel environment
were well distributed across hydrogels of all tested stiffnesses, suggesting homogenous
crosslinking during hydrogel synthesis despite challenges such as reagent purity, molarity,
and pH, hydrolyzation of maleimide functional groups, and handling technique.

DCs were recovered from hydrogels after collagenase II digestion and their
maturity was evaluated based on cell surface marker expression analyzed by flow
cytometry. Collagenase II treatment at the specified concentration and duration did not
significantly affect the expression of extracellular markers of interest on DCs (Figure A.1).
The number of DCs recovered from soft hydrogels (3.5 wt%) was significantly higher than

DCs recovered from stiff hydrogels (10.0 wt%). Interestingly, the maturity of recovered
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DCs based on CD86 expression was not varied amongst the different PEG-4MAL hydrogel
stiffnesses. The cell death observed in stiff hydrogels (6.0, 10.0 wt%) is likely due to the
smaller mesh size of these dense hydrogels, resulting in inhibited diffusion of survival
compounds. Hydrogels have been specifically designed to prevent the diffusion of
coagulation molecules onto medical device surfaces!®? and remains a challenge for islet
encapsulation strategies that aim to isolate encapsulated cells from host immunity!®*,
Mechanical stress imposed on cells physically stretched by stiff hydrogels may be a
secondary factor contributing to cell death. Thus, softer hydrogels are more favorable due
to higher cell recovery and viability. Both 3.5 wt% and 4.5 wt% hydrogels similarly
supported DCs, although 4.5 wt% hydrogels are much easier to handle that 3.5 wt%
hydrogels. Thus, 4.5 wt% was selected as the optimal polymer density moving forward.
Notably, the stiffness of 4.5 wt% (~200 Pa) is much different than the stiffness of
lymph nodes (500-1000 Pa)!*’. A possible explanation is that DCs derived from bone
marrow using GM-CSF and IL-4 do not conform to established DC subtypes found in vivo
and may respond to ECM stiffness differently. BMDCs may also share characteristics with

pDCs or peripheral cDCs, which are circulatory or resident within various tissues other

than LNs.

4.4.4 Effect of Adhesive Peptide, Macromer size, and Hydrogel Degradability on PEG-

4MAL Hydrogel-Encapsulated DCs

The structure of the PEG-4MAL polymer allows manipulation through several
parameters: polymer density (previously evaluated), macromer size, adhesive peptide, and
crosslinker type. We next aimed to evaluate the effect of these parameters on encapsulated

DC viability and phenotype.
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Integrin-mediated signaling resulting from cell-cell and cell-ECM interactions has
been implicated in cell morphology, differentiation, survival, and other cell
processes!2813L133-135 The effect of RGD, a ubiquitous adhesive peptide sequence, on DC
viability and phenotype was explored by utilizing confocal microscopy and flow cytometry
techniques. To verify that any potential effect was due to RGD, a scrambled peptide
GRDGSPC (RDG) with limited affinity to RGD-associated integrins (avps, asfi, allbps)
was included as a control'®>. To maintain a constant stiffness, scrambled peptide should be
included such that the total adhesive peptide concentration is the same for all samples.
However, the concentration of adhesive peptide compared to the number of crosslinks in
each hydrogel is small enough that we expect negligible differences in hydrogel stiffnesses.

DC morphology and viability appeared to remain constant across different
concentrations of RGD or RDG based on confocal images. Cells recovered from hydrogels
with various peptide concentrations exhibited similar viability and CD86 expression to iDC
controls. Previous studies have shown that DCs seeded on 2D RGD-functionalized
substrates are activated differentially with RGD concentration!*3, which contrasts our
results. RGD presentation by the 3D hydrogel systems engineered herein may not activate
DCs due to the functional differences between 2D- and 3D substrates!®, but other possible
explanations include: (1) RGD concentrations studied are simply too low to induce DC
maturation, or (2) activation-related cell signaling in DCs is not actualized due to a lack of
cell adhesion.

4.5 wt% hydrogels were synthesized with various PEG-4MAL macromer sizes to
evaluate the effect on encapsulated DCs. While morphology and viability of DCs in 10

kDa and 20 kDa hydrogels were similar, significantly more DCs were recovered from 10
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kDa hydrogels. Based on flow cytometry, viability and phenotype of recovered cells were
consistent across all hydrogel formulations. Both polymer density and macromer size
correlate to hydrogel stiffness, so modulation of macromer size and polymer density to
achieve a constant hydrogel stiffness enables decoupling of these variables and isolation of
the microarchitecture of polymer mesh networks. However, the experiment herein tested
hydrogels with various macromer sizes and a constant polymer density, resulting in
changes to both mesh size and stiffness. Thus, the effects of macromer size discussed here
cannot be attributed solely to mesh size and this experiment needs to be repeated to isolate
the effects of PEG-4MAL hydrogel mesh size on DC viability and phenotype.

Lastly, the effect of hydrogel degradability on encapsulated DCs was evaluated by
synthesizing hydrogels with various ratios of degradable (VPM) to non-degradable (DTT)
crosslinkers. Previous studies have demonstrated the benefit of degradable matrices on the

3LI58,186 ' and DCs have been shown

cellular processes of encapsulated and infiltrating cells
to secrete matrix metalloproteinase (MMP)-1, MMP-2, MMP-3, and MMP-9!%7.

Crosslinker composition did not significantly affect DC viability or phenotype based on

analysis by flow cytometry.

4.4.5 PEG-4MAL Hydrogel Parameter Selection for in vivo Applications

Importantly, it is necessary to consider the in vivo application of these biomaterial-
delivered DCs in selecting criteria for the optimal formulation. While DC viability and an
immature phenotype are the most important considerations, variables that do not directly
affect viability and phenotype enable the flexible design of our system based on in vivo
functionality. Our proposed design aims to maximize the migration of cells in and out of

hydrogels, ECM remodeling, and vascularization.
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While recovery from 10 kDa hydrogels was significantly higher than 20 kDa and
40 kDa hydrogels, the constricted mesh size of 10 kDa hydrogels would impede both the
migration of encapsulated DCs out of the hydrogel and infiltration of endogenous cells into
the biomaterial. Based on considerations for the expected mechanism of
immunomodulation in vivo, 20 kDa macromer size was selected as the optimal criteria.

The presence of RGD in synthetics matrices has been shown to promote ECM

29188 Remodeling the ECM would favor our

remodeling and vascularization in vivo
proposed design, such that DCs could effectively migrate to relevant tissues and restructure
their surroundings as necessary. Thus, RGD incorporation was selected at a concentration
of 1.0 mM for our optimized hydrogel system.

The VPM crosslinking peptide is effectively cleaved by MMP-2 and MMP-9!% at
physiological pH (7.4) at a relatively fast rate of 24,000 = 1000 and 51,000 £ 3000 kca/Km
(M!sh), respectively!®. Since DCs can secrete both MMP-2 and MMP-9, VPM-
crosslinked hydrogels should be easily degradable by encapsulated DCs. Fast-degrading
hydrogels will enable the migration of cells necessary for DCs to modulate endogenous

immune cells. Thus, VPM was selected as the crosslinker moving forward.

A table with the optimized PEG-4MAL formulation is shown below in Table 4.2.
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Table 4.2. PEG-4MAL Parameters Optimized for DCs

Category Parameter Significance
Polvmer PEG- Biophysical and biochemical modularity,
Y 4AMAL | injectable, in situ crosslinking
Polymer Macromer Size 20 kDa | Porous enough to enable migration of DCs
Polymer Density 4.50% ~200 Pa stiffness supports DCs
Adhesive Ligand RGD Recognized ‘py [.)Cs,' prqmotes infiltration
and vascularization in vivo
Ample concentration for DC attachment
Adhesive Ligand Conc. 1.0 mM | and infiltration/vascularization effects
without affecting hydrogel architecture
Crosslinker VPM Fast-degrading to enable DC migration and

immune cell infiltration

It is important to note that these criteria were selected specifically for the treatment

of EAE in mice to improve the efficacy of DC therapies. However, the flexibility of

parameters demonstrated here allows adjustments to be made to the biomaterial

formulation to fit other applications not explored here. For example, non-degradable

crosslinkers and shorter macromer sizes would benefit a system where the encapsulated

cells were meant to be contained. Another example would be utilizing a different adhesive

ligand to alter the composition of infiltrating cells or limit DC attachment to the hydrogel

structure.
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CHAPTERS. FUNCTIONALIZATION OF PEG-4MAL
HYDROGELS WITH IL-10 TO PROTECT AGAINST
INFLAMMATION AND PROMOTE TOLEROGENICITY IN

DENDRITIC CELLS

5.1 Overview

Anti-inflammatory immunological peptides such as IL-10 have been shown to induce

tolerance in DCs!?1-194

and promote DCs to induce Treg cells. A major challenge to current
DC therapies is that the viability and tolerogenic state of DCs may be compromised in vivo
due to systemic inflammation during autoimmunity®®, injection-related inflammation, and
cross-conditioning by host autoreactive DCs and T cells'®>. Thus, the objective of this aim
is to promote viability and tolerogenicity of delivered DCs by conjugating IL-10 to PEG-
4MAL hydrogels, resulting in both (1) persistent presentation of IL-10 to encapsulated DCs
and (2) immunosuppressive conditioning of endogenous immune cells through controlled
release of IL-10. The immunosuppressive cytokine IL-10 was selected because IL-10-
treated DCs have been shown to be proficient at inducing Tregs and inhibiting CD8+ T cell
proliferation’. The hypothesis of this aim was that the thiolation of IL-10 and subsequent
conjugation to PEG-4MAL will not affect its bioactivity and that PEG-IL10 hydrogels will
act on encapsulated cells through the direct presentation of IL-10 and protease-mediated
release of IL-10. Several other groups have achieved single-chain PEGylation of IL-10 to
extend the circulation time of IL-10 treatment!*%!%7. PEGylation of IL-10 by acylation and

reductive amination were shown to decrease bioactivity by 35-fold and 3-fold'%,

respectively, so thiolation of IL-10 will be pursued as an alternative method of
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functionalization. PEG-IL10 has been previously incorporated into hydrogels to treat
inflammation'®?, but the bioactivity of PEG-IL10 produced by thiolation has not previously
been characterized as part of a three-dimensional scaffold.

It is expected that PEG-IL10 hydrogels will strengthen the tolerogenic state of
delivered DCs during delivery and post-injection. The rationale for this hypothesis is that
IL-10 does not need to be internalized by DCs to initiate IL-10-receptor (IL-10R)-induced

200-203 Ppresentation of IL-10 to encapsulated DCs throughout delivery

tolerogenic signaling
is expected to be similar to multiple doses of IL-10, which have been shown to reinforce
tolerogenicity in otherwise highly plastic DCs. Conjugated-biomolecule release from
VPM-crosslinked hydrogels has been studied extensively in several biomaterial platforms
and occurs in an MMP-2- and MMP-9-sensitive manner'®®, Completion of this aim is
expected to yield a degradable PEG-4MAL hydrogel with covalently-tethered IL-10 that

retains its bioactivity and its tolerizing effect on DCs either by interacting with hydrogel-

bound IL-10 or by IL-10 released from the hydrogel.

5.2 Materials and Methods

5.2.1 Animals

All live animal procedures were conducted under the approval of the Institutional
Animal Care and Use Committee (IACUC) of the Georgia Institute of Technology. Mice
were housed, maintained, and bred in the Physiological Research Laboratory (PRL)
Animal Facility of the Georgia Institute of Technology. Animals were 8-to-12-week-old

male C57BL/6J mice (Jackson Laboratories, Inc.).
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5.2.2  Thiolation of IL-10

Recombinant murine IL-10 (Peprotech, Inc) was thiolated with 30 molar excess of
Traut’s reagent (Sigma Aldrich) in 1x PBS with 5 mM EDTA (Gibco) at pH 8.0 for 1 hour.
Protein samples were then washed twice by diluting with 1x PBS (pH 8.0) and passing
through a 10 kDa cellulose filter (Amicon Ultra; Millipore) at 14,000 xg. To quantify the
extent of thiolation, samples were stained for free thiols using a Measure-iT Thiol
Quantification Kit (ThermoFisher). The fluorescence intensity (Ex/Em: 494/517nm) of IL-
10 modified with a free thiol (HS-IL-10), native IL-10, blank wells, and reduced

glutathione standards were quantified on a spectrophotometer (Synergy H4; BioTek).

5.2.3 Conjugation to PEG-4MAL

Conjugation of S- IL-10 to PEG-4MAL was achieved by reacting both components
at 1000:1 (PEG-4MAL:HS-IL-10) in 1x PBS (pH 7.0) for 30 minutes. To visualize the
PEGylated IL-10, reacted protein was immediately loaded onto polyacrylamide gels (4-
12% Bis-Tris; Invitrogen) and placed into a Novex Mini-Cell (Invitrogen) which was run
in non-denaturing conditions. Migrated proteins were stained with SyproRuby (Invitrogen)

and imaged on a Molecular Imager Gel Doc XR System (BioRad).

5.2.4 MC/9 Cell Bioactivity Assay

MC/9 cells (ATCC) were expanded in DMEM with 10% FBS, refreshing media
every 2-3 days. To assess the bioactivity of PEG-IL10 compared to native IL-10, MC/9
cells were collected during log phase of cell growth and plated in DMEM with 3% FBS at
25,000 cells/well in a 96-well plate. Cells were treated with 5 ng/well co-stimulatory 1L-4

(Peprotech) and either 2.5 ng/well IL-10 (Peprotech) or PEG-IL10. After 48 hours of
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incubation, either cell counting kit-8 (CCK-8) (absorbance 240nm; Sigma Aldrich) or
AlamarBlue (Ex/Em: 530/590nm; ThermoFisher) was added to each well. The
proliferation of MC/9 cells in response to treatment was measured on a spectrophotometer
(Synergy H4; BioTek) based on cellular metabolic byproducts. The experiment was
repeated with titrated treatments to construct half-maximal effective concentration (ECso)

curves for native and PEGylated IL-10.

