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ABSTRACT

Chronic wounds and inflammatory diseases pose a significant health challenge worldwide. In
fact, chronic inflammation contributes to the pathogenesis of 7 of the 10 leading causes of death in the
United States (CDC, 2016) and the prevalence of diseases associated with chronic inflammation is
anticipated to rise. Dysregulation of the inflammatory response can inhibit healing and cause progressive
tissue damage. The successful regeneration of functional tissues requires both appropriate modulation of
the inflammatory response, and activation of tissue resident cells. Biomaterials offer unique opportunities
to spatiotemporally control cytokine delivery, and may provided significant advantages in the modulation
of immune cells and tissue resident stem cells alike to promote regeneration. The aim of this thesis is to
develop and explore biomaterial systems capable of both modulating the inflammatory response and

directly promoting tissue regeneration, independently, in the context of skeletal muscle.

In order to modulate the inflammatory response, gold nanoparticles (AuNPs) were designed to
deliver immunomodulatory cytokines that could direct macrophage polarization. Partial PEGylation of the
AuNP surface, followed by cytokine conjugation resulted in the generation of stable nanoparticles that
retained the bioactivity of the conjugated cytokines. Conjugated IL-4, IL-13, and IL-10, all potent
promoters of anti-inflammatory and pro-regenerative macrophage phenotypes (M2), were able to direct
the polarization of human macrophages in vitro towards M2 phenotypes. Further, PEGylated, IL-4
conjugated AuNPs were able to shift the balance of macrophages in vivo, in ischemic muscle tissue, away
from the inflammatory and towards the pro-regenerative M2a phenotype. Importantly, this shift in
macrophage polarization resulted in improved muscle histology, and ultimately improved muscle function

as evidenced by significant increases in muscle contraction force and velocity.

il



This thesis also explored the use of an established biomaterial system, an injectable alginate
hydrogel, to deliver growth factors that could promote angiogenesis, innervation, and muscle regeneration
in the contexts of muscle nerve injury and microvascular muscle transplantation. First, in a model of
sciatic nerve injury in aged mice, the combined delivery of vascular endothelial growth factor (VEGF)
and insulin-like growth factor-1 (IGF-1) promoted the regeneration on functional muscle innervation,
ultimately leading to improved toe spreading, significant increases in muscle fiber area, and increased
muscle contraction force and velocity. Subsequently, this strategy was tested in a more clinically relevant
model of autologous muscle transplantation in rabbits. Here, clinical electromyography demonstrated a
significant increase in compound muscle action potential, indicative of improved engraftment and muscle

function, in response to alginate delivery of VEGF + IGF-1.

In summary, this thesis demonstrates the ability of biomaterials to both modulate the innate
inflammatory response and directly promote tissue regeneration, independently, in skeletal muscle tissue.
The ability to promote resolution of inflammatory processes in vivo, shift macrophage polarization
towards regenerative phenotypes, and directly stimulate tissue regeneration opens new opportunities for

biomaterial based regenerative therapies.
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CHAPTER 1:

Introduction
1.1 Motivation

The human body has an innate, yet limited, ability to regenerate diverse tissues following injury

including bone, cartilage, nerves, skin, and muscle. Incomplete regeneration, however, often leads to
progressive degeneration, functional disability, and limb amputation [1]. Successful regeneration of
functional tissue requires both the activation and maturation of stem cells into organ specific parenchymal
cells and guidance of the immune response. The innate immune response plays a central role in
coordinating tissue repair processes, and further, the regenerative capacity of stem cells is influenced by
regulatory networks orchestrated by the immune response [2]. This complex interplay between tissue
regeneration and innate immunity has been observed in many tissues including skin [3], cardiac and
skeletal muscle [4, 5], bone [6], and the nervous system [7]. Uncontrolled activation of immune cells, and
incomplete resolution of the acute inflammatory response, can inhibit regeneration and cause progressive
tissue damage [8]. In fact, chronic inflammation contributes to the pathogenesis of many diseases,

including 7 of the 10 leading causes of death in the United States (CDC, 2016).

Stem cell therapy has generated much interest in the contexts of traumatic injury, following some
cancer treatments such as irradiation [9], cardiovascular diseases [10, 11], cerebrovascular disease
(stroke) [12], and central nervous system diseases (myelin diseases, retinal disease, Parkinson’s disease,
and neurodegenerative diseases) [13]. Given the limited tissue regeneration typically manifested in these
conditions, the hope is that transplanted stem cells will ‘seed’ the injured region ultimately leading to the
regeneration of functional tissue. While such therapies hold great promise, to date, clinical trials have
shown minimal therapeutic improvements [2]. Poor donor cell engraftment and viability, sub-optimal cell
migration, and immune rejection have limited the use of such therapies [14]. The recruitment and

transplantation of cells relies on an inductive microenvironment composed of the appropriate paracrine



cues to support cell viability and regeneration, supportive stromal cells, and hospitable/pro-regenerative

immune cells.

Biomaterials can be designed to modulate the local microenvironment in injured tissue both to
provide cues to stimulate cell regeneration, and modulate the inflammatory response. By controlling the
degradation rate of the biomaterial, it can be used to control the release of multiple cytokines in a
spatiotemporally regulated manner [15]. The release of growth factors that mimic endogenous
regenerative cascades can promote functional tissue regeneration while the presentation of
immunomodulatory cytokines can control the immune response. This thesis explores the use of various
biomaterials both to control the innate immune response and to deliver pro-regenerative growth factors to
ultimately improve the regeneration of tissue function. These concepts are explored independently, within

the context of skeletal muscle regeneration.

1.2 Background: Inflammation plays a central role in tissue regeneration and disease progression

Inflammation is a protective response that kills invading pathogens and initiates tissue
regeneration. The quality of tissue regeneration is dependent on the nature and successful resolution of the
inflammatory response. Uncontrolled inflammation can lead to progressive tissue damage and cause
disease. Statistics from the Center for Disease Control (CDC) reveal that chronic inflammation
contributes to the pathogenesis of 7 of the 10 leading causes of death in the United States: heart disease,
cancer, chronic lower respiratory disease, stroke, Alzheimer’s disease, diabetes, and nephritis (2016), and
the prevalence of diseases associated with chronic inflammation is anticipated to increase. Worldwide, 3
of 5 people die due to chronic inflammatory diseases [16]. In addition, chronic inflammation leads to
significant morbidity from other diseases such as osteoarthritis, rheumatoid arthritis, psoriatic arthritis,
inflammatory bowel disease, and chronic obstructive pulmonary disease. Therefore, the development of

therapeutics to modulate the inflammatory response is of considerable interest.



1.2.1 The innate inflammatory response

Innate inflammation is the natural, protective, biological response of vascular tissues to pathogen
invasion and/or tissue injury. Following infection or injury, tissue resident innate immune cells, including
macrophages, dendritic cells and mast cells, recognize infection and tissue damage. Pattern-recognition
receptors expressed by these cells allow them to identify pathogen and damage associated molecular
patterns thereby allowing discrimination between self and non-self (microbial) components, and the
identification of tissue damage, respectively [17]. In response to infection and/or injury, these tissue
resident cells secrete inflammatory cytokines and chemotactic signals that increase vascular permeability
to allow the delivery of serum antibodies, complement proteins, and the recruitment of inflammatory
immune cells, including neutrophils, natural killer cells, and monocytes along with cells of adaptive

immunity, to the compromised tissue.

Neutrophils are among the first innate immune cells recruited. Following extravasation,
neutrophils release reactive oxygen species and proteins that contribute to microbe killing and matrix
degradation. They also promote endothelial cell activation for the subsequent recruitment of monocytes.
Following neutrophil recruitment, monocytes localize in the compromised tissue where they differentiate
into macrophages. Inflammatory cytokines, along with pathogen and damage associated molecular
patterns, activate macrophages. These inflammatory macrophages secrete inflammatory cytokines (such
as tumor necrosis factor-a (TNFa), interleukin (IL)-1 and IL-6, among others), and reactive oxygen and
nitrogen radicals to both ramp up the inflammatory immune response and kill invading pathogens.
Macrophages, along with dendritic cells, neurophils, mast cells and monocytes, also play a central role in
the phagocytosis of tissue debris, making way for subsequent tissue regeneration, and antigen
presentation to T cells to inform adaptive immunity. Adaptive immunity, however, is outside the scope of
this thesis. The phagocytosis of apoptotic neutrophils stimulates macrophages to release mediators (such
as transforming growth factor-f (TGF-B) and IL-10) that suppress the inflammatory response [18].

Suppression of the initial inflammatory response is critical for subsequent tissue healing as many of the



inflammatory, microbe killing, and matrix degrading processes associated with acute inflammation can
also cause collateral tissue damage. Unresolved inflammation has been shown to inhibit the healing of
chronic skin ulcers in diabetic patients [19], limit cardiac regeneration following myocardial infarction
[20], and significantly contribute to muscle wasting in muscular dystrophies [21]. Neutrophil apoptosis
and subsequent down regulation of the inflammatory macrophage phenotype prevent further infiltration of
neutrophils and monocytes, bring about resolution of the acute inflammatory response, and initiate tissue
regenerative processes. Resolution of the acute inflammatory response and macrophage adaption of pro-
regenerative pheontypes are critical for the activation of tissue resident stem and progenitor cells,

initiation of tissue regeneration, and restoration of homeostasis.

1.2.2 Macrophage Polarization

Macrophages play a central role in regulating inflammation because they adopt both pro-
inflammatory (M1) and pro-regenerative (M2) phenotypes. In response to various environmental cues
macrophages display great plasticity, able to sequentially change their physiology. This plasticity gives
rise to many macrophage phenotypes, typically referred to as polarization states, that serve various

functions ranging from host defense, wound healing, and immune regulation [22].