5.2.5 IL-10 Release Study

Recombinant murine IL-10 (Peprotech) was first tagged with AlexaFluor-488
(AF488) according to the manufacturer’s protocol. AF488-IL-10 was then thiolated and
PEGylated, as previously described. PEG-IL10 hydrogels were synthesized and swelled in
1x PBS (pH 7.4). Hydrogels with IL-10 tethered or IL-10 entrapped were synthesized and
plated in PBS or collagenase II (1 mg/mL). Supernatants were collected intermittently and
stored at -80°C until use. Once all hydrogels had fully degraded, supernatants were
collected and AF488 fluorescence (Ex495/Em519) was measured on a spectrophotometer

(Synergy H4; BioTek).

5.2.6 Resistance to Re-Stimulation

iDCs were encapsulated in PEG-4MAL or PEG-IL10 hydrogels, as previously
described. After incubation for 24 hours, either a stimulus treatment (150 ng/mL TNF-a
and 30 ng/mL IFN-y, 3x STIM) or LPS (2 pg/mL, 2x LPS). iDCs and DC10s with and
without stimulus treatment served as controls. After an additional 48 hours, hydrogels were

digested and analyzed via flow cytometry, as previously described.
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5.2.7 Flow Cytometry

DCs were washed with 1x PBS and then reconstituted in 100 pL. of FACS Buffer
(Hank’s Buffered Salt Solution, HBSS; 1% bovine serum albumin, BSA; 1 mM
Ethylenediaminetetraacetic acid, EDTA). TruStain FcX (anti-mouse CD16/32;
BioLegend) was added, and cells were incubated on ice for 10 minutes. DCs were then
stained with FITC-IA® (AF6-120.1; BD), APC-CD86 (GL-1; BioLegend), BV785-CDl1¢c
(N418; BioLegend), and PE-PDL1 (MIH7; BioLegend) for 30 minutes on ice, protected
from light. DCs were washed twice with FACS Buffer and analyzed on a flow cytometer
(FACSAria III; BD). Propidium Iodide (PI) was added 5 minutes before analysis to assess

viability. Gating strategies are illustrated in Figure A.5.

5.2.8 Confocal Microscopy

Cell viability was visualized by staining with calcein AM and ethidium
homodimer-1 (EthD-1) and imaging on a confocal microscope (Nikon Eclipse Ti-E C2+).
Media was removed and PEG-4MAL hydrogels encapsulating DCs were washed twice
with 1x PBS by gentle pipetting. Samples were then stained with 1 pM calcein AM and 1
uM EthD-1 in media without FBS for 20 minutes. Intact hydrogels were then washed two

more times and media without FBS was added for imaging.

5.2.9 Statistical Analysis

Experimental values are reported as mean and standard deviation for all samples.
Statistical analysis was determined using one or two-way ANOVA coupled with Sidak’s
posthoc pairwise tests using GraphPad (Prism Inc.). All datasets were normally distributed.

If datasets failed the Brown-Forsythe test (due to significant differences in variances
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between treatment groups), Welch’s correction was applied to account for these differences
and Dunnett’s posthoc pairwise test was used. PEG-4MAL groups served as the control for
comparison tests. p-values <0.05 were considered statistically significant. Error bars

represent the standard deviation.

5.3 Results

5.3.1 IL-10 is Successfully Thiolated

The chemical process of thiolation is illustrated in Figure 5.1. Based on the standard
curve (Figure 5.2), the mean concentration of free thiols on HS-IL-10 samples was 3.68
uM versus negligible values for untreated IL-10 (Figure 5.2). This magnitude of thiolation
suggests that, on average, ~13 lysine residues were thiolated on each IL-10 protein,
representing numerous free thiols present to be linked to a maleimide group on PEG-

4MAL.
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Figure 5.1. Schematic of functionalizing IL-10 onto the backbones of PEG-4MAL
macromers. a) Visualization of tethering IL-10 to PEG-4MAL and b) chemical
structures and process of thiolation and PEGylation.
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Figure 5.2. Quantification of thiolation of IL-10 using Traut’s reagent and SDS-
PAGE results of IL-10 PEGylation. a) Standard curve produced using glutathione.
b) Concentration of free thiols on modified IL-10 proteins. ¢) Validation of tethering
thiolated IL-10 to PEG-4MAL, as shown by unmodified IL-10 at 20 kDa (black
arrow) and PEGylated IL-10 at 40 kDa (orange arrow). ****p<(.0001 via one-way
ANOVA and Dunnett’s comparison test.

5.3.2  Thiolated IL-10 is Effectively Conjugated to a Single PEG-4MAL

Successful conjugation was tested by reacting both components at 1000:1 (PEG-
4MAL:HS-IL-10). An increase in molecular weight from ~19 kDa (IL-10; Lane 2; black
arrow) to ~39 kDa (PEG-IL10; Lane 3; orange arrow) illustrates successful PEGylation of

HS-IL-10 (Figure 5.2).

5.3.3 PEGylated IL-10 Retains its Bioactivity

While IL-10 is classified as a class II anti-inflammatory cytokine, liver mast cells
exhibit pleiotropic behavior and have been shown to proliferate in response to IL-10%2%,

Bioactivity of PEG-IL10 was measured by the proliferation of MC/9 cells, a murine liver
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mast cell line commonly used in IL-10 bioactivity assays??>-2%, Absorbance was similar
for native and PEGylated IL-10 at both 4 and 24 hours after the addition of the proliferation
reagent (Figure 5.3). To further validate the activity of PEG-IL10, proliferation reagents
were added in titrated amounts to construct ECso curves for native and PEGylated IL-10.
ECso values for PEG-IL10 and native IL-10 were nearly identical at ~0.003 ng/well (Figure

5.3). These results suggest that PEG-IL10 bioactivity is similar to IL-10 in its native state.
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Figure 5.3. Bioactivity of PEG-IL10 based on the proliferation of MC/9 cells after 72
hours of incubation with treatments. a) MC/9 cell proliferation measured by CCK-8
metabolic assay. b) Half-maximal effective concentration (ECso) curves produced by
titration of treatments.

5.3.4 PEG-ILI10 Hydrogels Exhibit Controlled Release of Tethered IL-10 in Response to

Hydrogel Degradation

Hydrogels with IL-10 or HS-IL-10 in collagenase I had indistinguishable release
profiles over 96 hours, with nearly 90% of protein released after just 5 hours (Figure 5.4).
Hydrogels with IL-10 in PBS also exhibited rapid release of protein within the first 5 hours
(~40 ng), whereas HS-IL-10 that was tethered to PEG-4MAL released only ~30 ng after 5
hours (Figure 5.4). For hydrogels in PBS with HS-IL-10, another ~10 ng of IL-10 was

gradually released between 5-96 hours. Collagenase I was added to PBS hydrogels at 96
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hours to release IL-10 still bound to hydrogels, after which another 6-8 ng of IL-10 was
released (Figure 5.4). The initial burst release of HS-IL-10 from hydrogels in PBS is likely
due to only a fraction of the HS-IL-10 being biochemically incorporated in PEG-4MAL

hydrogels.
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Figure 5.4. Controlled release curve of IL-10 from PEG-IL10 hydrogels in a)
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tagged IL-10 in hydrogel supernatants was assessed over time.
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Figure 5.5. Viability and phenotype of CD11c¢+ DCs after 48 hours’ encapsulation in
PEG-4MAL or PEG-IL10 hydrogels. a) Live cells and b) CD86 expression assessed
by flow cytometry. ¢) Calcein AM (green) and Ethidium homodimer-1 (red) assessed
by confocal microscopy (scale bar = 100 pm). White bars denote unencapsulated DCs
in 24-well plates and gray bars denote hydrogel-encapsulated DCs. Live cells are
defined by propidium iodide (PI) negative cells. ****p<0.0001 and **p<0.01 via one-
way ANOVA and Dunnett’s comparison test.

5.3.5 PEG-ILI0 Hydrogels Maintain Dendritic Cell Viability and an Immature

Phenotype Longer than PEG-4MAL Hydrogels

CDl1c+ DCs recovered from PEG-IL10 hydrogels exhibited significantly higher
levels of viability (Figure 5.5) as compared to DCs from PEG-4MAL hydrogels after 48
hours. After 48 hours, DCs in PEG-4MAL hydrogels were activated to similar levels as
mDCs, whereas DCs from PEG-IL10 hydrogels remained immature based on the

expression of CD86 (Figure 5.5). The increased viability of DCs was independent of
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whether IL-10 was entrapped in hydrogels or covalently tethered to the polymer backbone,

as shown by the similar viability based on confocal images (Figure 5.5).

5.3.6 Both Hydrogel Encapsulation and IL-10 Treatment Contribute to Dendritic Cell

Resistance to Inflammatory Cytokines

DCs received control treatments or biomaterial treatments for 24 hours before being
re-stimulated with LPS to assess their resistance to maturation. Viability was similar across
all treatments (Figure 5.6). 48 hours after re-stimulation, LPS-stimulated DC10s exhibited
CD86 expression similar to mDCs, but not as high as LPS-stimulated iDCs (Figure 5.6).
LPS-stimulated DCs encapsulated in PEG-4MAL hydrogels matured slightly to levels of
CD86 similar to TNF-o/IFN-y-treated DCs (Figure 5.6). However, LPS-stimulated DCs
encapsulated in PEG-IL10 hydrogels had CD86 expression that was not significantly
different from un-stimulated controls and remained immature (Figure 5.6). This data
suggests that both IL-10 treatment and PEG-4MAL encapsulation contribute the DCs

ability to resist maturation in response to LPS.
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Figure 5.6. Resistance to re-stimulation of CD11c+ DCs receiving various treatments
or after encapsulation in PEG-4MAL or PEG-IL10 hydrogels. 24 hours after
treatments, DCs were stimulated with either TNF-a (150 ng/mL) and IFN-y (30
ng/mL) (STIM) or LPS (2 pg/mL). a) Live cells and b) CD86 expression assessed by
flow cytometry 48 hours after re-stimulation. White bars denote unencapsulated DCs
in 24-well plates and gray bars denote hydrogel-encapsulated DCs. Live cells are
defined by propidium iodide (PI) negative cells. ****p<0.0001 and **p<0.01 via one-
way ANOVA and Dunnett’s comparison test.
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5.4 Discussion

5.4.1 IL-10 Thiolated Using Traut’s Reagent is Covalently Tethered to PEG-4MAL

Macromers

Maleimide functional groups on PEG-4MAL polymers allow a wide array of
proteins and peptides to be covalently linked to the polymer backbone through free thiols
found in free cysteine residues. However, native IL-10 does not have any free cysteines
and must be thiolated before being linked to PEG-4MAL.

Traut’s reagent (2-iminothiolane) was used to add free thiols to IL-10 by reacting
with primary amines on lysine residues on IL-10. Multiple concentrations of Traut’s
reagent were tested, but 30 molar excess was necessary for effective thiolation. The number
of free thiols per IL-10 was found to be ~13, which is more than sufficient to enable
covalent tethering to PEG-4MAL. One concern with this extent of thiolation is that IL-10
might then be able to bind multiple maleimide groups and thus act as a crosslinker.

A series of experiments were conducted to determine the best conditions for
covalently tethering IL-10 to PEG-4MAL, including the ratio of PEG-4MAL to IL-10,
incubation time, thiolation chemistry, IL-10 species, and SDS-PAGE parameters (Figure
A.7). Thiolated IL-10 (HS-IL-10) was mixed with PEG-4MAL at a ratio of 1000:1 and
incubated for 15 minutes before assessing the molecular weight using SDS-PAGE.
Although PEG-4MAL and other polymer have been known to traffic through SDS-PAGE
gels differently than a 20 kDa protein might, visual inspection clearly shows a change from
IL-10 at 20 kDa to PEG-IL10 at 40 kDa, representing PEGylation of IL-10. At the tested
conditions, a faint band can be observed at ~20 kDa for PEG-IL10 samples, suggesting that

not all IL-10 was PEGylated. Mechanistically, this would result in immediate diffusion of
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the unbound IL-10 to treat DCs and nearby endogenous cells, while incorporated IL-10
would be slowly released as the hydrogel degrades.

Using PEG-IL10, hydrogels were successfully synthesized and appeared
macroscopically identical to PEG-4MAL hydrogels. Incorporation of IL-10 into PEG-
4MAL hydrogels did not significantly affect the stiffness, as shown be rheological studies

(Figure A.8).

5.4.2 PEG-ILI0 Retains its Bioactivity

Even though IL-10 does not need to be internalized to promote tolerogenic

signalling?90-203

, a potential concern of IL-10 thiolation is that the bioactivity of IL-10
might be diminished due to the severe extent of thiolation. To test the bioactivity of PEG-
IL10, we utilized a murine mast cell line that proliferates in response to IL-10, MC/9 cells.
These cells were treated with either native IL-10 or PEG-IL10 and incubated for two days
before adding CCK-8. Both 4 hours and 24 hours later, IL-10 and PEG-IL10 treated MC/9
cells exhibited similar levels of proliferation, suggesting the bioactivity of PEG-IL10 had
not been affected.

To further evaluate the bioactivity, we constructed ECso curves, which are
commonly used to evaluate the effectiveness of a drug, antibody, or biologic. MC/9 cells
were treated with titrated doses of IL-10 or PEG-IL10 and their proliferation was quantified
by using Alamar Blue. ECso values for native IL-10 and PEG-IL10 were nearly identical
at ~0.003 ng/well, providing further evidence that the bioactivity of PEG-IL10 had not
been diminished. These results suggest that IL-10 modification by thiolation is a superior
method of PEGylation than acylation or reductive amination, both of which dramatically

reduce its bioactivity'®®,
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Upon investigation of the crystal structures for IL-10 and its receptor, there is
minimal overlap between IL-10/IL-10R binding sites and lysine residues on IL-10 (Figure
A.9). Since the lysine residues on IL-10 are not directly involved in ligation of IL-10R,
these residues tend to be more internal and hindered by more protruding receptor-binding
residues. Thus, it is likely that these lysines are sterically hindered or inaccessible to
maleimide groups on long 20 kDa chains and that covalent bonds are most likely to occur
at lysines near the terminal ends of IL-10.