Classically activated or M1 macrophages are inflammatory cells initially stimulated in response
to acute inflammation. In their original characterization, M1 macrophages were stimulated in response to
interferon-y (IFN-y) and tumor-necrosis factor (TNF), secreted high levels of pro-inflammatory cytokines,
and showed enhanced microbicidal and tumoricidal abilities [22]. The secretion of inflammatory
mediators such as TNF, nitric oxide, reactive oxygen and nitrogen species, and cytokines (such as IL-1,
IL-6, IL-12, and IL-23) contribute to the killing of pathogens, activation of oxidative processes, and
polarization of the adaptive immune response which further drives the inflammatory response [23]. The
importance of an initially M1 dominated inflammatory response in host defense is well established. Both

mice lacking IFNy expression and humans with genetic mutations in these signaling pathways are more



susceptible to bacterial, protozoal and viral infections [24]. These antimicrobial processes, however, are
somewhat indiscriminate and can be highly damaging to neighboring tissues [23]. Indeed, the over
expression or prolonged activation of M1 macrophages is believed to be a critical component of the
pathogenesis of many chronic inflammatory and autoimmune diseases including atherosclerosis [25],
inflammatory bowel disease [26], asthma [26], rheumatoid arthritis [27], osteoarthritis [28], multiple

sclerosis [29], and chronic venous leg ulcers [30].

In direct contrast to the M1 phenotype, macrophages can also adapt anti-inflammatory and pro-
regenerative phenotypes, broadly called the M2 polarization states. M2 macrophages are generally
characterized by low production of inflammatory cytokines, and express high levels of IL-10 and low
levels of IL-12 [31]. An important subcategory of M2 macrophages are those stimulated in response to
IL-4 and IL-13, typically referred to as wound-healing macrophages, or M2a macrophages [22]. Immune
cells in the tissue are important sources of IL-4 that stimulate resolution of the acute inflammatory
response. In macrophages, IL-4 stimulates arginase metabolism ultimately leading to the production of
polyamines and collagen, and contributing to the production of extracellular matrix, an important
component of tissue regeneration [32]. M2a macrophages generated in vitro in response to IL-4 and/or IL-
13 are less efficient than M1 macrophages at producing oxygen and nitrogen radicals, killing intracellular
pathogens, presenting antigen, and secreting inflammatory cytokines [33]. These macrophages also
produce growth factors (such as platelet-derived growth factor) and cytokines (such as TGF-B1) which
stimulate fibroblasts to differentiate into myofibroblasts, and contribute to the activation and/or
maturation of tissue resident stem cells (such as satellite cells in skeletal muscle tissue) leading to tissue
regeneration [23]. Further, M2a macrophages express the decoy IL-1RII and IL-1 receptor antagonist,
thereby directly suppressing inflammatory mechanisms promoted by the M1 phenotype [31]. Taken
together, these studies have lead many to believe that the primary functions of M2a macrophages are
suppression of inflammation and promotion of wound healing [22]. Related to their production of

extracellular matrix, however, M2a macrophages also play a role in scar formation. Matrix deposition,



used to form granulomas and ‘wall-off” macroparasites, is an important component of immunity against
helminthes and nematodes orchestrated my M2a macrophages [34]. Over expression of M2a
macrophages, like over expression of M1 macrophages, can also be detrimental to the host. However
rather than leading to tissue destruction, dysregulation of the M2a response leads to excessive fibrosis that

can limit tissue function.

Another important phenotype of macrophages is stimulated in response to glucocorticoids and IL-
10; these are considered regulatory or anti-inflammatory macrophages, and called M2c macrophages.
These macrophages produce high levels of IL-10, a potent inhibitor of inflammation, and TGF-f [31, 22].
In contrast to M2a macrophages, M2c macrophages do not substantially contribute to extracellular matrix
production, and they can present antigen to adaptive immune cells [33]. As such they can patrol tissue,
identify and present antigen in response to infection, dampen inflammation, and modulate the adaptive
immune response. Dysregulation of M2¢ macrophages can lead to inappropriate alterations in immune
suppression, predispose the host to allergy or infection, and contribute to the progression of neoplasia

[22].

1.2.3 Interplay between macrophage polarization and skeletal muscle regeneration

The coordination between macrophage polarization and skeletal muscle regeneration has been
well established. Satellite cells are muscle resident stem cells that are thought to be primarily responsible
for skeletal muscle regeneration [35]. Following injury, satellite cells must become activated and
proliferate, migrate to the site of injury, fuse to form muscle fibers, and mature, to yield functional
regenerated myofibers [35]. Appropriate regulation of macrophage polarization is essential for muscle
regeneration because macrophages directly control various stages of satellite cell activation and
maturation [36, 37]. It has been observed in histology from regenerating healthy human muscle that
regions associated with proliferating myogenic precursor cells were associated with M1 macrophages.

Conversely, in the same muscle, regions containing differentiating myogenic precursor cells were



associated with anti-inflammatory macrophages [36]. This data, along with data from many preclinical
studies, has clearly suggested coordination between progression of the acute inflammatory response with
myogenesis [38]. Within hours after injury, and extending for a few days, resident immune cells and
recruited macrophages are biased towards the M1 phenotype; concurrently, satellite cells are activated
and begin to proliferate. Subsequently, M2 macrophages secrete anti-inflammatory cytokines as
myogenic precursor cells begin to differentiate. Myogenesis and progression of the innate inflammatory

response are spatially and temporally linked.

Both M1 and M2 macrophages play a critical role in muscle tissue regeneration. Disruptions to
the regulation of macrophage polarization have been shown to delay muscle regeneration in murine
models. Deletion of microRNA-155, an RNA that does not regulate satellite cells but rather regulates the
balance between M1 and M2 macrophages, significantly inhibited the regeneration of muscle fibers [37].
Coordination between macrophages and satellite cells is essential for successful regeneration of muscle
function. IFN-y expression by immune cells stimulated as part of the inflammatory response following
muscle injury, both promotes M1 macrophage polarization and is secreted by M1 macrophages, and is
temporally coordinated with the proliferation and accumulation of myogenic precursor cells in the
damaged muscle [39]. M1 macrophages promote myogenic precursor cell proliferation by the secretion of
TNF-a, IL-6, and GM-CSF [40, 41]. In a model of cardiotoxin induced murine muscle injury,
administration of an IFN-y blocking antibody reduced myogenic cell proliferation, ultimately resulting in
a decreased number and area of regenerating myofibers [39]. Further, IFN-y null mice showed decreased
accumulation of M1 macrophages following cardiotoxin induced muscle injury and increased fibrosis, as
opposed to functional muscle regeneration [39]. This result is consistent with the known function of M1
macrophages in promoting the proliferation of myogenic precursor cells and M2 macrophages in fibrosis.
IFN-y provides one direct link between innate immunity and myogenesis. IFN-y associated with the M1
inflammatory response directly binds myogenic precursor cells and activates pathways that inhibit

differentiation [38]. In addition to IFN-y, M1 macrophages secrete high levels of TNF-a, IL-6, and IL-18



which inhibit myogenic precursor cell maturation [41]. Maintenance of the myogenic proliferative state is
initially required to provide sufficient cells to support muscle tissue repair. Prolonged presence of M1
macrophages, however, inhibits the differentiation and fusion of myogenic precursor cells [40]. Skewing
towards the M1 phenotype leads to defects in muscle regeneration and an inability to regenerate mature

functional fibers.

M2 macrophages play a critical role in promoting the commitment of myogenic precursor cells to
terminal differentiation, fusion and growth of myofiber diameter, and ultimately promoting the
regeneration of functional myofibers. In contrast to M1 macrophages, M2 macrophages secrete TGF-
which stimulates the formation of myotubes [41]. In vitro co-cultures of M2 macrophages with myogenic
cells promoted myogenic differentiation as assessed by myogenin expression and fusion into myotubes
[5]. Intramuscular depletion of macrophages at later timepoints following notexin injury, corresponding to
the M2 macrophage dominated phase of the immune response, lead to a decrease in the diameter of
regenerating fibers [5] supporting the important role of M2 macrophages in late stages of myogenesis and
muscle regeneration. Blocking the induction of M2 polarization, in vivo, but not M1 polarization, by
genetic depletion of CREB-binding sites in macrophages resulted in sever defects in muscle fiber
regeneration [42]. Other studies have shown that conditional deletion of the insulin-like growth factor 1
(IGF-1) gene, which also inhibited M2 polarization, resulted in fewer regenerating myofibers in the
muscle cross section and diminished myofiber cross sectional area among the regenerating myofibers
[43]. Importantly, in both of these studies conditional genetic mutation of macrophages resulted in
incomplete muscle regeneration. Deletion of CREB-binding sites in muscle cells only (and not
macrophages) had no affect on muscle regeneration [42], together suggesting a direct effect of M2
macrophages on myogenesis. The differentiation of myogenic precursor cells promoted by M2

macrophages is critical for the regeneration of functional muscle fibers.



The data discussed here suggest that macrophage polarization sequentially orchestrates
myogenesis in skeletal muscle repair, and provides support for the concept that macrophage polarization

plays a direct role in stem cell activation and tissue regeneration.