PEG-IL10 released from degrading PEG-IL10 hydrogels should have an analogous
structure to the PEG-IL10 tested immediately after PEGylation and, thus, retain its
bioactivity after release. Additionally, there is no logical reason why PEG-IL10
incorporated within a hydrogel would be presenting a different motif than PEG-IL10 that
has not been crosslinked. Therefore, the mechanism of IL-10 treatment by PEG-IL10

hydrogels is 3-fold:

1) Unincorporated IL-10 is immediately released and diffuses to encapsulated
DCs and nearby endogenous cells

2) As hydrogels degrade, PEG-IL10 is released from the mesh network and treats
DCs and nearby endogenous cells

3) Incorporated PEG-IL10 is presented to encapsulated DCs and induces

tolerogenic signaling

5.4.3 IL-10 Release is Sustained for at Least 4 Days

A key design parameter to these tolerogenic hydrogels is that IL-10 treatment is

continued for a significant duration (at least three days) to offset injected-related
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inflammation and the elevated inflammation characteristic to subjects with autoimmune
disease. Thus, it is essential to design a biomaterial that has controlled release of
incorporated IL-10.

To assess the release of PEG-IL10 from hydrogels, fluorophore-tagged IL-10 was
thiolated, PEGylated, and hydrogels were synthesized. Hydrogels were loaded with 50 ng
of IL-10 so the effect of these hydrogels could be directly compared to DC controls
receiving IL-10 (50 ng/10°¢ cells) in later phenotypic studies. Hydrogels were degraded
hydrolytically or with collagenase I and the fluorescence intensity of supernatants was
analyzed over time. Hydrogels with untethered IL-10 and both hydrogel groups in
collagenase I released almost all incorporated IL-10 after just 5 hours, suggesting mostly
unimpeded release of protein. Alternatively, hydrogels with tethered IL-10 in PBS had an
initial burst release of ~30 ng, which likely consists of the unreacted IL-10 represented by
the faint band in Lane 3 of the SDS-PAGE gel at 20 kDa (black arrow) in Figure 5.2.
Following this burst release, these hydrogels then exhibited controlled release of ~10ng
over the next four days. After 96 hours, collagenase I was added to these hydrogels to
release any remaining IL-10, which totaled the amount of IL-10 released by hydrogels with
untethered protein. At the rate of release for tethered IL-10 in PBS, extrapolation of the
release curve predicts that complete release will occur at ~8 days. Based on the mass of IL-
10 released immediately, it is estimated that the extent of incorporation into PEG-IL10
hydrogels is between 40-50%. This release study confirms the first two parts of the 3-fold

mechanism of IL-10 treatment proposed previously.
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5.4.4 IL-10 Functionalization Improves Duration of Viability and Maturation Effects

While the optimized PEG-4MAL hydrogels without IL-10 were capable of
maintaining DC viability and immature after 24 hours of encapsulation, DCs will likely
persist in the biomaterial longer than 24 hours in vivo. Thus, we sought to assess the
potential benefit of functionalization with IL-10 at 48 hours post-encapsulation.

Again, hydrogels were synthesized with or without 50 ng of IL-10 to match the IL-
10 dose of DC controls for direct comparison. At 24 hours post-encapsulation, there were
no differences between DCs in PEG-4MAL and PEG-IL10 hydrogels based on viability
and CD86 expression (data not shown). However, at 48 hours post-encapsulation, we
observe that DCs in PEG-4MAL hydrogels have increased cell death and increased
expression of CD86 while DCs in PEG-IL10 hydrogels remain viable and immature. This
cell death and activation may be due to the mechanical stress of processing DCs and
hydrogel synthesis or the PEG-4MAL environment itself. This data suggests that PEG-
IL10 hydrogels support DC viability and an immature phenotype longer than PEG-4MAL
hydrogels without IL-10. Release studies (Figure 5.4) show that unreacted IL-10 would be
almost completely released from hydrogels in 6 hours based on the trajectory of the burst
release profile. Thus, the prolonged support provided by PEG-IL10 hydrogels can be
attributed to incorporated IL-10 presented by the polymer to encapsulated DCs since the
untethered IL-10 is no longer present after 6 hours and the differences in viability and
phenotype occur between 24 and 48 hours later.

Additionally, the viability of PEG-IL10 hydrogel-encapsulated DCs was evaluated
against a control hydrogel containing unmodified IL-10 at the same concentration. Based

on calcein AM and EthD-1 staining of DCs within hydrogels, DCs from both PEG-IL10
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hydrogels and PEG-4MAL hydrogels loaded with native IL-10 exhibit similar viability 48
hours post-encapsulation. Thus, the benefit of IL-10 on DC viability is not affected by
tethering IL-10 to the polymer network, suggesting that IL-10 is bioactive when presented
to DCs as PEG-IL10. This evidence validates the final part of the 3-fold mechanism of IL-
10 treatment proposed previously.

This benefit of IL-10 translates into improved potency for the proposed cell therapy.
In Multiple Sclerosis, promoting viability and phenotypic stability of tolerogenic DCs is a
significant challenge in retaining their effectiveness. This study illustrates that PEG-IL10
delivery systems improve the duration of DC viability and an immature phenotype,

correlating to an increased capacity for regulatory immunomodulation after delivery.

5.4.5 Both IL-10 and Hydrogel Encapsulation Contribute to DC’s Resistance to

Inflammation

Multiple Sclerosis patients also have increased levels of inflammatory cytokines
and hyper-activated immune systems that can lead to dysregulated cytokine networks and
the development of unrelated autoimmune disease®. It has been established that PEG-IL10
hydrogels support viability and an immature phenotype in DCs, so we next sought to assess
the extent to which these hydrogels could protect encapsulated DCs from inflammation.

To assess the resistance of these DCs to re-stimulation, DCs were treated with IL-
10 or encapsulated in PEG-4MAL or PEG-IL10 hydrogels for 24 hours before re-
stimulation with either a moderate stimulus (150 ng/mL of TNF-a and 30 ng/mL IFN-y
“STIM 3x”) or severe stimulus (2 pg/mL of LPS “LPS 2x”). 48 hours after re-stimulation,
DCs in PEG-4MAL and unencapsulated groups had significantly higher proportions of

CD86+ DCs in response to STIM treatment, while DCs in PEG-IL10 hydrogels were
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protected. In response to the severe stimulus, however, DCs in PEG-IL10 hydrogels were
also significantly higher in the frequency of CD86+ DC:s, albeit to an amount less than DCs
in PEG-4MAL hydrogels with only a moderate stimulus.

In an attempt to decouple the tolerogenic effects of IL-10 and the protective effects
of biomaterial encapsulation, we can compare our results to the various control groups.
Controls re-stimulated with STIM and LPS stimuli resulted in higher CD86+ frequencies
in iDC controls (~65% and ~90%) than DC10 controls (~50% and ~80%), suggesting that
treatment with IL-10 conveys some tolerogenic stability. Additionally, the frequency of
CD86+ DCs in PEG-4MAL groups were much lower than unencapsulated iDC controls,
providing evidence that hydrogel encapsulation also has protective effects against
inflammation. This is further supported by the significant differences between PEG-4MAL
and PEG-IL10 groups. It is likely that this protection by biomaterial encapsulation is due
to a hindrance of inflammatory agent diffusion into the hydrogels resulting in a physical
isolation of DCs. The ability for PEG-4MAL hydrogels to inhibit biomolecule diffusion
was also illustrated in Figure 4.6, where hydrogels with high polymer densities resulted in
DC death by inhibiting the diffusion of biomolecules necessary for DC survival. The
contributions to maturation resistance from IL-10 and biomaterial encapsulation combined
are sufficient to protect encapsulated DCs from the moderate stimulus, whereas either
treatment alone (DC10 & PEG-4MAL groups) does not confer resistance to severe
inflammation.

While IL-10 treatment and hydrogel encapsulation do not entirely protect DCs from

2 pg/mL of LPS, these DCs are much less activated than iDC or DC10 controls, suggesting
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substantial resistance to re-stimulation. Additionally, LPS is regarded as a very harsh
stimulus that is not generally experienced in vivo, especially at the tested concentrations.
The designed biomaterial is meant to overcome several significant challenges in
tolerogenic cell therapy applications: (1) co-localizing therapeutic cells to the site of
activity, (2) promoting viability and phenotypic stability in delivered cells, and (3)
preventing changes in cell viability, phenotype, and function post-injection. The PEG-
4MAL hydrogel system was chosen because it is highly modular, injectable, gelates in situ,
and does not inherently activate immune cells. The properties of this hydrogel system
enabled the precise delivery of therapeutic cells to any target location reachable with a
needle. Hydrogel modularity allowed manipulation of biophysical characteristics to
support encapsulated DCs. Lastly, the functionalization of these hydrogels with IL-10
resulted in the reinforcement of DC viability and phenotypic stability, protection from even
severe inflammatory stimuli, and a 3-fold mechanism of treatment that extends to nearby

endogenous immune cells.
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CHAPTER 6. EFFECTIVENESS OF PEG-4MAL DELIVERED
DENDRITIC CELLS IN AMELIORATING SYMPTOMS IN MICE
WITH EXPERIMENTAL AUTOIMMUNE

ENCEPHALOMYELITIS

6.1 Overview

Current treatment strategies for MS have several significant shortcomings, including:
(1) only functioning to slow disease progression; (2) variability in patient responsiveness;
and (3) dangerous side effects such as a higher risk of opportunistic infection, risk of

46167 EAE in mice has been shown to be a

autoimmunity, depression, and organ damage
highly representative model of MS in terms of pathophysiology and expression of
symptoms>®2%7. Recently, tolerogenic DC therapy has been highlighted as a promising

6.109.191,194.208 ' The objective

strategy to treat autoimmune diseases with selective tolerance
of this aim is to use a model of EAE to illustrate the effectiveness of hydrogel-delivered
DC10s in ameliorating symptoms of MS. The working hypothesis is that antigen-specific
DC10s delivered to cervical LNs by PEG-4MAL hydrogels will ameliorate symptoms of
EAE by skewing the autoreactive T cell population towards tolerance through an IL-10-
dependent mechanism. The rationale for this hypothesis is that tolerogenic DCs are capable
of conditioning T cells towards a regulatory phenotype and can even inhibit autoreactive
effector T cells!?!2%°, The use of biomaterial delivery systems enables localized delivery to
disease-relevant sites while supporting encapsulated cells post-delivery, thereby improving

the efficacy of cell therapies. Tolerogenic DCs induced by IL-10 treatment primarily

function through increased secretion of IL-107, but DCs are also capable of promoting
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tolerogenic behavior in T cells is through upregulation of PD-L121%2!!, Completion of this
aim is expected to highlight the capacity for this cell-biomaterial treatment to ameliorate
symptoms of EAE as a proof-of-concept for the treatment of autoimmunity. Insight into
the role of the biomaterial delivery platform and the mechanism by which this cell therapy

promotes selective tolerance is also a primary objective.

6.2 Materials and Methods

6.2.1 Animals

All live animal procedures were conducted under the approval of the Institutional
Animal Care and Use Committee (IACUC) of the Georgia Institute of Technology. Mice
were housed, maintained, and bred in the Physiological Research Laboratory (PRL)
Animal Facility of the Georgia Institute of Technology. Animals were 8-to-12-week-old

male C57BL/6J mice (Jackson Laboratories, Inc.)

6.2.2 Induction of Experimental Autoimmune Encephalomyelitis

After receipt, age- and sex-matched C57BL/6 mice procured from Jackson
Laboratories are given several days to adjust to their new environment. There are two major
immunization components to induce EAE: (1) MOGss.ss antigen and complete Freund’s
adjuvant (CFA) are injected subcutaneously into mice on each flank to activate immunity
against the myelin-associated self-peptide; and (2) pertussis toxin (PT) is injected

intraperitoneally two days later to promote permeability of the blood-brain barrier.
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Figure 6.1. Experimental overview for in vivo studies with EAE mice and in vitro co-
culture studies. a) EAE induction and prophylactic treatment timeline and b)
autologous co-culture design for recapitulation in vitro.

6.2.3 Clinical Scoring

Clinical Scores are given to mice with EAE based on their level of paralysis. These
scores are outlined below in Table 6.1. Scoring was done every 24-48 hours in a blinded

setting.

Table 6.1. Clinical Scoring Guidelines

Cshcl:)lf:l Description
0 No Disease
1 Flaccid Tail
2 Hind Limb Weakness
3 Hind Limb Paralysis
4 Forelimb Weakness
5 Moribund
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6.2.4 PEG-4MAL Delivery of DC10s

DCs were cultured from bone marrow as described previously. On Day 8, DC10s
were pulsed with MOGss.ss peptide for 2-4 hours and then encapsulated in 50 pL. PEG-
4MAL hydrogels at a concentration of 1x10° DCs/hydrogel. Hydrogel-encapsulated cells
were injected subcutaneously into the neck proximal to the cervical lymph nodes in mice

with EAE.

6.2.5 Congenic Tracking of Delivered Dendritic Cells

DCs were cultured from bone marrow, as described previously, using congenic
mice (CD45.2+). Recipient mice were CD45.1+ such that delivered and endogenous
leukocytes could be distinctly identified. The frequency and number of CD45.1 and

CD45.2 cells in various tissues were evaluated by flow cytometry.