1.2.4 Biomaterial based approaches for macrophage polarization

Therapeutic strategies that encourage resolution of the initial inflammatory response and promote
either M1 or pro-regenerative macrophage phenotypes are of considerable interest. To this end, the
delivery of macrophage polarizing cytokines has been explored in both preclinical models and clinical
trials. Directing M1 macrophage polarization to promote the killing of aberrant cells by the immune
system, and to limit the development of tolerance by adaptive immunity, has been explored in the context
of solid tumors [44, 45]. Conversely, directing M2 polarization is of interest in the context of chronic
inflammatory and autoimmune conditions including autoimmune demyelinating disease, arthritis and
psoriasis [46, 47, 48] among others. Although potent regulators of macrophage polarization, cytokines are
unstable in vivo and are often associated with systemic side effects [49]. In vivo instability and short half-
lives of such cytokines have led to the use of high doses with repeated or continuous administration [48,
47]. The use of IL-4 to direct a type 2 immune response has shown promise in clinical trials of psoriasis.
In a trial of 20 patients with severe psoriasis, subcutaneous IL-4 injection resulted in improved clinical
scores for all patients, with 15 patients showing >68% improvement [48]. In this study however, IL-4 was
administered three times a day, five days a week, for six weeks. Although this study shows the potential
of cytokine therapies for innate immune modulation, the treatment of organs for which direct injection is
not possible, and the intravenous administration of such high doses of cytokine drugs, remain challenging.

As a result, the success of other diverse cytokine therapies has been variable [49].

Biomaterials offer many advantages in the spatiotemporal control of cytokine release, and may
prove particularly advantageous in the delivery of macrophage polarizing cytokines. The diffusion of

cytokines from scaffolds in muscle tissue has been studied extensively both computationally and



experimentally [50, 51], and scaffolds have been developed to allow for controlled degradation rates and
the release of multiple cytokines with independent kinetics [15, 52]. In the context of macrophage
polarization for tissue regeneration, the use of scaffolds to initially promote an M1 macrophage
dominated response followed by and M2 response may improve tissue resident stem cell activation and
promote tissue maturation yielding more functional tissue than current therapies. With this goal in mind
silk protein films have been developed to release either IFN-y or IL-4, and were able to direct the
repolarization of M2 macrophages towards the M1 phenotype or vice versa, respectively, in vitro [53].
Decellularized bone scaffolds have also been designed to rapidly release IFN-y, to promote M1
polarization, and slowly release IL-4, to promote subsequent M2a polarization [54]. Despite only week
physical adsorption of IFN-y to the scaffold and IL-4 conjugation via biotin-streptavidin bonding, IFN-y
and IL-4 demonstrated overlapping release profiles that tempered sequential macrophage polarization.
The delivery of macrophage polarizing cytokines to improve the integration of biomaterials, and prevent
rejection or fibrosis (which often limits the effectiveness of the material) is also gaining attention [55]. An
IL-4 releasing thin coating has been used to coat a non-degradable polypropylene mesh material, and
direct M2a macrophage polarization in vivo at the implant surface in mice, ultimately improving tissue

integration of the implant [56].

Nanoparticles also offer unique advantages in macrophage modulation. Nanoparticles, following
injection, can distribute throughout the tissue (as opposed to scaffolds) to contact and polarize many
macrophages, can be designed (by modulation of size and hydrophobicity) to slow lymphatic drainage
[57], localize in inflamed tissues due to the increased vascular permeability in these tissues [58], and
tissue responsive nanoparticles can be used to release cytokines only in the target tissue [45]. Mesoporous
silica nanoparticles with extra-large pores have been designed to deliver IL-4 [59]. Following intravenous
injection, these particles targeted phagocytic myeloid cells and upregulated M2 polarization in the spleen
[59]. Further, hyaluronic acid-poly(ethyleneimine) nanoparticles delivering plasmid DNA expressing

either IL-4 or IL-10 upregulated M2a and M2c¢ macrophage polarization, respectively, in peritoneal

10



macrophages following intraperitoneal injection [60]. Nanoparticles have also been developed to promote
M1 polarization, typically for use as cancer therapies. pH responsive polymeric nanoparticles containing
IL-12 have been shown to release IL-12 in a tumor microenvironment in vivo, shift macrophage
polarization, and slow the progression of tumor growth [45]. Further, phase I clinical trials have been
completed for TNF-a coated, PEGylated, gold nanoparticles (CYT-6091) for the treatment of patients
with advanced stage solid tumors [61]. The phase I trial concluded that CYT-6091 was well tolerated and
allowed for doses of TNF-a three-times greater than the previously published maximum tolerated dose. A

phase II clinical trial in patients with pancreatic adenocarcinoma is being planned.

While significant advances for biomaterial direction of M1 polarization have been made, to date,
approaches to direct M2 polarization following tissue injury or in the context of chronic inflammation,

while promising, have shown limited therapeutic success.

1.2.5 Biomaterial based approaches for skeletal muscle repair

While tissue resident satellite cells endow muscle the capacity to regenerate, large volume muscle
loss resulting from traumatic injury or tumor removal, functional damage associated with myopathies,
chronic paralysis, and some genetic disorders such as Mobius syndrome often require reconstruction with
donor tissue or engineered constructs [62]. Despite advancements in microsurgical techniques, successful
reinnervation, engraftment, and function of transplanted autologous muscles are unpredictable and many
patients are left with poor function [63, 64]. Biomaterials have been used to promote skeletal muscle
regeneration both by (a) using scaffolds to create a synthetic niche to deliver cytokines, promote host
muscle regeneration and/or deliver cells, and by (b) using a material to promote the assembly of
myoblasts and other cell types in vitro prior to transplantation. The combined delivery of angiogenic
(vascular endothelial growth factor, VEGF) and myogenic (IGF-1) factors promoted angiogenesis,
reinnervation, and satellite cell activation and proliferation following ischemic muscle injury. This

ultimately led to increased myofiber diameter and a 2.3-fold increase in tibialis anterior (TA) muscle
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titanic force generation, compared to negative controls, 2 weeks post injury [15]. Further, the release of
VEGF and IGF-1 from scaffolds used to transplant myogenic cells, improved cell engraftment and
accelerated muscle regeneration [65]. The ability to protect the viability and regenerative capacity of
transplanted cells, and importantly, the capacity of scaffolds to release cytokines that stimulate host
regeneration holds great potential for clinical translation. The complex microenvironment of the
regenerating muscle, and coordination required between many systems (muscle tissue, immune response,
and peripheral motor nerves) to achieve functional regeneration remain significant challenges to the
development of artificial muscle. Failure of any one of these biological systems to correctly engage in
muscle regeneration can result in non-functional tissue or muscle atrophy. The delivery of cytokines that
can promote both myogenesis and reinnervation (such as VEGF) [66], and of immune polarizing

cytokines (discussed in section 1.2.4) make biomaterials an attractive strategy for muscle regeneration.

The development of tissue engineered skeletal muscle has also received much attention. Such
constructs may be of great clinical utility in the replacement of damaged muscle in conditions where host
regeneration is not possible, donor tissue is not available, or donor site morbidity is prohibitive. Further,
such constructs can be used as in vitro model systems. Culturing myoblasts between two posts acting as
artificial tendons promotes the organization of bundles of aligned myofibers [67, 68]. These bioartificial
muscle (BAM) tissues are able to contract and generate force following stimulation. Importantly, BAMs
have demonstrated clustering and maturation of acetylcholine receptors, suggesting that they recapitulate
conditions that support innervations [69], which is essential for muscle viability and function. In a recent
report, the murine femoral nerve was diverted into an engineered muscle construct [70], mimicking
techniques used in the microvascular transfer of autologous muscle. Although the engineered construct
was able to generate an action potential following nerve stimulation, its amplitude was much lower than
that of native muscle [70]. Genetic modification of BAMs has been successfully used for the sustained,

local delivery of cytokines following transplantation [71]. VEGF delivery from BAMs increased capillary
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density in adjacent ischemic host muscle tissue [72], suggesting that artificial muscle constructs have

potential to serve both as muscle replacement tissue and as a cytokine delivery platform.

1.3 Hypothesis

Biomaterial delivery of cytokines can improve functional skeletal muscle regeneration either by driving
the polarization of macrophages towards the M2 phenotype, or by promoting the regeneration of muscle

fibers and innervations.

1.4 Specific Aims

Three specific aims tested the above hypothesis:

Aim 1: Design a biomaterial/nanoparticle for the delivery of anti-inflammatory cytokines that can direct
M2 macrophage polarization.

Aim 2: Examine the ability of IL-4 carrying nanoparticles to shift the balance of macrophages towards the
M2 phenotype, and improve functional skeletal muscle regeneration following murine ischemic muscle
injury.

Aim 3: Examine the ability of a VEGF and IGF-1 delivering biomaterial hydrogel to promote functional

skeletal muscle regeneration following microvascular transplantation.

1.5 Significance

Chronic inflammatory diseases represent the most significant cause of death in the world, and
their prevalence is expected to increase steadily for the next 30 years in the United States [16]. In addition
to chronic disease, chronic inflammation causes tissue damage and has been linked to the pathology of
non-healing wounds. Macrophages play a central role in regulating inflammation because they adopt pro-
inflammatory (M1) and pro-regenerative (M2) phenotypes. Although cytokines that stimulate M1 and M2
polarization have been identified, their clinical use has been limited by their in vivo instability, inability to
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target the inflamed tissue, and often broad systemic side effects. While biomaterials used to deliver M1
polarizing cytokines in the context of cancer therapy are currently in clinical trial, promotion of M2
phenotypes have not, to date, seen as much therapeutic success. This thesis aims to develop a biomaterial
that can be used to direct macrophage polarization in vivo, in the context of tissue inflammation, to
ultimately promote the regeneration of functional tissue. Specifically, this thesis will explore the
development of a biomaterial that can shift the balance of macrophage polarization away from the M1 and
towards the M2a phenotype in ischemic muscle, and promote functional muscle regeneration. The
eventual goal is that such a material system could be used not only in the context of acute muscle injury
but also in the context of chronic muscular dystrophies, and more broadly to modulate the macrophage
response in many progressive degenerative and chronic inflammatory diseases to limit disease

progression and promote healing.

In addition to the delivery of cytokines to modulate macrophage phenotype, this thesis also
explores the ability of biomaterials to deliver cytokines to create a microenvironment that more directly
promotes tissue regeneration, specifically in the context of muscle regeneration. Despite the
advancements that have been made in the engineering of artificial muscle, autologous muscle transfer
remains the clinical gold standard for the treatment of chronic paralysis. However engraftment and
innervation of the transplanted tissue is unpredictable, and surgical nerve repairs only result in 52%
satisfactory motor recovery [73]. The biomaterial explored in this thesis builds directly from previous
work to develop scaffolds for the dual release of cytokines to promote angiogenesis, myogenesis, and
innervation. This thesis aims to expand the use of these established scaffolds to treat muscle transplant
tissue, improve engraftment and ultimately muscle function. The use of such biomaterials to improve
engraftment of autologous muscle may circumvent the current challenges associated with the
vascularization, innervation and function of engineered muscle and thereby provide a more rapid route to

clinical adaption.
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More generally, this thesis aims to explore the development of biomaterials to both modulate the
innate immune response and promote tissue regeneration. The biological and medical fields have recently
come to the understanding that the inflammatory response is not limited to host defense but also plays a
critical role in orchestrating tissue regeneration, and, if dysregulated, disease progression. Coordination
between innate immune cells and tissue resident stem cells is required for the regeneration of functional
tissue. While biomaterial design has traditionally focused on minimizing the immune response, to limit
scarring-off of the implanted material and rejection by the host, it has been appreciated more recently that
appropriate direction of the immune response by biomaterials towards regenerative phenotypes may lead
to improved functional tissue regeneration. The concepts explored here within the context of skeletal
muscle regeneration are expected to find broad applicability in the areas of chronic disease treatment and

tissue regeneration.
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CHAPTER 2:

M2 Macrophage Polarizing Cytokines can be Conjugated to Gold Nanoparticles and Direct
Macrophage Polarization

2.1 Introduction

Uncontrolled inflammation contributes to the pathology of non-healing wounds and many chronic
diseases. In fact, chronic inflammation contributes to the pathology of 7 of the 10 leading causes of death
in the United States (CDC, 2016). Beyond the critical role the inflammatory response plays in host
defense, it is now understood that immune cells also play a central role in initiating tissue regeneration
and when dysregulated can inhibit healing and cause tissue damage. Macrophages, in particular, play a
central role in orchestrating the transition from host defense to repair, as they can adopt both
inflammatory (M1) and regenerative (M2) phenotypes. While a broad array of macrophage phenotypes
are generated in response to complex cytokine environments in vivo [1], potent cytokine stimulators of
various phenotypes have been identified in vitro. The inflammatory, M1 phenotype, is activated by
interferon gamma (IFN-y); a reparative, M2a phenotype, by interleukin-4 (IL-4) and IL-13; and an anti-
inflammatory/reparative, M2c phenotype, by IL-10 [2]. Appropriately timed transition to the M2
phenotypes is critical for the regeneration of functional tissue and disease resolution. Many non-healing
injuries, including diabetic ulcers [3], nerve and spinal cord injury [4], and some muscle injuries [5, 6] as
well as many chronic and degenerative conditions including diabetes and metabolic disease [7], arthritis

[8, 9] and muscular dystrophies [10] are associated with a stalled M1 to M2 macrophage transition.

Macrophage-based therapeutic strategies, and specifically, biomaterial systems designed to
control macrophage polarization have generated much interest as a new strategy in regenerative medicine
[11, 12, 13]. While macrophage polarizing cytokines, IL-4 in particular, have been widely explored as
potential therapeutics in various inflammatory models [14, 15, 16], their use has been limited by their
short in vivo half-lives, poor targeting, high dose requirements and systemic side effects [17]. Further,

inhibition of inflammation by non-targeted systemic therapeutics, such as inhibition of tumor necrosis
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factor-o. (TNF-a)) which is widely used to treat rheumatoid arthritis and inflammatory bowel disease
(IBD), is associated with severe side effects often including immunosuppression [18]. Biomaterials
provide unique advantages in their ability to target specific tissues and cell types of interest, and provide

sustained stimuli to maintain appropriate macrophage polarization throughout the regenerative process.

Nanoparticles have been explored extensively for their use as drug delivery vectors and their
ability to direct macrophage polarization [19]. Nanoparticles have been used to exploit the propensity of
macrophages to patrol tissue and to find and internalize foreign material to target delivery to this cell type.
While most research has focused on the effect of various nanoparticle material properties in promoting
inflammation [19], more recently, various nanoparticles have been developed to deliver genetic material
to macrophages. Various siRNAs, such as anti-TNFa and Map4k4, and plasmid DNAs, coding IL-4 and
IL-10, have been loaded into nanoparticles to promote the M1 to M2 polarization transition in the
contexts of arthritis and IBD [20, 21, 22, 23, 24]. Gold nanoparticles (AuNPs) are particularity attractive
as a delivery vector, as they are not toxic, can be synthesized with a monodisperse size distribution over a
clinically relevant range, and allow easy surface modifications [25]. Further, covalent coupling of proteins
to AuNPs can enhance their in vivo stability and therapeutic efficacy. Conjugation of TNF-a to
PEGylated AuNPs was shown to target delivery to solid tumors and delay tumor growth in mice [26], and
allowed for the safe administration of TNF-a at doses 3-times greater than the maximum tolerated dose

for native TNF-a in a phase I clinical trial [27].

While many nanoparticle designs have focused on the induction of the M1 phenotype, and have
shown clinical success, comparatively very few nanoparticles to induce M2 phenotypes have been
reported [19]. The aim of the work presented here is to develop AuNPs to direct M2 macrophage
polarization by the conjugation of M2 polarizing cytokines to the surface of the AuNPs in such a way that
their bioactivity is preserved. Bioactivity of the particles was assessed by their ability to promote the

polarization of both naive and M1 human macrophages towards M2 phenotypes in vitro. The
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methodologies developed here for the conjugation of IL-4, IL-13, and IL-10 will likely be applicable for

the conjugation of other cytokines of interest.

2.2 Materials and Methods
2.2.1 Synthesis of 30nm AuNPs

AuNPs were synthesized by the hydroquinone reduction of gold onto citrate stabilized seed
particles [28]. Briefly, to make 15nm seed particles, ImL of 1%w/v gold chloride (Sigma #254169)
solution was added to 100mL of milliQ water in a clean Erlenmeyer flask, stirred slowly and heated on a
400°C plate. As soon as the solution came to a boil, the stirring was set as fast as possible without
splashing, and 3mL of 1% w/v sodium citrate (Sigma # 464 1) was rapidly added. The solution color
changed from clear to purple to red over the course of ~5min, a few minutes after the color changes

completed, the solution was cooled at room temperature.

The 30nm AuNPs were then synthesized by the reduction of ionic gold onto the 15nm seed
particles by hydroquinone. MilliQ water was added to an Erlenmeyer flask followed by 25mM gold
chloride solution, and 15nm seed particles. The solution was spun as fast as possible without splashing
and then 15mM sodium citrate and 25mM hydroquinone were added simultaneously. The volume of each
solution added to the hydroquinone reduction reaction depended on the desired nanoparticle size, and
have been published previously [29]. The solution color changed from red to black and then to a darker

red. The reaction was completed in a few minutes; then particles were stored at room temperature.

2.2.2 Direct conjugation of PEG-SH, IL-4, IL-13 and IL-10 to AuNPs

For cell experiments, AuNPs were sterilized by filtration through a 0.2um filter before further
modifications were made. Following synthesis, AuNPs were divided into 1mL aliquots in UV sterilized
(9999 x 100 wJ/cm’, 30min) Eppendorf tubes and pelleted via centrifugation (6600xg, 15min, 4°C); one

aliquot was resuspended at 1x concentration in MilliQ water and the dynamic light scattering (DLS) size
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and absorbance were measured. The size and absorbance were used to calculate AuNP concentration

using the Beer-Lambert Law.

All subsequent AuNP conjugation reactions were performed in UV sterilized (9999 x 100 wJ/cm?,
30min) low binding Eppendorf tubes. In experiments without PEGylation, following centrifugation, the
AuNPs were resuspended in MilliQ water to the same concentration as the AuNP synthesis solution (i.e.
they were resuspended in the same volume), and the desired amount of protein was added to the solution
such that the total conjugation reaction volume was doubled by the addition of protein. In experiments
involving the concurrent conjugation of PEG and protein ligand, the desired concentration of PEG-SH
was also added to the conjugation reaction at this time. Protein and/or PEG conjugation was allowed to

occur overnight at room temperature, on a slow shaker.

For sequential PEGylation then protein conjugation, following centrifugation, the AuNPs were
resuspended in milliQ water containing SkDa methoxy PEG-SH (Laysan Bio, Inc) to a final concentration
15x more concentrated than the AuNP synthesis solution. AuNP-PEG particles used as a control in cell
experiments were provided enough PEG to saturate the surface, 5 ligands/nm?, according to published
data [28]. Particles used for the subsequent conjugation of protein were provided 2.5 PEG ligands/nm’.
PEGylation was allowed to occur overnight at room temperature, on a slow shaker. Following overnight
PEGylation, the desired concentration of recombinant human or murine I1L-4 or IL-10 (Peprotech) was
added to the reaction along with trehalose (Sigma #T0167). The addition of trehalose was critical to avoid
protein loss in low concentration solutions; the final concentration of trehalose was 10% w/v. Protein

conjugation was allowed to occur overnight at room temperature, on a slow shaker.
2.2.3 IL-4 Conjugation to AuNP via a PEG linker

For the conjugation of IL-4 through a PEG linker 5kDa heterobifunctional thiol-PEG-carboxylate
(Sigma #757845) was conjugated to the AuNP core as described above with 5 ligands/nm”. Following

overnight the PEGylation the particles were separated into 200pL aliquots in UV sterilized low binding

25



Eppendorf tubes, and spun at 6600xg, 10min, 4°C. They were resuspended in MilliQ water two times to
remove unbound thiol-PEG- carboxylate, and finally resuspended at 15x concentration in MES buffer, pH
6.0. EDC (Sigma# E7750) was then added to the AuNPs to give a final concentration of 0.5mg EDC/mL,
and immediately followed by sulfo-NHS (Thermo scientific #24510) to give a final concentration of 1.38
sulfo-NHS/mL. The reaction was allowed to proceed for 30min at room temperature. Finally, the particles
were spun at 6600xg, 10min, 4°C and resuspended in PBS containing recombinant human IL-4
(Peprotech). IL-4 was added to the reaction at a ratio of 0.33 IL-4 ligands/nm’. IL-4 was allowed to react

overnight in the dark. Subsequently particles were washed by centrifugation, as described below.
2.2.4 Tracking AuNP surface modification and quantification of protein loading density.