6.2.6 Organ Explantation and Tissue Processing

EAE-bearing mice were sacrificed and perfused with sterile PBS via the heart.
Tissues such as the central nervous system, lymph nodes, spleens, and the hydrogel will be
collected and individually homogenized through mechanical disruption. Cells were washed

twice with sterile PBS before analysis.

6.2.7 Cell Infiltration into PEG-4MAL Hydrogels in vitro

DCs were cultured from bone marrow as described previously. On Day 6, iDCs
were stained with CellTracker Red CMTPX (Life Technologies) according to the
manufacturer’s protocol. Optimized PEG-4MAL hydrogels were synthesized as described

previously with or without iDCs in an 8-chamber imaging slide (Ibidi). Silicone molds
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were used to maintain a standard shape and height for each hydrogel. RBC-lysed
splenocytes from the same mouse were incubated for 6 days in T25 Flasks with IL-2 (30
U/mL). On Day 6, splenocytes were stained with CellTracker Green CMFDA (Life
Technologies) according to the manufacturer’s protocol. Stained splenocytes were then
seeded on top of hydrogels for 6 hours. The infiltration of splenocytes into hydrogels was

evaluated by confocal microscopy, as previously described.

6.2.8 Co-Incubation of Dendritic Cells with Autologous Splenocytes in vitro

DCs were cultured from bone marrow as described previously. RBC-lysed
splenocytes from the same mouse were plated at 5x10° cells/mL in 24-well plates
(2mL/well) with IL-2 (30 U/mL), ovalbumin (OVA)257.264 (5 pg/mL), and OV A323:339 (5
pg/mL) for 7 days. On Day 7, treated DCs were pulsed for 2-4 hours with OV A2s7.264 (10
pg/mL), and OVA323.339 (10 pg/mL). Treated DCs were then collected and plated in U-
bottom 96-well plates with 100 uL. of OVA-primed splenocytes (1x10° cells/mL) for 3
days. Splenocytes were stained with carboxyfluorescein succinimidyl ester (CFSE) prior
to being plated with DCs. On Day 10, DCs and splenocytes were collected and processed

for flow cytometry.

6.2.9 Flow Cytometry

DCs and splenocytes were washed with 1x PBS and then reconstituted in 100 pL
of 1x PBS. Cells were stained with 1 pL/sample of Zombie Violet Fixable Viability Kit
(BioLegend) for 20 minutes. Cells were then washed with FACS Buffer (Hank’s Buffered
Salt Solution, HBSS; 1% bovine serum albumin, BSA; 1 mM Ethylenediaminetetraacetic

acid, EDTA). TruStain FcX™ (anti-mouse CD16/32; BioLegend) was added, and cells

79



were incubated on ice for 10 minutes. Cells were then stained with APC/Fire750-CD3
(17A2; BioLegend), APC-CD4 (GK1.5; BioLegend), PerCP-CD8a (53-6.7; BioLegend),
PE/Cy7-CD25 (PC61; BioLegend), PE-CF594-CD279 (J43; BD), for 30 minutes on ice,
protected from light. Cells were then fixed and permeabilized using True-Nuclear
Transcription Factor Buffer Set (BioLegend) according to the manufacturer’s protocol.
Cells were stained FoxP3-PE (MF23; BD) for 30 minutes and were then washed twice with
Perm Buffer and once with FACS buffer before being analyzed on a flow cytometer

(LSRFortessa; BD). Gating strategies are illustrated in Figure A.13.

6.2.10 Confocal Microscopy

Cell viability was visualized by staining with calcein AM and ethidium
homodimer-1 (EthD-1) and imaging on a confocal microscope (Nikon Eclipse Ti-E C2+).
Media was removed and PEG-4MAL hydrogels encapsulating DCs were washed twice
with 1x PBS by gentle pipetting. Samples were then stained with 1 pM calcein AM and 1
uM EthD-1 in media without FBS for 20 minutes. Intact hydrogels were then washed two

more times and media without FBS was added for imaging.

6.2.11 Cytokine Multiplexing

Supernatants were collected from samples at the end of culture and stored at -80°C
until use. Samples were thawed to room temperature and treated according to the
manufacturer’s protocol for Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad).
Samples were then analyzed on a Luminex MAGPIX. A linear range of cytokine

concentrations was determined to optimal sample dilution according to cytokines of
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interest. Cytokines tested are categorized below in Table 4.1 based on their effects being

inflammatory, pleiotropic, tolerogenic, or unrelated to DCs.

6.2.12 Statistical Analysis

Experimental values are reported as mean and standard deviation for all samples.
Statistical analysis was determined using one or two-way ANOVA coupled with Sidak’s
posthoc pairwise tests using GraphPad (Prism Inc.). All datasets were normally distributed.
If datasets failed the Brown-Forsythe test (due to significant differences in variances
between treatment groups), Welch’s correction was applied to account for these differences
and Dunnett’s posthoc pairwise test was used. For co-culture studies, splenocyte-only
groups served as the control for comparison tests. For all other experiments, multiple
comparisons were used. p-values <0.05 were considered statistically significant. Error bars

represent the standard deviation.

6.3 Results

6.3.1 Dendritic Cells Delivered via PEG-4MAL Hydrogels Delay Onset of Symptoms and

Ameliorate Symptom Severity in Mice with EAE

Mice with EAE were treated prophylactically with either blank hydrogels, PEG-
4MAL hydrogels encapsulated MOG-DC10s (Hydrogel + MOG-DC10), or MOG-DC10s
delivered subcutaneously (SubQ MOG-DC10) at disease onset. Figure 6.2 shows that both
Hydrogel + MOG-DC10 and SubQ MOG-DC10 groups delayed the onset of symptoms in
mice by several days. However, only mice treated with PEG-4MAL hydrogel-delivered

DC10s had a significant difference in symptom severity at the peak of disease (Figure 6.2).
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Immunophenotyping studies on CNS tissues of sacrificed mice were conducted to
investigate the mechanism of amelioration. Both Hydrogel + MOG-DC10 and SubQ
MOG-DCI10 groups had significantly fewer CD11b+ cells in the CNS, while the Hydrogel
+ MOG-DC10 had significantly increased frequency of MOG-specific CD11b+
(MOG+CDI11b+) cells in the CNS (Figure 6.2). Additionally, CD3+ T cells in the CNS of
EAE mice treated with SubQ MOG-DC10 (which did not have lasting symptom reduction)

had significantly lower expression of CD4 compared to treatment with blank hydrogels

(Figure 6.2).
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Figure 6.2. Clinical scores of mice with EAE after receiving either blank PEG-4MAL
hydrogels, PEG-4MAL hydrogel-delivered DC10s, or DC10s injected
subcutaneously. a) Clinical scores of EAE mice. b) Frequency of various cell types, c)
MOG-specific cell types, and d) CD4 and CD8 T cell expression in the CNS of EAE
mice. ****p<(0.0001, **p<0.01, and *p<0.05 via two-way ANOVA and Tukey’s

multiple comparison test.

This data suggests that DC10s ameliorate symptoms of EAE through tolerance mediated

by CD11b+ cells and CD4+ T cells in the CNS.
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6.3.2 Dendritic Cells Largely Remain Within the Delivered PEG-4MAL Hydrogel While

Endogenous Cells Infiltrate the Hydrogel Environment

Congenic strains of mice were used to distinguish between delivered (CD45.1+)
and endogenous (CD45.2+) lymphocytes in EAE mice for tracking and phenotyping
purposes. Hydrogels were explanted from EAE mice after 1, 4, 7, or days post-injection.
After just 1-day post-injection, delivered DCs constituted only ~25% of the lymphocytes
within the hydrogel (Figure 6.3) and by Day 4 nearly 100% of the lymphocytes found in
hydrogel explants were CD45.2+ endogenous cells. This data suggests a high degree of
endogenous cell infiltration into hydrogels, a significant migration of DCs out of hydrogels,
or both.

In evaluating the phenotype of CD45.2+CD11c+ endogenous DCs in the CNS,
EAE mice treated with hydrogel-delivered DC10s had significantly lower CD86
expression than EAE mice treated with blank hydrogels (Figure 6.3). Similarly, in mice
receiving hydrogel-delivered DCs, CD45.2+CD11c+ endogenous DCs found in hydrogel
explants had significantly lower expression of CD86 (Figure 6.3). Additionally,
endogenous CD3+ T cells infiltration in hydrogels was observed in blank hydrogel just 1-
day post-injection, while hydrogels with DC10s had a higher frequency of CD3+ T cells at

4 days post-injection (Figure 6.3).
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Figure 6.3. Location and phenotypes of hydrogel-delivered DCs at various times post-
injection using congenic mouse strains. a) Frequency of CD45.1+ and CD45.2+ cells
within hydrogel explants. CD86 expression of endogenous (CD45.2+) CD11c¢+ DCs in
b) within hydrogel explants and c) the CNS. d) Frequency of CD3+ T cells within
hydrogel explants as a percentage of total lymphocytes. **p<0.01 and *p<0.05 via
two-way ANOVA and Sidak’s multiple comparison test.

6.3.3 Immune Cell Infiltration into PEG-4MAL Hydrogels is Recapitulated in vitro

To validate the extent of lymphocyte infiltration into PEG-4MAL hydrogels in
vitro, PEG-4MAL hydrogels were synthesized with or without iDCs and RBC-lysed
splenocytes were seeded on top. After 6 hours, we observed extensive infiltration of
splenocytes into hydrogels with iDCs while splenocyte infiltration into blank hydrogels
was limited (Figure 6.4). The number of cells infiltrating hydrogels and their depth is
quantified in Figure 6.4. This data supports the infiltration of endogenous cells into

hydrogels observed in vivo in Figure 6.3.
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Figure 6.4. RBC-lysed splenocytes stained with CellTracker Green were seeded on
top of either blank PEG-4MAL hydrogels or hydrogels encapsulating CD11c¢+ iDCs
stained with CellTracker Red. a) Confocal images illustrating the infiltration of
lymphocytes into hydrogels after 6 hours. Quantification of the number of DCs (red)
and splenocytes (green) fluorescent cells in each slice for b) blank PEG-4MAL
hydrogels and ¢) PEG-4MAL hydrogels encapsulating iDCs.

6.3.4 Dendritic Cells Treated with IL-10 or PEG-IL10 Encapsulation Inhibit CD8+ T
cell Proliferation and Induce FoxP3+ Regulatory T cells in an Antigen-Specific

Manner

DCs receiving various treatments were co-incubated with autologous, ovalbumin
(OVA)-primed splenocytes for 72 hours to evaluate their effect on T cells in vitro. Co-
cultures with DCs at ratios of 1:1 and 1:10 (DCs:T cells) had significantly higher viability
across all treatment groups except for LPS compared to splenocytes alone (Figure 6.5).
This effect was observed across all cells and amongst CD3+ T cells. While the overall

frequency of CD3+ T cells was significantly increased with a higher number of DCs, the
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frequency of CD4+ T cells was dramatically reduced at higher DC concentrations (Figure
6.5). The expression of CFSE amongst CD4+ T cells was significantly diminished in
groups with a ratio of 1:1, suggesting an increase in the amount of CD4+ T cell proliferation
in these groups, most notably amongst iDC and DC10 groups (Figure 6.5). This increase
in CD4+ T cell proliferation was primarily amongst CD25+FoxP3+ T regulatory cells, as
shown by the marked increase in iDC, DC10, PEG-4MAL, and PEG-IL10 groups (Figure
6.6). Figure 6.6 shows a significant increase in the expression of PD-1 on CD4+ T cells,

specifically for iDC and DC10 groups at higher DC concentrations (1:1).
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Figure 6.5. Viability and composition of CD3+ T cells after 72 hours of incubation
with various DCs at various concentrations. a) Live cells, b) frequency of CD4+ T
cells, and c) frequency of CD8+ T cells. Data shown is from 6 replicates across n=3
experiments. Live cells are defined by Zombie Violet negative cells. ****p<0.0001 and

**p<0.01 via one-way ANOVA and Dunnett’s comparison test.

87



CD3+CD4+ T Cells
*kHK DCs : T cells
W 1:1
. sekokok o 1:10
g 0 1:50
&‘3 O No DCs
Q °
é ole ° ° °©
X o 0 oOf ©
° [¢]
o
iDC TNF-o/IFN-y PEG-4MAL PEG-IL10 NoDC
B
CD3+CD4+ T Cells
1004
DCs : T cells
80—  HHx* . m1:1
@ 1:10
'i.—' 60 Hokokok O 1:50
2 ok O NoDCs
X 40 o *
° ﬁ ﬂ HW ]
0-
iDC DC10 TNF-o/IFN-y NoDC

Figure 6.6. Phenotypes of CD4+ T cells after 72 hours of incubation with various DCs
at various concentrations. a) CD25+FoxP3+ T regulatory cells and b) PD-1+ T cells
assessed by flow cytometry. ****p<0.0001, ***p<0.001, **p<0.01, and *p<0.05 via
one-way ANOVA and Dunnett’s comparison test.

CFSE expression on CD8+ T cells was also closely correlated to DC concentration
across all treatment groups, with significant differences observed at ratios of 1:1 (Figure
6.7). However, PD-1 expression on CD8+ T cells was elevated for iDC and DC10 groups,
as was observed in CD4+ T cells (Figure 6.7).

Interestingly, results differ when the co-culture experiment is repeated without the
presence of antigen. There are no significant differences between treatments or groups for
samples in the absence of OVA. This data suggests that the tolerance mechanism by iDCs

and DC10s is an antigen-specific process.
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Figure 6.7. Phenotypes of CD8+ T cells after 72 hours of incubation with various DCs
at various concentrations. a) MFI of CFSE and b) PD-1+ T cells assessed by flow
cytometry. **p<0.01 and *p<0.05 via one-way ANOVA with Welch’s correction and
Dunnett’s comparison test.