Following AuNP synthesis, PEGylation and/or protein conjugation, the particles were

resuspended in MilliQ water and the DLS size and {-potential were measured.

Subtractive analysis was used to quantify protein loading. Unbound protein and trehalose were
removed by centrifugation following overnight conjugation, four washes in MilliQ water in total. To
reduce the required spin durations, conjugated AuNPs were separated into 200uL aliquots in UV
sterilized low binding Eppendorf tubes. Particles lacking PEG required long spin durations at slow speeds
to avoid aggregation (Appendix A, Fig. Al). PEGylated AuNPs were spun at 5000xg, 15min, 4°C. The
supernatants were collected and unbound protein was quantified with LavaPep (Gel Company #LP-
022010). Care was taken to include 10%w/v trehalose in the LavaPep standard curve to ensure accurate
measurement of protein concentration in the first supernatant. Subtractive analysis was used to quantify
protein loading, and ligand density was calculated using the known concentration and size of the AuNPs

provided in the conjugation reaction.
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2.2.5 THP-1 Cell Culture and AuNP Bioactivity Assays

THP-1 cells (ATCC® TIB-202™) were cultured in RPMI-1640 media (containing 10% Heat
Inactivated (HI)-FBS) as recommended by ATCC, except 2-mercaptoethanol was excluded. To
differentiate the THP-1 monocytes to macrophages, cells were seeded at 10°cells/well in non-TC treated
6-well plates with 2mL media/well containing 100ng/mL phorbol 12-myristate 13-acetate (PMA). After 3
days, the PMA-media was removed, washed off the cells with PBS, and then macrophage polarizing
cytokines were added to the culture. For all experiments an equivalent dose of soluble cytokine or AuNP
conjugated cytokine was added to the culture: 20ng/mL IL-4, except where otherwise noted, 20ng/mL IL-
13, or 40ng/mL IL-10. Complete RPMI media without any added cytokines, and AuNP-PEG
administered at a dose equivalent to the AuNP dose used in the cytokine conditions were used as negative
controls. Polarization media was changed daily and macrophage polarization assessed by flow cytometry

on day 3 following the addition of cytokines.
2.2.6 M1 to M2 Switching Assay

Following PMA differentiation of THP-1 cells, they were cultured in media containing 20ng/mL
IFN-y + 2400ng/mL lipopolysaccharide (LPS) for 2 days to induce the M1 phenotype. Subsequently, this
media was replaced with media containing 40ng/mL IL-4 and/or 40ng/mL IL-10 delivered as soluble or
AuNP conjugated cytokines. Polarization media was changed daily and macrophage polarization assessed

by flow cytometry on day 5 following the addition of the M2 polarizing cytokines.
2.2.7 Flow Cytometry

Cell viability was assessed by staining with calcein AM or a fixable dead cell stain (Invitrogen)
according to the manufacture instructions. Briefly, for calcein AM staining the cells were incubated in
4uM calcein AM in complete culture media containing 10% HI-FBS at 37°C, 5% CO,, for 30min. Then
the cells were harvested and stained for flow cytometry as described below. Macrophages were harvested
using Accutase (ThermoFisher Scientific #A1110501) followed by scrapping. For experiments were the
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fixable dead cell stain (Invitrogen) was used, following harvesting, the cells were incubated in PBS
containing the viability dye at the concentration recommended by the manufacture at 4°C for 30min-1hr,

protected from light. Then the cells were stained for flow cytometry as described below.

Standard flow cytometry protocols were followed. Briefly, macrophages were blocked with Fc
receptor blocking solution (Human TruStain FcXTM, BioLegend #422302) and stained with the
following antibodies: CD206-PE (BioLegend #321106) or CD206-APC (BioLegend #321110), CCR7-
APC (BioLegend #353214) or CCR7-Pacific Blue (BioLegend #353210), and CD163-FITC (BioLegend
#333618) at the concentrations recommended by the manufacturer. Unstained cells, and the isotype
controls recommended by the manufacture were used as controls in the gating. With the exception of
when calcein AM was used, the cells were fixed and stored in 0.4% PFA at 4°C until they were run on an
LSR II flow cytometer, within 3 days following staining. Analysis was performed using FlowJo7.6

software.

2.2.8 Statistics

All analyses were performed using GraphPad PrismS5 software. Statistical comparisons were
performed by one way analysis of variance (ANOVA) with Tukey or Bonferroni post hoc tests. P values

less than 0.05 were considered significant.

2.3 Results

2.3.1 The M2 macrophage polarizing cytokines, IL-4, IL-13, and IL-10 can be directly conjugated to

AuNPs.

AuNPs were synthesized by the hydroquinone reduction of Au onto citrate stabilized seed
particles [28]. Following centrifugation and washing with water to remove excess citrate ions, the M2

macrophage polarizing cytokines, IL-4, IL-13 and IL-10, were directly conjugated to the AuNP surface
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(Fig. 2.1 A). Human IL-4, IL-13, and IL-10 (Fig. 2.1 B-D), as well as the murine homologues, contain
disulfide bonds capable of covalently binding to Au through the formation of thiol-Au bonds [30]. All of
these proteins also have isoelectric points that render them positively charged at neutral pH (Table 2.1)
[31], suggesting that they may also bind to AuNPs via electrostatic interactions. In a typical conjugation
reaction, following the hydroquinone growth of AuNPs to 30nm diameter, AuNPs were spun at 6600xg
for 15min. and resuspended in MilliQ water. Protein was added to the AuNP solution and conjugation

was allowed to occur overnight at room temperature.

Table 2.1. Isoelectric points for human and murine M2 macrophage polarizing cytokines [31]

Human Murine
IL-4 9.17 8.18
IL-13 8.69 8.34
IL-10 8.19 8.45

Protein conjugation to the AuNPs was tracked by measuring surface {-potential in MilliQ water,
and conjugation efficiency was calculated based on subtractive analysis. In order improve protein
conjugation efficiency and increase ligand density, increasing concentrations of human IL-4 were
provided in the conjugation reaction. As expected, increasing the 1L-4-to-AuNP stoichiometry resulted in
increased conjugation efficiency (Fig. 2.1 E) and IL-4 ligand density (Fig. 2.1 F). Further, increasing 1L-4
ligand density resulted in increased {-potential (Fig. 2.1 G), suggesting that the AuNP surface had been

modified as expected.

AuNP surface conjugation, as well as stability, was assessed by using DLS to measure the
hydrodynamic diameter of the particles. Following hydroquinone growth, the AuNPs were monodisperse

around a 30nm diameter. Following IL-4 conjugation, the hydrodynamic diameter grew to about 50-80nm
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for AuNPs with the highest and lowest tested IL-4 ligand densities, respectively, immediately following
IL-4 conjugation (Appendix A, Fig. A1 A). Following centrifugation to remove unbound IL-4, AuNP-IL4
particles with the lowest ligand densities demonstrated the most significant particle aggregation; particles
with greater IL-4 ligand density were more stable and demonstrated minimal aggregation following
washing (Fig. 2.1 H). AuNP-IL4 particles are susceptible to aggregation following centrifugation, even at
the highest ligand densities tested. Such aggregation can be minimized by adjusting the centrifugal force

(Appendix A, Fig. Al B).
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Figure 2.1. The M2 macrophage polarizing cytokines, IL-4, IL-13, and IL-10 can be directly
conjugated to AuNPs, and conjugation tracked with NP {-potential and size. (A) Schematic showing
the direct conjugation of protein (IL-4 shown) to the surface of AuNPs following a wash step to remove
excess citrate ions from the surface of the AuNPs. (B-D) Crystal structure of human IL-4 (B), human IL-
13 (C), and human IL-10 (D) showing that all contain disulfide bonds (shown in black) capable of
binding to Au. (E) Conjugation efficiency, the percentage of IL-4 provided that was ultimately conjugated
to the AuNP surface, increases as increasing amounts of IL-4 are provided (x-axis) in the conjugation
reaction. (F) IL-4 ligand spacing on the surface of AuNPs (y-axis) increases as increasing amounts of IL-
4 are provided (x-axis) in the conjugation reaction. (G) The {-potential in MilliQ water becomes less
negative as increasing amounts of IL-4 are conjugated to the AuNP surface. (H) Hydrodynamic diameter
of AuNPs in MilliQ water increases following IL-4 conjugation, and subsequent was steps. Increasing
levels of IL-4 conjugation minimize particle growth following the wash steps. All data are means +SD,
n=3.*P<0.05, **P<0.01, ***P<0.001
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The conjugation of human IL-13 to AuNPs was tracked with (-potential and DLS, as just
described for IL-4. Similarly, increasing IL-13 ligand density increased the {-potential (Fig. 2.2 A),
suggesting that surface modification occurred as expected. Further, the hydrodynamic diameter of the
AuNP core particles grew following IL-13 conjugation. However, for IL-13, the greatest ligand densities
tested resulted in the most significant levels of aggregation (Fig. 2.2 B,C). When the same ligand
densities were used for IL-4 conjugation, the highest ligand densities resulted in the least aggregation
(Fig. 2.3 A,B). These trends in particle size stability were also evident in the DLS polydispersity indices
(PDIs) (Fig. 2.3 C,D). AuNP-IL13 particles demonstrated increased size stability at lower ligand densities

(0.5 IL-13 ligands/nm” provided in the conjugation reaction).