6.3.5 Supernatant Profiles from Co-Cultures with Tolerogenic DCs are Characteristic to

Regulatory T Cells and Tu2 Cells

Supernatants of co-cultures with various DCs were collected after 72 hours to further
assess the phenotype of T cells. Of the cytokines analyzed, those of interest include IL-10
(Tregs), IFN-y (Tul cells), IL-17 (Tul7 cells), and IL-5 (TH2 cells). Secreted chemokine
profiles were also evaluated. Supernatant concentrations of IL-10 were significantly
increased for iDC (1:1), DC10 (1:1), VD3 (1:1), LPS (1:1), PEG-4MAL (1:1), and PEG-
IL10 (1:1) (Figure 6.8). Concentrations of IFN-y were significantly increased only in TNF-
o/IFN-y (1:1) co-cultures (Figure 6.8). IL-5 concentrations were significantly increased
across all treatment groups at high ratios (1:1), with the exception of PEG-4MAL (Figure

6.8). All treatment groups produced supernatants with increased levels of CCLS, to varying
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degrees (Figure 6.8). CCL2 concentrations were notably increased for iDC, DC10, mDC,
and PEG-IL10 groups, while only mDC and PEG-IL10 co-cultures exhibited increased

levels of CCL3 and CXCLI (Figure 6.8).
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Figure 6.8. Multiplexed analysis of secreted cytokines in co-culture supernatants .
Fold changes of a) IL-10 (Tregs), b) IFN-y (Tul), ¢) IL-17 (Tul7), and d) IL-5 (Tu2)
for co-culture groups at various treatments ratios. ¢) Heatmap representing the fold
change of selected chemokines for treated groups (1:1) over splenocyte-only controls.
Data shown is from 4 replicates across n=2 experiments. ****p<0.0001, ***p<0.001,
**p<0.01, and *p<0.05 via one-way ANOVA and Dunnett’s comparison test.

6.4 Discussion

Previous work from our lab has shown significant prevention of symptom
progression in mice treated with DCs delivered to the neck, but not in mice treated with
DCs delivered to the flank. This data confirms that DCs can induce tolerance, but only
when co-localized to a site of anatomical relevance, the cervical LNs in the neck. Previous
studies have shown the challenges of DC biodistribution and in vivo activation associated

104105 This motivated the investigation into DC-

with traditional delivery methods
biomaterial interactions and the development of an immunosuppressive biomaterial

delivery system to improve the efficacy of tolerogenic DC therapies. The overarching goal
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of Aim 3 was to illustrate the supplemental benefit of a biomaterial delivery system tailored
to tolerogenic DCs by utilizing a murine model of MS and elucidating mechanistic

properties of immunomodulation with studies both in vivo and in vitro.

6.4.1 Dendritic Cells Delivered via PEG-4MAL Hydrogels Delay Onset of Symptoms and

Ameliorate Symptom Severity in Mice with EAE

To evaluate the effect of biomaterial delivery on the success of DC therapies, mice
were induced with EAE and treated prophylactically with subcutaneously delivered MOG-
DC10s, PEG-4MAL hydrogel delivered MOG-DC10s, or blank PEG-4MAL hydrogels.
The clinical scores of mice were recorded each day to track the progression of symptoms.
While it has been previously established that the location of therapeutic cell delivery is
highly important to therapeutic effectiveness, this study aimed to highlight the ability of
our immunomodulatory biomaterial system in improved the robustness of this therapy by
better co-localizing DCs to the target site and by supporting DCs post-injection. The neck
of mice was chosen as the delivery site to co-localize DCs to the LNs most relevant to EAE
disease pathophysiology, the cervical LNs.

While mice receiving blank hydrogels progressed to average clinical scores >1 by
Day 19 and >2 by Day 21, mice treated with hydrogel-delivered MOG-DC10s remained
mostly asymptomatic with an average clinical score of <1 on Day 21. By Day 25, mice
receiving blank hydrogels had progressed to an average clinical score of >3, whereas only
mice treated with hydrogel-delivered MOG-DC10s had a significantly lower average
clinical score. Interestingly, both hydrogel-delivered and subcutaneously delivered MOG-
DC10 groups demonstrated an apparent delay in the onset of symptoms in EAE mice.

However, only mice receiving hydrogel-delivered treatments exhibited a significant
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amelioration of symptoms by the end of disease progression. This data suggests that DC
therapies are effective in ameliorating symptoms at early timepoints regardless of delivery
method, but only hydrogel-delivered DC therapies result in long-term amelioration of
symptoms in mice with EAE.

Mice with EAE were sacrificed and their primary tissues were collected and
processed to examine their immunophenotype using flow cytometry. Mice receiving blank
hydrogels had an increase in the frequency of CD11b+ cells in the CNS, accompanied by
a decrease in the frequency of MOG-specific CD11b+ in the same tissue. Oppositely, mice
treated with hydrogel-delivered DCs had higher frequencies of CD11b+ cells in the CNS.
CDI11c+CD11b+ APCs have been implicated in EAE as the cells that regulate immunity

212

through induction of T regulatory cells*'“ and depletion of this cell type abrogated these

tolerogenic effects?!?

. Blank hydrogel groups had a significant increase in the expression
of CD4 amongst CD3+ T cells compared to mice receiving DC therapies, while the

expression of CD8 remained unchanged. This suggests that immunomodulation by DCs

may occur primarily in the CD4 compartment.

6.4.2 Dendritic Cells Largely Remain Within the Delivered PEG-4MAL Hydrogel While

Endogenous Cells Infiltrate the Hydrogel Environment

Towards examining whether the long-term effects of biomaterial-delivered DC
therapies are due to DCs being more robust in their effects or sustained DC activity for a
more extended period, we employed congenic strains of mice to further investigate the
immunomodulatory mechanism. DCs from CD45.1+ mice were delivered to CD45.2+
mice to track the delivered DCs and to differentiate between the effects of endogenous and

therapeutic cell subsets.
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After 1,4, 7, or 10 days post-injection, mice with EAE were sacrificed and relevant
tissues were collected and processed for flow cytometry. In evaluating hydrogel explants,
we observed a marked increase in endogenous CD45.2+ just 1-day post-injection and
nearly all of the cells in these hydrogel explants were CD45.2+ cells by 4 days post-
injection. This suggests a high level of endogenous cell infiltration into PEG-4MAL
hydrogels after injection. It is likely that basal chemokine secretions by encapsulated DCs
recruit endogenous lymphocytes to the established biomaterial niche. This evidence is in
contrast to our original hypothesis that delivered DCs would migrate to nearby LN to carry
out effector functions.

Endogenous DCs infiltrating delivered hydrogels with DC10s had significantly
lower expression of CD86 than DCs that infiltrated blank hydrogels. Additionally,
endogenous CD45.2+ DCs in the CNS had significantly lower expression of CD86 than
endogenous DCs in the CNS of mice receiving blank hydrogels. Lastly, CD3+ cells
infiltrated blank hydrogels quickly (Day 1) while hydrogels encapsulating DCs were
infiltrated by T cells later (Day 4+). Combined, this data provides evidence contrary to our
original proposed mechanism of action. Based on this series of experiments, it is much
more likely that endogenous DCs and other lymphocytes infiltrate the highly degradable
PEG-4MAL hydrogel, are modulated by the delivered DC10s, and then migrate out to carry

out downstream functions in the CNS and elsewhere.

6.4.3 Immune Cell Infiltration into PEG-4MAL Hydrogels is Recapitulated in vitro

Due to these differences in the characteristics of infiltration, we sought to
recapitulate the observed infiltration in vitro. PEG-4MAL hydrogels with or without DCs

were synthesized and autologous splenocytes were then seeded on top of the biomaterial
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constructs. Several hours later, hydrogels were imaged to assess the depth of infiltration by
splenocytes. Splenocytes (green) infiltration into hydrogels encapsulating DCs was evident
at depths of up 550 um after just 6 hours of incubation, whereas splenocytes seeded on
blank hydrogels showed little evidence of infiltration at this early time point. This suggests
that the encapsulated DCs are more prevalent than the hydrogel architecture in promoting
endogenous cell infiltration early on.

Taken with data from the previous section, it is possible that delivered DCs recruit
endogenous DCs and other APCs, which then recruit T cells and other effector
lymphocytes. The biomaterial delivery construct may function as an immunomodulatory
node, where endogenous cells are recruited to, treated by delivered DCs, and then migrate

to sites of therapeutic importance such as LNs and the CNS.

6.4.4 Dendritic Cells Treated with IL-10 or PEG-IL10 Encapsulation Induce FoxP3+

Regulatory T cells and Suppress CD8+ T cells in an Antigen-Dependent Manner

To gain insight into the immunomodulatory process by which DC10s ameliorate
symptoms of EAE in vivo, we investigated the effects of these DCs on T cells in a co-
culture. Autologous splenocytes were chosen to establish a more biomimetic environment
of signaling compared to a co-culture with T cells alone. Splenocytes were primed with
OV A2s7.264 and OV Asz23:339 (5 pg/mL each) for 7 days prior to co-incubation with DCs
based on a protocol previously established in the Babensee Lab?!4. DCs receiving various
treatments or biomaterial encapsulations were pulsed with OV Azs7.264 and OV A323.339 (10
pg/mL each) for 3-5 hours prior to co-incubation with splenocytes for 3 days. DCs were
mixed with splenocytes at ratios of 1:1, 1:10, and 1:50 (DCs:splenocytes). The phenotype

of splenocytes prior to incubation with DCs on Day 7 was not directly measured, but we
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expect that T cells were viable, had expanded in response to OVA antigen priming, and
maintained survival signaling processes, which the Babensee Lab has previously
demonstrated in the work by Thomas et al!4,

CD3+ T cell viability appeared to be improved at higher concentrations of DCs,
including significant increases in iDC, DC10, and VD3 groups. Higher concentrations of
DCs also resulted in a lower frequency of CD4+ T cells and a higher frequency of CD8+
T cells across all groups (excluding LPS). Additionally, higher DC concentrations were
correlated with lower fluorescence of CFSE in CD4+ T cells and CD8+ T cells, suggesting
substantial proliferation across both T cell subsets. In focusing specifically on CD4+ T
cells, we observed a significant increase in CD25+FoxP3+ T regulatory cells for iDCs
(1:1), DC10s (1:1, 1:10), VD3 (1:1), PEG-4MAL (1:1, 1:10), and PEG-IL10 (1:1). CD4+
T cells from co-cultures with iDCs and DC10s at higher DC concentrations (1:1 and 1:10)
also had a significant increase in the percentage of PD-1+ CD4+ T cells. Similarly, CD8+
T cells mixed with iDCs (1:1) and DC10s (1:1 and 1:10) had a significant increase in PD-
1+ CD8+ T cells.

It is not surprising that co-cultures with more DCs have increased T cell viability,
as DCs are known to induce maintenance and survival signaling in cognate T cells’. In
contrast, co-cultures in the absence of antigen had poor viability regardless of treatment
group, suggesting that the presence of antigen plays a role in the survival T cells, which
has been previously reported?'>. Only a small fraction of T cells survived after 7 days of
culture without antigen. There were over 3 times the number of T cells after 7 days of
culture with OVA priming, which is likely due to survival signaling and T cell expansion

in response to antigen. OVA-primed T cells primarily responded to antigen-pulsed DCs,

96



while there were no significant changes in viability or phenotype of T cells without antigen
present. It is expected that this is due to either a reduction in T cell activity in the absence
of antigen or less robust conditioning by DCs in the absence of presented antigen. While
the frequency of CD4+ T cells decreased in iDC and DC10 groups, decreasing CFSE
fluorescence suggests that CD4+ T cells were still proliferating. Comparing CFSE
expression in CD4+ versus CD8+ T cells, CD8+ T cells exhibited dramatically lower CFSE
fluorescence, meaning that CD8+ T cell proliferation simply outpaced CD4+ T cell
proliferation for these groups, resulting in the observed frequencies.

The marked increase in the percentage of CD25+FoxP3+ Tregs for iDCs, DC10s,
PEG-4MAL, and PEG-IL10 groups highlights the primary mechanism of
immunomodulation. This likely occurs one of two ways in vivo: (1) directly, where
tolerogenic DCs interact with endogenous T cells and induce a regulatory phenotype, or
(2) indirectly, where tolerogenic DCs modulate endogenous DCs and other APCs, which
then induce Tregs. This increase in Tregs is accompanied by an increase in PD-1 for the
same groups, suggesting that PD-1 is involved in downstream tolerance. In the CD8+ T
cell compartment, the marked increase in PD-1 combined with dramatic proliferation
indicates that these cells are approaching a state of immunosuppression where they will no
longer be capable of detrimental autoreactive processes. While we have evidence of PD-1
expression for the control groups, time constraints prohibited studies of PD-1 expression
in hydrogel groups, but we can infer that the mechanism of iDC and DC10 tolerogenic
function does not change due to encapsulation.

When applied to the previous data observed in vivo, we can confirm that

immunomodulation of the CD4+ T cell compartment is the most likely mechanism of
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tolerance induced by therapeutic DCs. Both iDCs and DC10s have been shown to be potent
inducers of Tregs previously’®, and these experiments illustrate that DCs tolerized via
PEG-IL10 hydrogels are just as effective at inducing Tregs. Despite immunosuppression
of CD8+ T cells in vitro, it is unclear whether they become benign or retain their cytotoxic
profile in vivo, and further studies are needed. Additionally, decreased CD86 expression in
endogenous DCs in the hydrogel and CNS signifies that immunomodulation is not limited
to T cells, supporting the indirect mechanism of tolerance.

However, antigen matters not only to viability and cell survival but to DC-T cell
interactions and the downstream signaling that results in Treg induction and increased
expression of PD-1. CFSE fluorescence, PD-1 expression, and Treg frequency remained
largely unchanged across all groups when antigen was omitted from co-cultures. The
antigen-dependence illustrated by these experiments also confirms that although the MHC-
IT expression of DC10s is lower than mDC:s, it is still sufficient to present antigen to T
cells. Since cell contact between APCs and T cells is necessary to condition antigen-
specific cellular immunity, it is expected that these DCs induce tolerance through direct
interactions with endogenous lymphocytes. This is supported by the lack of differences in
T cell viability and phenotype in the absence of antigen. In co-cultures without OV, it is
likely that no response was observed due to only a small fraction of the T cell population
being OV A-specific (without OVA-induced T cell expansion), lower T cell yields and poor
activity (without OVA-induced signaling), inhibited conditioning by DCs (without OVA
presentation), or a combination of these reasons. Thus, the dependence on antigen for

immunomodulation in an antigen-specific autoimmune disease implies that delivered DCs
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also act directly and that the downstream effects observed in vivo are likely a mix of direct
and indirect mechanisms.

It should be noted that while both iDCs and DC10s effectively induce Tregs, iDCs
have a less stable phenotype and are sensitive to inflammation, putting them at risk of
losing their therapeutic capacity due to maturation. However, DC10s are phenotypically
stable, resistant to moderate levels of inflammation, and contribute to other anti-
inflammatory processes and tolerance mechanisms. In treating a patient with rampant
inflammation, these properties of DC10s are necessary for effective treatment. It is possible
that the digestion of hydrogels with collagenase diminishes the function of encapsulated
DCs, but trends between biomaterial groups and their unencapsulated counterparts are very
similar. The effect of collagenase treatment on DC function needs to be better understood.

Taken together, this data has changed our understanding of the immunomodulation
taking place in vivo. Our revised mechanism proposes that hydrogel delivered DCs recruit
endogenous APCs and T cells to the biomaterial niche. It is at this immunomodulatory
node that DCs induce Tregs and suppress CD8+ T cells, either directly, or indirectly
through endogenous APCs, in an antigen-specific manner. Afterward, tolerized
endogenous lymphocytes migrate to the cervical LNs and CNS where autoreactive
immunity is inhibited, ameliorating symptoms of paralysis. Further studies are needed to
validate this mechanism and identify any potential benefit provided by IL-10 modulated

hydrogels.
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6.4.5 Supernatant Profiles from Co-Cultures with Tolerogenic DCs are Characteristic to

Regulatory T Cells and Tu2 Cells

The supernatants of co-culture samples were multiplexed to characterize the
secretory profiles splenocytes treated with various DCs to further evaluate the phenotype
of the T cells present. The values of cytokines are represented as the fold change in
concentration compared to splenocytes without DC-treatment to highlight any changes in
cytokine secretions. Tul and Tul7 cells are regularly implicated in the pathophysiology of
EAE mice®??1¢ and MS patients®’, whereas Tregs!'>!80 and Tu2 cells?!7-?!8 have widely been
shown to play a role in immune tolerance and the resolution of autoimmune symptoms.
Thus, these studies aimed to further identify the T cell subtype induced by treatment with
various DCs.

DCs receiving various treatments resulted in a significant increase in supernatant
IL-10 concentrations, most notably for iDC (1:1), DC10 (1:1), PEG-4MAL (1:1), and PEG-
IL10 (1:1) groups. If DCs alone were responsible for the observed increase in IL-10
secretion, we would expect the levels of IL-10 to correlate with the concentration of DCs.
While we cannot directly decouple the cell source of IL-10 in these studies, it is apparent
that IL-10 levels in samples with a ratio of 1:1 are markedly higher than samples with 1:10
and 1:50 ratios (which are very similar). This data suggests that CD25+FoxP3+ Tregs
contribute to the increased levels of IL-10 in these supernatants, which further supports the
induction of Tregs discussed previously. Regardless of whether increased IL-10 levels are
primarily due to DCs or Tregs, these results further implicate IL-10 as a mechanism of

tolerance by this DC therapy.
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As expected, TNF-o/IFN-y-treated DCs (1:1) induced IFN-y secretion amongst T
cells in co-cultures, which is a hallmark of Tul cells. No other DCs were capable of
conditioning T cells towards Tul cells based on the secretion of IFN-y in these co-cultures.
Similarly, the concentrations of IL-17 in co-culture supernatants remained largely
unchanged across all of the tested treatment groups.

High ratios of DC treatment (1:1) induced significantly higher levels of IL-5
secretion across all treatments, with the exception of PEG-4MAL-treated DCs. Each of
these treatments resulted in similar concentrations of IL-5, between 5-10 times higher than
IL-5 produced by splenocytes alone. This data suggests that these DCs may have an
inherent capacity to induce Tu2 cells, regardless of treatment. Further investigation is
needed to determine whether these T cells are, in fact, Tu2 cells (based on the expression
of GATA-binding protein 3, GATA3) and if these cells play a role in the amelioration of
symptoms in EAE mice after treatment with DCs. The presence of these cells in co-cultures
may explain the increased levels of IL-10 in VD3 (1:1) and LPS (1:1) groups, as Tu2 cells
also secrete IL-10.

The chemokines CCL2, CCL3, CCL4, CCL5, and CXCL1 are predominantly
secreted by DCs?!"” and, thus, the fold change in chemokine expression is notably high
(100-300x) when compared to the splenocyte-only control group. Interestingly, CCL2 and
CCLS were the chemokines with the largest increase in supernatants from iDC and DC10
groups, whereas CCL3 and CCLS5 exhibited the biggest increase in PEG-4MAL samples.
These effects appeared to compound for PEG-IL10 supernatants, where all chemokines
were significantly increased, and CCL5 was increased higher than every other group.

CXCL1, which has been shown to inhibit oligodendrocyte migration??° and correlate to
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decreased symptom severity in EAE??!, was also significantly increased in PEG-IL10 co-
cultures. The chemokines addressed in this study attract monocytes (CCL2, CCL3, CCL4),
macrophages (CCL3, CCL4), DCs (CCL2), T cells (CCL2, CCL4, CCL5), neutrophils
(CCL3, CXCL1) and other leukocytes, most commonly in response to inflammation or
tissue repair?!®. The high level of chemokines expressed by these DCs supports the
phenomenon of endogenous cell infiltration demonstrated in Figure 6.4. In total, these
results suggest that immunomodulation occurs within the DC-laden hydrogel after

chemokine-mediated recruitment of endogenous immune cells in vivo.
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Figure 6.9. Schematic representing the proposed mechanism of amelioration in vivo
after injection of PEG-IL10 hydrogels carrying DCs. a) DC-laden hydrogels are
injected into mice and synthesize in vivo. b) DCs recruit endogenous lymphocytes to
the immunosuppressive biomaterial niche. ¢) Endogenous lymphocytes infiltrate the
hydrogel and are tolerized by MOG-specific DC10s, biomaterial-released IL-10, and
protection from inflammation. d) Tolerized endogenous cells migrate out of the
biomaterial and carry out downstream processes, eventually reaching the CNS.
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CHAPTER 7. CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Conclusions

DCs are potent mediators of immunity and have shown effectiveness as a cell
therapy, but significant limitations limit their robustness. The research study described
herein elucidates the governing factors in the development of a tolerogenic biomaterial
delivery system for DC therapies in the treatment of pathologies with over-activated
immune systems. This work has shown the parameters most relevant to the support of DCs
in a tolerogenic context by characterizing the relationship between three-dimensional
biomaterial properties and the viability and maturation of DCs. Based on these findings,
PEG-4MAL hydrogels were tuned specifically to promote DC effectiveness in treating
mice with EAE, an animal model of MS. PEG-4MAL hydrogels were further
functionalized with tolerogenic cytokine IL-10, which was shown to prolong the benefits
of encapsulation, protect DCs from inflammation, and exhibit controlled release of IL-10
through multiple mechanisms. Experiments herein demonstrated that PEG-4MAL
hydrogel-delivered DC10s significantly ameliorated symptoms of EAE at peak disease
compared to DCs delivered subcutaneously. Through a series of in vivo and in vitro
experiments, Treg induction and PD-1 mediated immunosuppression was identified as the
primary responses to treatment with hydrogel-delivered DCs. These studies validated
significant infiltration of endogenous lymphocytes into our immunosuppressive
biomaterial niche and verified that downstream effects are realized in the CNS, the

anatomically relevant site of disease.
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In Chapter 4, PEG-4MAL hydrogel stiffness, mesh size, degradability, and adhesive
properties were modulated through manipulation of polymer density, macromer size,
crosslinker type, and adhesive peptides, respectively. Hydrogel stiffness was shown to
significantly impact the viability and morphology of encapsulated DCs, and scaffolds with
a storage modulus of ~200 Pa were found to best support DCs. Parameters such as
macromer size, crosslinker type, and adhesive peptide concentration did not significantly
alter the viability or phenotype of DCs at the broad range of values tested. This flexibility
enabled a selection of parameters (Table 4.2) specifically tuned for an autoimmunity proof-
of-concept application and provided the opportunity for PEG-4MAL hydrogels to be
manipulated for other non-adjuvanting applications. This set of studies provides a
framework for the development of PEG-4MAL based delivery systems for any DC therapy
where activation is detrimental to the treatment, such as transplantation, autoimmune
disease, and chronic inflammatory diseases.

In Chapter 5, optimized PEG-4MAL hydrogels were further functionalized with the
tolerogenic cytokine IL-10, which induces tolerance in DCs, T cells, and other
lymphocytes. Three-dimensional analysis of murine IL-10 crystal structures indicated only
minor overlap between residues involved in ligation of IL-10R and lysine residues, the
target for thiolation. IL-10 thiolation resulted in ~13 thiolated lysine residues, which
enabled subsequent binding of IL-10 to PEG-4MAL through covalent bonds. Bioactivity
experiments demonstrated that PEG-IL10 retained its bioactivity, with ECso values almost
identical to that of native IL-10. PEG-IL10 hydrogels exhibited a 3-fold mechanism of IL-
10 treatment through (1) an initial burst release of unreacted IL-10, (2) controlled release

of PEG-IL10 as the hydrogel degrades, and (3) direct presentation of polymer-bound IL-
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10 to encapsulated DCs. These hydrogels protected DCs from severe inflammation in the
media due to both hydrogel encapsulation and treatment with IL-10. These combined
effects were shown to extend the duration of DC support to at least 48 hours.

Lastly, Chapter 6 focused on applying the developed treatment in vivo using a
murine model of MS. Mice receiving DC10s exhibited a delayed onset of symptoms
regardless of the delivery method. However, mice treated with hydrogel-encapsulated
DC10s had significantly lower clinical scores compared to subcutaneously-delivered DC
groups at the peak of disease. Significant differences were identified in the number of
MOG-specific CD11b+ cells in the CNS. The maturation marker CD86 was significantly
lower in CD11c+ DCs in both the hydrogel environment and the CNS. A set of in vitro and
in vivo experiments illustrated marked infiltration of lymphocytes into the hydrogel
environment indicated that the site of immunomodulation is likely within the
immunosuppressive biomaterial niche. Autologous co-culture experiments established a
promising mechanism of tolerance by which hydrogel-delivered DC10s ameliorate
symptoms of autoimmunity. iDCs, DC10s, and DCs from PEG-4MAL or PEG-IL10
hydrogels stimulated proliferation of CD4+ T cells and induced CD25+FoxP3+ T
regulatory cells. CD8+ T cell proliferation outpaced that of CD4+ T cells, but both groups
presented higher PD-1 expression, signifying immunosuppression. Co-culture studies also
identified the presence of antigen as a necessary component, as the reported effects were
not observed in the absence of antigen.

Taken together, these experiments elucidate the DC-biomaterial interactions relevant

to the development of a non-activated biomaterial, the regulatory benefits of
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functionalizing PEG-4MAL with IL-10, and the improved efficacy of DC therapies in

treated symptoms of EAE with accompanying mechanistic insights.

7.2 Significance of Findings

The work described here has contributed the scientific research community by
elucidating the effects of biophysical and biochemical properties of biomaterials on DCs,
developing a biomaterial delivery system capable of directly inducing tolerance,
demonstrating the bioactivity of PEG-IL10, providing a proof-of-concept example of
biomaterials improving the efficacy of DC therapies, and identifying a biomaterial
framework for establishing and immunosuppressive niche or other delivery applications.
The potential for DC-based cell therapies to treat autoimmune disease is substantial and
limited only by inadequacies in cell delivery and functional support post-injection.
Tolerogenic DCs have limited migratory capabilities and have been shown to disperse after
injection into mice!*!%, Additionally, rampant inflammation in subjects with over-
activated immune systems can render DCs useless by activating DCs. Much effort has been
dedicated to studying materials that act as adjuvants to DCs (including past work from this
lab), but little has been done to further develop biomaterial delivery systems for DCs
functioning in the opposite context, immunosuppression. Biomaterial epitopes that mimic
PAMPs and DAMPs have long been the focus of immune cell-biomaterial interactions.
However, the research covered in this thesis has characterized the relationship between
biophysical and biochemical properties, both microscopic and macroscopic, and DC
viability and phenotype. Additionally, materials that have no effect on immune cells have

been discovered and were previously considered “bioinert,” but the research herein
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transforms a polymer-based biomaterial into a material that is capable of directly inducing
tolerance while also achieving targeted cell delivery.

The bioactivity experiments described here also concretely validate the bioactivity
of PEG-4MAL-bound IL-10. Studies in Chapter 5 and Chapter 6 proved that encapsulation
in biomaterial not only maintains an immature DC phenotype but tolerizes DCs to an extent
similar to IL-10 treatment. Studies in EAE mice added to the evidence that biomaterial
delivery systems can improve the downstream effects of cell therapies through targeted
delivery and post-delivery functional support. Moreover, these studies showed that
improvements in treatment efficacy are also achievable in a tolerogenic application. This
hydrogel-delivered DC therapy represents a promising strategy for the treatment of
autoimmune disease. The versatility in PEG-4MAL hydrogel design illustrated here
enables biomaterial design for a breadth of tolerogenic applications and points to the
possibility of using this platform as an immunosuppressive niche for applications outside
of autoimmune disease. These findings collectively broaden the range of possibilities for

DC therapies and will hopefully push clinical translation of DC therapies forward.