In order to assess AuNP-IL4 and AuNP-IL13 stability in a biologically relevant environment, the
particles were incubated in complete RPMI1640 cell culture media containing 10% HI-FBS at 37°C, 5%
CO,, and DLS was used to measure the hydrodynamic diameter for 4 days. The most stable formulations
of AuNP-IL4 and AuNP-IL13, 5IL-4 and 0.5 or 0.25 IL-13 ligands/nm2, were used. As expected, the
hydrodynamic diameter grew over the first 24 hrs, likely due to serum protein adsorption, for both the

AuNP-IL4 and AuNP-IL13 particles before stabilizing for the remaining 3 days (Fig. 2.2 D).
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MilliQ water increases following IL-13 conjugation. Data are means +£SD, n=3. ***P<(.001 (D)
Hydrodynamic diameter of IL-4 (pink) and IL-13 (blue and purple) conjugated AuNPs following
incubation in complete RPMI1640 cell culture media (containing 10% HI-FBS), at 37°C. Data are means
+SEM, n=3. ***P<(.001 for IL-4 vs. IL-13 conditions
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Figure 2.3. 5 IL-4 ligands/nm2 and 0.5 IL-13 ligands/nm2 provide the most stable AuNPs. (A) DLS
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+SD, n=3. (B) Hydrodynamic diameter of AuNPs in MilliQ water following conjugation of IL-4. Data are
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2.3.2 IL-4 and IL-13 conjugated AuNPs direct human macrophage polarization towards the M2a

phenotype in vitro.

The ability of AuNP-IL4 and AuNP-IL13 to direct M2a polarization was assessed in vitro with
THP-1 derived human macrophages. AuNP-1L4 and AuNP-IL13 particles were synthesized according to

the parameters described above and characterized (Appendix A, Table Al). For the in vitro bioactivity
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assay, equivalent doses of soluble cytokine (40ng/mL IL-4 or 20ng/mL IL-13) and AuNP conjugated
cytokine were administered, and flow cytometry was used to assess macrophage polarization. For both
IL-4 and IL-13, the AuNP conjugated cytokines upregulated CD206 expression to the same extent as
soluble cytokines (Fig. 2.4 A,B; Fig. 2.5), suggesting that the conjugated proteins retained full bioactivity.
Further, neither AuNP-IL4 nor AuNP-IL13 upregulated expression of CCR7 (a marker of the
inflammatory M1 phenotype), as compared to macrophages that were not stimulated with any cytokines
(MO0), suggesting that the particles were not inflammatory (Fig. 2.4 C). Neither AuNP-IL4 nor AuNP-
IL13 had a substantial effect on macrophage viability (Fig. 2.4 E). Importantly, there was no difference in
the percentage of macrophages specifically expressing the non-inflammatory M2a polarization state

(CD206+/CCR7-) between the AuNP conjugated and soluble cytokine treatment groups (Fig. 2.4 F).
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Figure 2.4. IL-4 and IL-13 conjugated AuNPs are not cytotoxic or inflammatory, and direct M2a
macrophage polarization. (A,B) Representative FACS scatter plots showing comparable upregulation of
CD206, a marker of M2a polarization, in response to soluble IL-4 and AuNP-IL4, or soluble IL-13 and
AuNP-IL13, respectively. (C,D) Representative FACS plots showing expression of the inflammatory
marker (CCR7) and the M2a marker (CD206) in response to soluble IL4 or AuNP-IL4, and soluble IL-13
or AuNP-IL13 respectively. Macrophages not exposed to any cytokines are shown in black. (E)
Macrophage viability assessed using a calcein AM viability stain and flow cytometry in response to LPS
and IFN-y (M1), no cytokine stimulation (MO, black), soluble IL-4 (IL-4, black), soluble IL-13 (IL13,
black); or AuNP-PEG (MO, red), AuNP-IL4 (IL4, red), or AuNP-IL13 (IL-13, red). (F) Percentage of
macrophages expressing the M2a phenotype (CD206+/CCR7-). All data are means +SD; n=6 for M1 and
MO, n=3 for IL-4 and IL-13 conditions. ***P<0.001, NS = not statistically significant
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Figure 2.5. AuNP-IL.4 and AuNP-IL13 are able to direct M2a macrophage polarization. FACS data
showing upregulation of CD206 (M2a marker) on THP-1 derived human macrophages in response to
soluble IL-4 (IL-4, black), soluble IL-13 (IL-13, black), or an equivalent dose of AuNP-IL4 (IL-4, red) or
AuNP-IL13 (IL-13, red). Media lacking cytokines (MO, black) or AuNP-PEG (MO, red) was used as a
negative control. Stimulation with LPS and IFN-y was used as an M1 control. Data are means £SD; n=6
for M1 and MO, n=3 for IL-4 and IL-13 conditions. NS = not statistically significant

2.3.3 Generation of PEGylated, IL-4 and IL-13 AuNPs

In order to increase the stability of IL-4 and IL-13 conjugated nanoparticles, the AuNP-cores
were partially coated with thiolated, methoxy-terminated SkDa PEG (Fig. 2.6 A). By only partially
PEGylating the AuNP surface [28], macrophage polarizing cytokines could be directly conjugated to the
remaining Au surface (Fig. 2.6 B). A 1:1 protein:PEG ratio was used, with enough protein and PEG
provided in the conjugation reaction to maximally yield 2.5 protein and 2.5 PEG ligands/nm’.
Sequentially PEGylating the AuNP then conjugating the protein was essential to avoid particle
aggregation. A monodisperse DLS size distribution shifted to the right following partial PEGylation and
IL-4 or IL-13 conjugation; however, simultaneous addition of PEG and protein to the AuNP conjugation
reaction resulted in large particle aggregation (Fig. 2.6 C,D). The slight increase in particle size following
PEGylation and IL-4 or IL-13 conjugation was manifested in the increased hydrodynamic diameter of the
particles (Fig. 2.6 E). Further, sequential PEGylation then protein conjugation resulted in monodisperse

particle sizes, as indicated by the low PDI (Fig. 2.6 F). The conjugation efficiency and ligand density of
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conjugated IL-4 and IL-13 were calculated using subtractive analysis. Importantly, both IL-4 and IL-13
demonstrated high levels of conjugation and ligand density following PEGylation (Fig. 2.6 G,H)

suggesting that initially PEGylating the AuNP did not significantly inhibit cytokine conjugation.
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Figure 2.6. Sequential PEGylation then IL-4 or IL-13 conjugation. (A-B) Schematic showing partial
PEGylation and subsequent IL-4 conjugation to AuNPs. (C,D) DLS size distribution in MilliQ water of
the AuNP core (black), following sequential partial PEGylation (green), then human IL-4 (C) or IL-13
(D) conjugation (red), and concurrent PEGylation and protein conjugation (gray). (E) Hydrodynamic
diameter of AuNPs in MilliQ water. (F) Polydispersity index (PDI) of AuNPs in MilliQ water. (G)
Loading of IL-4 and IL-13 following partial PEGylation of AuNPs. (H) Conjugation efficiency, the
percentage of protein provided that was ultimately conjugated to the AuNP surface, following partial
PEGylation. All data are means +SD, n=3. *P<0.05, ***P<(.001 vs all other conditions. There is no
significant difference between the “together IL-4” and “together IL-13” conditions.
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As an alternative to mixed PEG and protein monolayers, which may interfere with protein
bioactivity due to steric hindrance from PEG, IL-4 was also conjugated via a PEG linker using EDC/NHS
chemistry (Fig. 2.7 A). In an initial step AuNPs were PEGylated with SkDa heterobifunctional thiol-PEG-
carboxylate via thiol gold bonds. Enough thiol-PEG-carboxylate was provided to saturate the AuNP
surface (5 ligands/nm?) [28]. Subsequently, EDC/NHS chemistry was used to conjugate human IL-4 to
the carboxyl group terminating the PEG linker. The resultant AuNP-PEG-IL4 particles were
monodisperse around 49nm diameter (Fig. 2.7 B), with a PDI of 0.089 and {-potential of -28.6mV.

Ultimately, 0.2 IL-4 ligands/nm’ were conjugated, representing a conjugation efficiency of 60%.
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Figure 2.7. Conjugation of IL-4 to AuNP via EDC-NHS chemistry with a PEG linker. (A) Schematic
showing partial PEGylation of AuNPs with heterobifunctional thiol-PEG-carboxylate and subsequent IL-
4 conjugation to the PEG carboxylate group via EDC/NHS chemistry. (B) DLS size distribution of the
AuNP core and AuNP-PEG-IL4 in MilliQ water.

2.3.4 PEGylation does not interfere with bioactivity.

In order to determine if PEGylation inhibited bioactivity of the conjugated cytokine, the ability of
PEG-AuNP-IL4 particles to direct THP-1 derived macrophage polarization in vitro was assessed. As

before, the same dose of IL-4 was administered either as soluble cytokine, or as PEG-AuNP-1L4.
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PEGylated AuNPs lacking cytokine, and basal media were used as negative controls. PEG-AuNP-I1L4
upregulated the marker of M2a polarization, CD206, without upregulating expression of the marker of
inflammatory M1 polarization, CCR7 (Fig. 2.8 A). Further, AuNP presentation of IL-4 tended to
stimulate levels of CD206 expression higher than those stimulated by soluble IL-4 (Fig. 2.8 A). As
expected, PEG-AuNP-IL4 did not have a substantial effect on macrophage viability (Fig. 2.8 B).
Importantly, the percentage of macrophages specifically expressing the M2a phenotype (CD206+/CCR7-)
was the same between groups stimulated with soluble IL-4 and PEG-AuNP-1L4 (Fig. 2.8 C), suggesting

that PEGylation of AuNPs did not interfere with the bioactivity of conjugated human IL-4.

Similarly, particles synthesized via IL-4 conjugation through a PEG linker did not have any
substantial effect on macrophage viability (Fig. 2.8 D), nor did they upregulate expression of the
inflammatory marker, CCR7. Further, IL-4 conjugated through a PEG linker retained full bioactivity and
the percentage of macrophages driven towards M2a polarization in response to these particles was the

same as that observed in response to a matched dose of soluble IL-4 (Fig. 2.8 E).
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(B) Macrophage viability assessed using a fixable dead cell stain (Invitrogen) and flow cytometry in

response to no cytokine stimulation (M0, black), soluble IL-4 (IL-4, black), AuNP-PEG (MO, red), or

PEG-AuNP-IL4 (IL-4, red). (C) Percentage of macrophages expressing the M2a phenotype

(CD206+/CCR7-). (D) Macrophage viability assessed using a fixable dead cell stain (Invitrogen) and
flow cytometry in response to 20ng/mL IL-4 delivered as soluble 1L-4, AuNP-PEG-IL4, or a comparable
dose of AuNP-PEG as a negative control. (E) Percentage of macrophages expressing the M2a phenotype
(CD206+/CCR7-). All data are means +SD, n=3. *P<0.05, **P<0.01, ***P<0.001 NS = not statistically

significant
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2.3.5 Optimization of PEGylation and cytokine ligand densities

Having established that PEGylation does not interfere with the bioactivity of conjugated IL-4, the
optimal cytokine:PEG ligand densities for mixed monolayers were next explored. Increasing the
cytokine:PEG ratio, and increasing the total ligand density tended to increase particle aggregation (Fig.
2.9 A). Maintaining al:1 cytokine:PEG ratio was important to minimize particle aggregation, achieve a
low PDI, and maintain a small hydrodynamic diameter following both human IL-4 and IL-13 conjugation

(Fig. 2.9 B; Fig. 2.10).
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Figure 2.9. Optimization of PEGylation, and protein loading onto AuNPs. (A) DLS size distribution
of PEG-AuNP-IL4 particles with a 1:1 (red) vs 4:1 (black) IL-4:PEG ligand ratio in MilliQ water. (B)
Hydrodynamic diameter of PEG-AuNP-IL4 (red) and PEG-AuNP-IL13 (blue) particles in MilliQ water
with varying ligand densities and protein:PEG ratios. (C) The conjugation efficiency of IL-4, following
partial PEGylation, increases as increasing amounts of AuNP-PEGs are provided (x-axis) in the
conjugation reaction. The concentration of IL-4 provided in the conjugation reaction was kept constant.
The vertical red line indicates parameters that were used for later cell experiments. (D) IL-4 ligand
density in response to increasing AuNP-PEG concentration, but constant IL-4 concentration, provided in
the conjugation reaction. Horizontal black line represents the theoretical maximum IL-4 loading capacity
based on sphere packing calculations, modeling IL-4 as spheres that are packed onto a spherical AuNP
core. The vertical red line indicates parameters that were used for later cell experiments. (E)
Hydrodynamic diameter of PEG-AuNP-IL4 resulting from decreasing the IL-4:PEG ratio < 1. (F,G)
Representative DLS size distribution of the AuNP core and PEG-AuNP-IL4 (F) and PEG-AuNP-IL10 (G)
particles in MilliQ water resulting from the optimized parameters (2.5 PEG and 0.5 recombinant human
protein ligands/nm” provided in the conjugation reaction). All data are means +SD, n=3. ¥*P<0.05,
**P<(0.01, ***P<0.001 NS = not statistically significant
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Figure 2.10. Polydispersity index (PDI) of PEG-AuNP-IL4 (red) and PEG-AuNP-IL13 (blue) particles in
MilliQ water with varying ligand densities and protein:PEG ratios. The dotted line indicates the PDI of
the AuNP core particles prior to any surface modification. Data are means +SD, n=3. *P<(.05,
**%P<0.001

The stability provided by partial PEGylation allowed the AuNPs to be resuspended at much
higher concentrations without aggregation. This allowed the protein-to-AuNP stoichiometry to be
significantly decreased, and therefore also decrease the protein:PEG ratio, without minimizing the protein
concentration provided in the conjugation reaction. This provided an important technical advantage, and
allowed a much greater range of stoichiometries to be explored, because low protein concentrations are
impractical due to the high percentage loss to vial walls. Importantly, decreasing the protein:PEG ratio
may increase particle stability. In the optimization experiment, AuNPs were PEGylated with 2.5 PEG
ligands/nm®, and 10.8ug/mL IL-4 was used in the subsequent conjugation reaction. The protein-to-AuNP
stoichiometry was varied by increasing the AuNP-PEG concentration, up to 33x that previously allowed.
Importantly, this allowed the stoichiometry associated with the theoretical maximum protein packing

density, ~0.1 ligands/nm’, as calculated based on sphere packing, to be achieved (Table 2.2).
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Table 2.2. Theoretical maximum protein packing density calculated based on sphere packing

Interleukin Molecular Weight [kDa]* Radius [nm]* The?rehcalLG?dmg
[ligands/nm?]*

.. Human 114 1] e 183 012

. HumanIL:13 126 LA

. HumanIL-10 18,6 e LTS 0L

.. Murine TT.:4 L3 e AT O3

Murine IL-10 18 e 2T 0L

*Peprotech
# Calculated using equation in [32]
## for a 30nm diameter AuNP core

As expected, decreasing the protein-to-AuNP stoichiometry increased IL-4 conjugation efficiency, and
resulted in lower IL-4 ligand density (Fig. 2.9 C,D; Table 2.3). At the highest protein-to-AuNP ratios
tested, the conjugated IL-4 ligand density was observed to be greater than the theoretical maximum,
calculated based on sphere packing (Fig. 2.9 D). This may have been due to the formation of multiple
layers of IL-4 associated with the surface of the particle. Based on these results, providing 0.5 protein
ligands/nm” in the conjugation reaction, should yield conjugation that nearly achieves the theoretical
maximum protein loading, indicated by the red line in Fig. 2.9 C,D. As expected, these low protein:PEG
ratio particles were stable, as indicated by small hydrodynamic diameters and low PDIs (Fig. 2.9 E; Fig.
2.11). These optimized parameters were found to be broadly applicable, and were used to synthesize

monodisperse particles with human and murine IL-4 and IL-10 (Fig. 2.9 F,G; Fig. 2.12).
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Table 2.3. Sequential PEGylation then IL conjugation

Au [nm*/mL] in IL-4 [ligands/nmz] Conjugation 1L-4 [ligands/nmz]
conjugation reaction provided efficiency (%) conjugated
1.6E+14 2.5 31 0.85
6.4E+14 0.61 35 0.23
1.3E+15 0.3 40 0.13
0.15 (theoretical
2.6E+15 maximum) 45 0.075
5.2E+15 0.075 51 0.042
1.04
0.8+
_ 0.6
O
o
0.4+ NS
U.z- T
0.0 e SR

IL4/nm?® 2.5 1.2 .
PEGIm®> 25 25 25 25
IL4: PEG 1 0.5 0.3 0.2

Figure 2.11. Polydispersity index (PDI) of PEG-AuNP-IL4 in MilliQ water resulting from decreasing the
IL-4:PEG ratio < 1. Data are means +SD, n=3. NS = not statistically significant

46



>
vs)

20 - AuNP core 20 - AuNP core
= P-A-murine IL4 = PA-murine IL10
18 - 18 o
16 - 16 4
— 14 4 f .3..14 7
o
%12 - %12 b
= 10 - ‘@ 10 4
(%]
S g
3 s - g g -
c £
= 6 - 6 -
4 4 4 4
. H . | \
D L D L] L] L] L] L
0.1 10 1000 0.1 1 10 100 1000 10000
Diameter (nm) Diameter (nm)

Figure 2.12. Sequential PEGylation then murine protein conjugation yields monodisperse murine
IL-4 and IL-10 conjugated particles. (A,B) DLS size distribution following sequential partial
PEGylation then murine IL-4 (A) or murine IL-10 (B) conjugation in MilliQ water.

Next it was important to ensure that the low protein:PEG ratio particles were able to direct
macrophage polarization. As previously, matched doses of IL-4 delivered as soluble IL-4 or PEG-AuNP-
IL4 were used to direct THP-1 derived human macrophage polarization in vitro (Fig. 2.13 A). As
expected, neither AuNP-PEG (used as a negative control) nor PEG-AuNP-IL4 particles had a substantial
effect on macrophage viability (Fig. 2.13 B). Importantly, these low protein:PEG ratio particles were not
inflammatory, and were able to direct M2a (CD206+/CCR7-) macrophage polarization to the same extent

as soluble IL-4 (Fig. 2.13 C).
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Figure 2.13. High PEG:IL-4 ratio PEG-AuNP-IL4 particles and AuNP-PEG-IL4 particles direct
M2a macrophage polarization. (A) Representative FACS scatter plots showing expression of the
inflammatory (CCR7) vs the M2a (CD206) polarization marker in response to 20ng/mL IL-4 delivered as
soluble IL-4 or as the optimized high PEG:IL-4 ratio PEG-AuNP-IL4 particles, a comparable dose of
AuNP-PEG or no cytokine stimulation (M0) were used as negative controls. (B) Macrophage viability
assessed using a fixable dead cell stain (Invitrogen) and flow cytometry in response to no cytokine
stimulation (MO, black), soluble IL-4 (IL-4, black), AuNP-PEG (MO, red), or high PEG:IL-4 ratio PEG-
AuNP-IL4 (IL-4, red). (C) Percentage of macrophages expressing the M2a phenotype (CD206+/CCR7-).
All data are means +SD, n=3. *P<0.05, **P<0.01, ***P<0.001 NS = not statistically significant

2.3.6 PEG-AuNP-IL4 and PEG-AuNP-IL10 direct M1 macrophage polarization towards the M2

phenotype.