7.3 Future Directions

The results of this thesis verify that biomaterial delivery systems tailored to a
particular type of cell therapy can improve their efficacy and clinical outcomes in mice.
This work provides a foundation for understanding the cellular and molecular basis of
tolerance induction by hydrogel-delivered DC10s, but there are many promising next steps
to this project. A more thorough set of immunoprofiling experiments is needed to further
clarify the mechanism of regulating immunity that occurs in EAE mice. With more detailed

insights, iteration of PEG-4MAL hydrogel design to fit the needs of the system is expected

108



to provide an added benefit to treatment efficacy. PEG-IL10 hydrogel development was
still in progress when logistical constraints prevented access to the EAE animal model, so
a critical next step is to test the efficacy of PEG-IL10-delivered DC10s both
prophylactically (as in Chapter 6) and therapeutically. Literature support and observational
evidence of tissue remodeling and vascularization of hydrogel constructs post-injection
suggest that this system can be utilized as a tertiary lymphoid organoid (TLO)
therapeutically. Lastly, reproducing the phenomena characterized herein using human
PBMC-derived DCs from healthy patients and MS patients will be necessary to explore
the translatability of this strategy to the clinic.

Murine BMDCs cultured with similar differentiation protocols are used widely
across academic labs. However, BMDCs from different labs are reported to have varying
phenotypes and functional identities, and BMDCs do not generally conform to any of the
well-characterized DC  subtypes identified in vivo!’!”.  Unfortunately, this
characterization work is outside the scope of this lab, but a better understanding of DCs
development, behavior, plasticity, migration, antigen processing, secretory profile, and
genetic profile would greatly help DCs users engineer their systems to develop better

treatment regimens.

7.3.1 Immunoprofiling EAE Mice Receiving Treatment with PEG-4MAL Delivered

DCI0s

The experiments discussed in Chapter 6 provide some evidence surrounding the
mechanism of tolerance in vivo, but there are still unresolved questions about the exact
nature of immune regulation. Congenic studies showed that almost all delivered DCs had

disappeared from the hydrogel environment by 4 days post-injection, but it is still unknown
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whether this is due to migration of DCs or cell death. To address this, future studies could
employ Green Fluorescent Protein (GFP) DCs and in vivo imaging systems (IVIS) to track
the movement of fluorescence. Increasing fluorescence in tissues of immunological or
pathological interest, such as the spleen, LNs, and CNS would indicate migration of
delivered DCs. In contrast, a random distribution or dissipation of fluorescence would
indicate DC death.

Another important aspect of this therapeutic mechanism is which endogenous
cellular compartment is the primary driver of downstream effects initiated by the delivered
DCs. The immunoprofiling study covered in Chapter 6 shows a reduction in maturation
markers amongst endogenous CD11b+ and CD11c+ cells, and studies described here and
elsewhere?!22!3 have shown that these DCs are capable of inducing T regulatory cells and
inhibiting CD8+ T cells. Future experiments could use flow cytometry to better
characterize the cellular composition of lymphocytes in the hydrogel environment and
CNS. To identify the driving mechanism of tolerance induction, the number and functional
capacity of various T cell subtypes across various immune and neurological tissues (LN,
spleen, CNS) should be identified by flow cytometry and analysis of secreted
cytokines.Tissue samples from treated mice can be counted and phenotyped by using
counting beads and intracellular antibodies for T-bet (Tul cells), ROR-yt (Tul7 cells), and
FoxP3 (Treg cells). T cell activity should be measured by correlating cell number to the
amount of [FN-y and TNF-a (Tu1 cells), IL-17 (Tul7 cells), and IL-10 and TGF-§ (Treg
cells) in tissue lysates. Any observed changes in T cell number or activity should be
validated with co-culture experiments in vitro, along with the identification of tolerance-

inducing molecules known to be expressed by DCs (IDO, PD-L1, IL-10).
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Immunohistochemical and histological sections from the CNS could be stained with
hematoxylin and eosin (H&E) or for CD3+ (T cells), CD19+ (B cells), CD11c+ (DCs) to
identify any changes in the cellular composition near the site of injury. Separate CNS tissue
slices could also be stained with Luxol fast blue (LFB), which stains myelin, to illustrate
differences in the demyelination of neural tissues in EAE mice. Multiplexing relevant
cytokines (such as those tested in Chapter 4) from CNS lysates may provide additional
evidence of the state of immunity within the CNS for treated and untreated EAE mice.
Lastly, two additional controls should be included in full-scale EAE follow up
experiments: (1) hydrogel-delivered DCs pulsed with OV A antigen instead of MOG to test
antigen specificity and (2) DCs injected intravenously as an additional control of a well-
characterized delivery method. The studies in this section may elucidate the primary cell
type driving amelioration, the path and process of migration for DCs and endogenous cells,
the extent of co-localization of DCs and downstream effectors to lesions in the CNS, and
the role of antigen-specificity in this treatment. Once a more complete understanding of
the mechanism of amelioration is reached, PEG-4MAL hydrogel delivery systems could

be iterated to further improve DC efficacy.

7.3.2 Iteration of PEG-ILI0 Biomaterial Design and its Efficacy as a Therapeutic

Treatment

A greater understanding of how the employed DC therapy works on a cellular level
could identify potential adjustments to the PEG-4MAL hydrogel design that would further
contribute to the robustness of delivered DCs against EAE. Insights into drivers of

endogenous cell recruitment and effector cell migration to the CNS can be leveraged to
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iterate PEG-IL10 hydrogel design to conform to the identified in vivo mechanisms of
tolerance.

Due to constraints in access to the EAE model, hydrogels assessed in vivo for this
project were not functionalized with IL-10. While hydrogel encapsulation was shown to
provide some protection against inflammation, an important next step is to determine the
added benefit of IL-10 to this system. Experiments in Chapter 5 illustrated that IL-10
functionalization grants improved protection against inflammation and more durable
support to DCs than PEG-4MAL hydrogels. Between this and the ability of IL-10 to
tolerize nearby endogenous cells as they begin to infiltrate hydrogels, functionalized PEG-
IL10 hydrogels are expected to synergize with encapsulated DC10s and improve
therapeutic outcomes.

Lastly, the capacity for this hydrogel-delivered DC therapy to be effective
therapeutically is of great interest to the medical community. The immune system is highly
dynamic and T cells??2, DCs?%, and innate immune cells??* have all been shown to be
plastic, suggesting that even after disease onset, the proper cell therapy delivered to the
right location should be capable of reversing immune-related pathologies. Depending on
the duration of tolerogenic DC persistence in vivo, as shown by mechanistic studies in the
previous section, administrating multiple doses of PEG-IL10-delivered DCs should be
considered. Future work should include hydrogel-delivered DC treatment at a therapeutic

time point in the previously discussed EAE experiments.

7.3.3  Therapeutic Generation of Artificial Lymph Nodes

Interestingly, while explanting hydrogels from EAE during the congenic studies in

Chapter 6, a noticeable difference in hydrogel size and presence was recognized
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macroscopically. When explanting blank hydrogels, the biomaterial constructs were
difficult to locate due to their small size, and at later time points (Day 7-10), one or both
of the hydrogels were unable to be recovered. PEG-4MAL hydrogel-delivered DC10s
appeared to be integrated, vascularized, and retained their original volume after 10 days
post-injection. While purely observational, this data suggests that the presence of DC10s
in the hydrogels is correlated with remodeling and vascularization processes in vivo. As
illustrated by subsequent functional studies, the hydrogel environment acts as an
immunosuppressive biomaterial niche or node where endogenous cells are modulated by
DCs. This remodeled, vascularized, node-like structure may potentially resemble a TLO or
ectopic lymph node-like tissue growth.

Upon investigation of the literature, several of the conditions characteristic in LN
development during embryogenesis®?® are recapitulated in the system developed herein.
Beyond RGD-assisted infiltration, vascularization, and rapid degradation to facilitate ECM
remodeling, several other factors align with physiological LN development. Ectopic TLO
formation has been shown to occur at the onset of various autoimmune diseases??%??” and
is initiated by lymphotoxins and CXCL13%%8, which are likely a result of the heightened
inflammation that occurs in autoimmune disease®. In fact, antibodies against various
lymphotoxins have been produced to treat autoimmunity through inhibition of
inflammation and exacerbating TLOs?!®, Data from Chapter 6 highlights T cell infiltration
into PEG-4MAL hydrogels in vivo, and lymphotoxin-o. (LTa) has been shown to be
predominantly expressed by Tul and Tu17 cells in mice with autoimmune disease?!'®. After
initiation, TLO development is primarily driven by interactions between a subset of DCs

and fibroblastic reticular cells (FRCs)*?°, and DCs are already present within our
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biomaterial construct. A recent study also delivered hydrogels encapsulating lymphotoxins
and chemokines to recruit DCs, T cells, and B cells to the hydrogel, promoting the
formation of TLOs with well-defined architecture that were capable of mounting adaptive
immunes responses®*°. The overall goal of driving TLO formation within a hydrogel seeded
with tolerogenic DCs is to create a LN-like center of immunomodulation that drives
tolerance rather than exacerbates inflammation. In this case, PEG-4MAL hydrogels may
produce better outcomes than PEG-IL10 hydrogels, as IL-10 may counteract the
inflammation-based tissue growth.

Future studies should inject hydrogel-delivered DCs into EAE mice and, following
an incubation period, explant and section hydrogel constructs for immunohistochemical
staining to examine the organization of CD3 (T cells), CD19 (B cells), CD11c (DCs), GP38
(FRCs), and MECA-79 (high endothelial venules, HEVs) to be compared to LN
architecture. The presence of organized MECA-79+ HEVs would signify the existence of
LN-relevant cardiac structures and validate the vascularization observed macroscopically.
To determine if the remodeled hydrogel structures are lymphatically connected, future
experiments should employ tail vein injections of Indian Ink. This easily recognizable dye
that is known to drain through lymphatic vessels and stain lymphatically connected LNs?*!,
If this research identifies LN-like architecture, vascularization, or lymphatic connectivity,
a partial re-design of the hydrogel-delivered DC system to promote therapeutic artificial
LN (aLLN) development has the potential to be highly impactful. Therapeutic alLNs could
provide a permanent node of immunomodulation that results in the persistent and durable
treatment of autoimmunity, although genetic kill switches or other methods of control

might need to be included for safety purposes.
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7.3.4  Therapy Effectiveness on Human MS-Patient PBMCs in vitro

Towards the ultimate goal of curing autoimmune disease in human patients, a series
of in vitro experiments validating the murine results discussed here would be a significant
step toward pushing DC therapies to clinical trials. After establishing treatment protocols
and control phenotypes, the DC-biomaterial interactions characterized in Chapter 4 should
be confirmed with human PBMC-derived DCs. Most importantly, the necessity for antigen
and the mechanism of tolerance induction by DC10s should be determined in an
experiment similar to the co-culture in Chapter 6.

This future work should first be established using PBMCs from healthy patients,
but the next step would be to reproduce the experiments described in this section using
PBMCs from age-matched and sex-matched MS patients. Due to stark differences in
inflammation between healthy patients and MS patients, the ability of inherently-activated
PBMCs from MS patients’ blood to reach a functional and tolerogenic DC phenotype
would need to be validated. A final investigation into the efficacy and tolerance mechanism
of hydrogel-delivered DC10s derived from human PBMCs on humanized mice with EAE
would result in the most clinically-relevant support for DC therapies as promising,

translatable options for healthcare in the near future.
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APPENDIX A.

A.1 Supplemental to Chapter 4
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Figure A. 1. Cell surface expression of DCs after collagenase II treatment at various
concentrations for various durations. a) Propidium iodide negative cells, b) CD86
expression, and ¢c) MHC-II expression analyzed by flow cytometry.

Day 6 iDCs were treated with collagenase II (2 mg/mL) for 5 or 15 minutes. Cells
in collagenase solution were added to media with 25% FBS to cease collagenase II activity
and subsequently reconstituted in complete media. Phenotypes of treated DCs were
compared to untreated iDCs based on CD86 and MHC-II expression analyzed by flow
cytometry. Collagenase II treatment did not significantly affect the viability or phenotype

of iDCs (Figure A.1).
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Figure A. 2. Comparison of adherent and non-adherent fractions of DCs. a) CD86
expression of adherent and non-adherent DCs after various treatments. b) Recovery
of cells from hydrogels after collagenase II digestion. ***p<0.001, **p<0.01, and
*p<0.05 via one-way ANOVA with Welch’s correction and Dunnett’s comparison test
for a). ***p<0.001 via parametric unpaired t-test for b).

iDCs, DC10s, and mDCs across various experiments were produced using adherent
and non-adherent cell fractions from DC cultures, separated on Day 6 of differentiation.
The expression of CDI11c was not significantly different between adherent and non-
adherent DCs, but CD86 expression was significantly increased in all non-adherent
controls compared to adherent DC10s (Figure A.2). Adherent cells were recovered from
PEG-4MAL hydrogels in significantly higher numbers than non-adherent, suggesting that
adherent DCs may be more stable and better suited for encapsulation (Figure A.2).
Adherent DCs likely fare better within hydrogels due to enhanced binding to RGD, which

128,158 Lower expression

can promote maintenance and survival signaling in some cell types
of co-stimulatory molecules is desired for immunosuppressive applications, implicating

adherent DCs as the fraction of interest for DC10-based tolerogenic studies.
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Figure A. 3. Comparison of Day 6 iDCs collected from plates with different
techniques. Phenotypic differences in a) CD86 expression and b) MHC-II expression
analyzed by flow cytometry.

Variations in CD86 expression amongst immature DC controls in early cultures
prompted the investigation into the method of DC collection. Based on the differential
CDS86 expression between adherent and non-adherent DC fractions, it was hypothesized
that incomplete collection of non-adherent cells could increase the mean fluorescence
intensity (MFI) of CD86 by “contaminating” the adherent fraction. When collecting DCs
without any prior perturbations, the CD86 and MHC-II expression of both fractions were
nearly identical (Figure A.3). However, gently swirling media in the plates before
collection led to a distinct separation between adherent and non-adherent fractions with no
adverse effects (Figure A.3). Oppositely, if gentle swirling and pipetting of the plate
surface were both employed, the expression of CD86 and MHC-II decreased in the non-
adherent fraction, suggesting that some adherent cells had lifted from the plate (Figure
A.3). This experiment validated the uncertainty in collection methods, and DC fractions

were separated only by plate swirling for subsequent studies.
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Figure A. 4. Titration of antibody concentrations and flow cytometer voltages to
optimize staining index (signal to noise ratio). a) CD11c-BV785, b) CD86-APC, and
¢) MHCII-FITC for DC flow cytometry panel.

Towards the proper design of flow cytometry experiments, the staining index (SI)
was determined for various concentrations of antibodies and cytometer voltages based on
the manufacturer’s recommended dosages and expected fluorophore brightness,
respectively. iDCs were pooled and then stained with a single antibody at various
concentrations, and fluorescence data was collected at different voltages (Figure A.4). The

SI was calculated using the formula below:

MFlpos — MFlIye,

SI
ZO'Neg

Where SI = staining index
MFIpos = MFI of positive population
MFIne; = MFI of negative population
And  oneg = standard deviation of negative population.
The combination of antibody concentration and voltage that produced the best SI for each
antibody was selected for subsequent flow cytometry experiments.
For the T cell panel utilized in co-culture experiments in Chapter 6, antibody

concentrations and voltages were adopted from a collaborator with an established panel.
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Figure A. 5. Series of gates used to identify relevant populations of dendritic cells.

Figure A.5 represents the gating strategy used for DCs analyzed by flow cytometry.
Singlets were first identified to exclude cell clusters, followed by the selection of a cell
population based on size (forward scatter, FSC) and granularity (side scatter, SSC) (Figure
A.5). Cells positively stained by propidium iodide, signifying a compromised cellular
membrane, were excluded as dead cells. Next, CD11c+ DCs were selected based on a gate
set by fluorescence minus one (FMO) controls, which is considered to be the most stringent
technique in determining positive cell populations. FMO controls were also used to identify

positive populations of CD86+ DCs.
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Figure A. 6. Phenotypic progression of iDCs based on the expression of CD86 and
MHC-II from 6 to 10 days in cultures.

DCs were maintained in culture for up to 10 days, with replenishing of media
occurring every 2 days after Day 6. Pseudocolor dot plots of CD86 and MHC-II expression
in iDCs from Day 6 to Day 10 is shown in Figure A.6. A transition of immature DCs from
primarily CD86-°MHC-II*® cells (69.9%) at Day 6 to CD86"'MHC-IIM! cells (81.2%) at
Day 9 illustrates the maturation that inherently occurs in extended cultures (Figure A.6).
Additionally, a reduction in the number of viable cells is observed due to PI exclusion of
dead cells leading to fewer dots plotted (Figure A.6). Previous studies have shown that
prolonged culture of DCs can lead to maturation as DC clustering increases and DC-DC
interactions induce activated signaling?3%%33, These results suggest that, unless treated with
IL-10, only Day 6 DCs should be utilized for immunosuppressive applications where

activated DCs would be detrimental.

121



A.2 Supplemental to Chapter 5
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Figure A. 7. Optimization of parameters for PEGylating 1L-10. a) SDS-PAGE gel
showing the effect of PEGylation ratio and PEGylation time on thiolated IL-10. Red
arrows point to PEGylated IL-10. b) SDS-PAGE gel showing the effect of PEGylation
ratio, IL-10 species, and thiolation chemistry on thiolated IL-10. Red arrows point to
PEGylated IL-10.
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Many factors were tested in the PEGylation process of thiolated IL-10, including
the ratio of PEG-4MAL to IL-10, the incubation time, thiolation reagents, and human
versus murine IL-10. PEGylation at ratios of 10:1 (Lane 6, 10) and 100:1 (Lane 7, 11)
resulted in no observable band at 40 kDa after both 10 and 30 minutes of incubation (Figure
A.7A). However, a ratio of 1000:1 (Lane 8, 12) produced substantial mono-PEGylated IL-
10 at both durations (Figure A.7A). In subsequent studies, ratios of 500:1 (Lane 6, 9) and
750:1 (Lane 7, 10) both resulted in observable bands at 40 kDa, but faint bands at 20 kDa
were still present, suggesting less PEGylation of IL-10 compared to 1000:1 (Lane 8, 11)
(Figure A.7B). No differences in PEGylation between murine and human IL-10 were

203 Thiolation

observed, which was expected considering the homologs are 73% analogous
of IL-10 with tris(2-carboxyethyl)phosphine (TCEP) (Lanes 12-15) did not produce any
bands at 40 kDa, although lower ratios were applied due to volume constraints (Figure
A.7B). Based on these results, a PEGylation protocol of Traut’s-based thiolation, a ratio of
1000:1 (PEG-4MAL:IL-10), and 15 minutes of incubation was selected for modification
of murine IL-10. Based on the dosages of IL-10 being incorporated into PEG-4MAL
hydrogels, the upper limit of PEGylation for IL-10 is ~44,000:1. An incubation time of 15

minutes was chosen to simplify the hydrogel synthesis process, as the incubation time for

adhesive peptide RGD is also 15 minutes.
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Figure A. 8. Comparison of rheological parameters for PEG-4MAL and PEG-IL10
hydrogels. a) Storage modulus and b) loss modulus of PEG-4MAL and PEG-IL10
hydrogels assessed on an Anton Paar rheometer.

The molar ratios of components in PEG-4MAL hydrogels are paramount to achieve
complete and homogeneous crosslinking, which can affect the mechanical properties of
hydrogels. For PEG-IL10 hydrogels, the molarity of VPM was reduced to account for the
maleimide groups now occupied by IL-10. Investigation of changes to hydrogel
mechanical properties due to IL-10 incorporation was necessary to determine if the
polymer density of optimized hydrogels needed to be modified to conform to the ~200 Pa
storage modulus previously defined as optimal. Storage modulus and loss modulus were
not significantly affected by the incorporation of IL-10 at any of the tested polymer
densities, likely due to the relatively small amount of IL-10 compared to maleimide groups

in hydrogels (Figure A.8).
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Figure A. 9. Crystal structure (4X51) of murine IL-10 dimers. a) residues involved in
ligation of IL-10R and b) lysine residues. Each chain of highlighted circles represents
one lysine residue, for a total of 13 (26 per dimer).

Murine IL-10 crystal structures?** were modeled in FirstGlance (Jmol) to identify
any potential overlap in lysine residues and residues involved in ligation of IL-10R200-203
(Figure A.9). Each IL-10 contains 13 lysine residues (26 per dimer), most of which were
shown to be thiolated using Traut’s reagent (Figure 5.2). Lysines were determined to be a
favorable target for thiolation due to the limited (~4) residues in proximity to IL-10R-
binding residues. Experiments in Chapter 5 demonstrated no reduction in bioactivity upon
PEGylation, indicating that the IL-10R-binding epitope was not changed in any impactful
way due to the thiolation and PEGylation processes. It is expected that PEG-4MAL
polymer chains primarily react with lysines near end chains and that other lysine residues

are inaccessible as a result of steric hindrance.
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Figure A. 10. The degradation rate of PEG-4MAL hydrogels with various polymer

20 kDa PEG-4MAL

densities over time based on hydrogel stiffness.

Previous experiments in this thesis show that PEG-4MAL hydrogels are
sufficiently digested by collagenase II. However, the degradation of scaffolds due to
hydrolysis is also relevant to processes occurring in vivo. PEG-4MAL hydrogels with
various polymer densities were synthesized and incubated in PBS (pH 7.4) for 9 days with

daily pH adjustments. The rate of degradation, expressed as decreases in hydrogel stiffness,

is plotted in Figure A.10.
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Figure A. 11. The storage modulus of hydrogels synthesized with various ratios of
VPM and DTT crosslinkers.

PEG-4MAL hydrogels were synthesized with various ratios of crosslinkers and
their stiffnesses were measured using rheological methods. Hydrogels with the same
polymer density, but different amounts of DTT seemed to produce hydrogels with differing
stiffnesses, although not significantly different (Figure A.11). Later troubleshooting

revealed crosslinker stability during hydrogel preparation to be the reason for this artefact.

127



Hydrogels with Varying Macromer Size

3
10 kDa
20 kDa 2
40 kDa
e gedaiaseToges 1
! [ — o o K ] | 1
2 =2 S 0
B Hydrogels with Varying Crosslinkers
5
0% DTT
25% DTT 4
50% DTT 3
2egggeigdasacsloss 2
=2 = F&8EBEBBRITAg R
3 A S 0
C . . :
Hydrogels with Varying Polymer Density
3.5% 3
4.5%
6.0% 2
10.0%
=9 %gesan3gass25¢2 [
2222488288888 ¢%=373
ERe S 3 © 0
= = )

Figure A. 12. Heatmaps illustrating the concentrations of relevant cytokines in
supernatants of various PEG-4MAL hydrogels. a) varying macromer size, b) varying
crosslinkers, and c) varying polymer density.

Supernatants from PEG-4MAL hydrogels with various formulations were analyzed
to quantify the concentration of relevant cytokines, similarly to control samples in Figure
4.4. Although significant differences could not be assessed due to low sample size (n=2),

cytokine concentration values are shown here for reference (Figure A.12).
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A.3 Supplemental to Chapter 6
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Figure A. 13. Series of gates used to identify relevant populations of T cells.

Figure A.13 represents the gating strategy used for splenocytes analyzed by flow
cytometry. Similar to the gating strategy in Figure A.5, cell clusters were excluded, and the
remaining cells were selected based on cell size and granularity for the population of
interest. Zombie Violet, a fixable viability dye, was used to exclude dead cells based both

on fluorescence and SSC.
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A.4 Additional Studies

A
100
1T T T
80
L2 60
&
X 40-
20
0 T T T T
iDC DC10 VD3 mDC iDC DC10 VD3 mDC
Naive NOD
B
2500
2000
S 1500
2
8 10004
500
0 T T T T
iDC DC10 VD3 mDC iDC  DC10 VD3 mDC
Naive NOD
C
4000
. 3000+
= 20004
Q
T
=
1000 -
0 T T T T

iDC  DC10 VD3 mDC iDC  DC10 VD3 mDC

Naive NOD

Figure A. 14. Viability and phenotypic data for DCs from naive C57B1/6J mice (white
bars) and non-obese diabetic (NOD) mice (red bars). a) Propidium iodide negative
cells, b) CD86 expression, and ¢) MHC-II expression analyzed by flow cytometry.

In support of translating our tolerogenic DC therapy to the clinic, it was essential
to determine the ability of DCs from autoimmune subjects to become tolerized. BMDCs
from naive C57Bl/6J mice or non-obese diabetic (NOD) mice were differentiated into DCs

and treated with IL-10, VD3, or LPS. Although significance cannot be evaluated due to
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low sample size (n=2), CD86 expression in DCs from NOD mice is observably increased
in immature controls compared to DCs from naive mice (Figure A.14). Interestingly,
MHC-II expression appeared to be lower in NOD-DCs across all treatment types (Figure
A.14). Previous studies have illustrated that PBMCs from patients with SLE?° and MS?!
can be effectively tolerized. We expect that a tolerogenic phenotype in NOD-DCs could

be achieved with a higher dose of tolerogenic treatment.
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Figure A. 15. Characterization of 20 kDa PEG-4MAL microgels as an alternative
controlled release strategy for IL-10. a) macroscopic image of PEG-4MAL microgels
(scale bar = 500 pm). b) Image of PEG-4MAL microgels exiting PDMS microfluidic
device (scale bar =200 pm). c) Size distribution of microgels synthesized using PDMS
device, analyzed by FI1JI.

As an alternative method for the controlled release of IL-10, PEG-4MAL microgels
were synthesized using a polydimethylsiloxane (PDMS) microfluidic chip. This strategy
aimed to restrict diffusion of IL-10 by entrapping protein within microgels with relatively
tight mesh sizes. Microgels were effectively synthesized with diameters of 260 + 35 um
and were stable in solution for weeks (Figure A.15). Successful thiolation and PEGylation
of IL-10, as illustrated in Chapter 5, was selected as the method of controlled release based
on (1) the bioavailability of PEG-IL10 within hydrogel scaffolds, (2) better control over

release characteristics, and (3) reagent constraints associated with microgel synthesis.
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Endotoxin Concentration

Figure A. 16. Presence of endotoxins in media components and other reagents as
evaluated by Pierce Chromogenic Endotoxin Quant Kit.

Validating the absence of endotoxin in biological reagents is paramount, especially
in experiments involving immune cell types, as endotoxin can be an immunological
stimulus that confounds the results of an experiment?3*. Reagents used in every part of cell
culture, treatment, and hydrogel synthesis were tested and endotoxin levels were found to

be <0.1 EU/mL for all reagents (Figure A.16).
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Figure A. 17. Purity of CD11c+ cells produced by Day 7 of bone marrow-derived DC

differentiation.

Differentiation of murine BMDCs using the culture protocol provided by Pulendran
et al. 177178 regults in cell populations that are ~80% CD11c¢+ DCs by Day 7. The purity of
CDl1c+ DCs is consistent across the treatments tested here. Thus, the cell populations

utilized herein are primarily CD11c+ DCs.
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