To further explore the ability of these nanoparticles to direct macrophage polarization in the
context of chronic inflammation, they were used to treat inflammatory M1 macrophages in vitro. THP-1
derived macrophages were stimulated with LPS and IFN-y for 2 days to promote the inflammatory M1

phenotype. M1 macrophages were then exposed to IL-4 as soluble IL-4 or PEG-AuNP-IL4, IL-10 as
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soluble IL-10 or PEG-AuNP-IL10, or the combination of IL-4 + IL-10 delivered as soluble factors or
PEGylated AuNPs. Basal media lacking cytokines was used as a negative control, and polarization was
assessed with flow cytometry on day 5 (Fig. 2.14 A). As expected, following stimulation with soluble IL-
4 and/or IL-10, M1 macrophage polarization shifted towards the M2 phenotype, and markers of M2
polarization (CD163 and CD206) were upregulated (Fig. 2.14 B,C). Importantly, nanoparticle delivery of
IL-4 and IL-10 was just as potent as the soluble cytokines at promoting M2 polarization of an initially M1
macrophage population (Fig. 2.14 B,C), suggesting that nanoparticle delivery of macrophage polarizing

cytokines may be useful in the context of an inflammatory microenvironment in vivo.
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Figure 2.14. PEG-AuNP-IL4 and PEG-AuNP-IL10 are able to direct M1 macrophage polarization
towards the M2 phenotype. (A) THP-1 monocytic cells were differentiated to MO macrophages (3 days
with 100ng/mL PMA) and then polarized towards the M1 phenotype (2 days with 2400ng/mL LPS, and
20ng/mL IFN-gamma). M1 macrophages were then exposed to [L-4 as soluble IL-4 or PA4, IL-10 as
soluble IL-10 or PA10, or the combination of IL-4 + IL-10 delivered as soluble factors or PEGylated
AuNPs. Basal media lacking cytokines was used as a negative control. (B,C) Percentage of macrophages
expressing CD163 (a marker of M2c¢ polarization) (B), or CD206 (a marker of M2a polarization). All data
are means +SD, n=3. NS = not statistically significant
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2.4 Discussion

Macrophages have the capacity to both promote inflammation (M1 polarization) and stimulate
tissue regeneration (M2 polarization); uncontrolled macrophage activation contributes to the progression
of many diseases [33]. Therefore, the development of therapeutics to control macrophage polarization is
of considerable interest. Here we show that M2 macrophage polarizing cytokines can be directly
conjugated to AuNPs. Partial PEGylation stabilized the particles and allowed the subsequent conjugation
of cytokines directly to the remaining Au surface, at ligand densities that approximated the theoretical
maximum loading capacity. Importantly, PEGylation did not interfere with the bioactivity of conjugated
cytokines; conjugated human IL-4, IL-13, and IL-10 all retained full bioactivity and were able to direct
M2 macrophage polarization as efficiently as their soluble counterparts. Further, these nanoparticles were
able to redirect the polarization of M1 macrophages towards the M2 phenotype, suggesting that they may

be of use clinically for the treatment of inflammation.

These studies demonstrate that the M2 polarizing cytokines, IL-4, IL-13, and IL-10, can be
directly conjugated to PEGylated AuNPs. The thiol-gold bond has been used extensively for the
formation of monolayers on gold surfaces [30]. Here, disulfides capable of forming thiol-gold bonds
available in IL-4, IL-13, and IL-10 were exploited, along with electrostatic interactions, to conjugate these
cytokines to AuNP surfaces. Citrate stabilized AuNP cores were synthesized by the hydroquinone growth
of AuNP seed particles [28], and as expected, 30nm AuNP cores had a {-potential around -33mV (Figs.
2.1 H; 2.2 A). Surface modifications to the AuNPs were easily tracked using {-potential and DLS size
measurements, with increasing {-potential indicating replacement of citrate ions with conjugated ligands
(either thiolated-PEG or protein) (Figs. 2.1 H, 2.2 A). Subtractive analysis following removal of unbound
protein by centrifugation allowed the protein conjugation efficiency and ligand density to be calculated
(Figs. 2.1 E,F; 2.6 G,H; 2.9 C,D) and by controlling the stoichiometric ratio of protein and AuNPs
provided in the reaction, the conjugation efficiency and protein ligand density could be controlled.

PEGylation of nanoparticle surfaces has been used previously to increase particle stability, decrease
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protein adsorption and alter rates of macrophage internalization [29]. In this study, partial PEGylation of
AuNPs was used to increase particle stability. Providing 2.5 PEG and 0.5 IL-4 ligands/nm” minimized
particle aggregation while achieving protein conjugation that approximated the theoretical maximum, as
calculated by sphere packing (Fig. 2.9 C,D). Further, these parameters applied broadly to M2 polarizing
cytokines, and resulted in monodisperse PEG-AuNP particles with conjugated human and murine IL-4
and IL-10 (Figs. 2.9 F,G; 2.12). AuNPs have been widely investigated for their use in drug delivery as
they provide a relatively biologically inert substrate, may increase retention time in the tissue of interest,
and allow easy conjugation chemistry [34, 35, 36]. PEGylated AuNPs with conjugated TNF-a have been
developed for the treatment of solid tumors [37]. These particles were able to avoid uptake by the
reticuloendothelial system (RES), preferentially distribute to solid tumors, and promote tumor regression
in preclinical models [38]; further, a phase I clinical trial has recently shown good tolerance [27]. The
nanoparticles designed in this work build on these concepts to expand the application of AuNPs as a drug
delivery vector in the context of chronic inflammation. Rather than promoting inflammation and tumor
cell killing, the particles designed here seek to promote the resolution of inflammation and promote tissue
regeneration. Formulations of gold salts have been used for over 3 decades for the treatment of
rheumatoid arthritis [39, 40] because of their ability to improve inflammation. While the mechanism of
these treatments is still poorly understood, their therapeutic utility in that context suggests that gold may
provide particular advantages as a drug delivery platform for the treatment of chronic inflammation.
Importantly, the principles developed in the current study, begin to establish a general method for the use

of AuNPs for the delivery of anti-inflammatory cytokines.

AuNP conjugated 1L-4, IL-13, and IL-10 are bioactive and direct macrophage polarization
towards the M2 phenotype. Following conjugation to AuNPs all three M2 macrophage polarizing
cytokines tested retained full bioactivity and were able to direct the same level of M2 polarization as an
equivalent dose of their soluble counterparts (Fig. 2.4). Importantly, partial PEGylation of AuNPs did not

interfere with cytokine bioactivity (Figs. 2.8, 2.13), and PEG-AuNP-IL4 and PEG-AuNP-IL10 were able
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to repolarize M1 macrophages towards the M2 phenotype (Fig. 2.14). The ability to shift inflammatory
macrophage polarization away from the M1 state and promote pro-regenerative M2 states will likely be
important for the treatment of many non-healing wounds, and chronic inflammatory conditions. While it
has been shown that primary human macrophages can shift their polarization from M1 to M2, and vice
versa, in response to cytokine stimulation [41], the development of biomaterial therapies capable of
promoting this shift is still ongoing. Recently large pore mesoporous silica NPs have been developed for
the delivery of IL-4 [42]. Following intravenous injection, the particles were internalized by phagocytic
myeloid cells and promoted M2 polarization in the spleen. The use of these particles to redirect M1
macrophage polarization in vitro or in vivo, in the context of inflammation, or in the targeting of tissues
other than the spleen, has not been explored. Other biomaterial designs aimed at directing M1 followed by
M2 polarization have focused on the use of scaffolds, such as decellularized bone [43], or biomimetic
coatings, such as calcium phosphate [44], to sequentially deliver inflammatory and pro-regenerative
stimuli to promote M1 followed by M2 polarization. While the use of biomimetic coatings to direct
macrophage polarization switching has successfully demonstrated the ability to switch gene expression in
human and murine macrophages in vitro [44], difficulty properly controlling the release kinetics from
decellularized scaffolds in vivo has limited their success [43]. While promising, these designs are specific
to directing macrophage polarization in bone, and will likely require the development of new chemistries
to deliver a broad array of anti-inflammatory cytokines. The AuNP design presented here has been shown
to preserve the bioactivity of IL-4, IL-13 and IL-10 and could likely be applied to any cytokine with
disulfide or thiol groups available to participate in thiol-gold bonds, or an isoelectric point that would
support electrostatic binding to AuNPs. Further, PEGylated AuNPs may find utility in the treatment of a

broad range of inflamed tissues to redirect M1 polarization towards the M2 state.

The results of these studies indicate that AuNPs can be used to direct macrophage polarization
towards M2 phenotypes in vitro. The use of PEGylation to stabilize AuNPs, and thiol-Au bonds to form

mixed monolayers of PEG:cytokine, builds on well established research and expands the capabilities of
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AuNPs as a drug delivery vector in the context of chronic inflammation. With the increasing realization

that macrophages play an essential role in orchestrating both inflammation and tissue regeneration, and

that M2 macrophage polarization can promote tissue healing, the ability to direct M2 polarization with

cytokine conjugated AuNPs may find clinical utility in the treatment of non-healing wounds and chronic

inflammatory conditions.

2.5 References

[1]

[2]

[3]

[6]

[7]

[8]

[9]

D. M. Mosser and J. P. Edwards, "Exploring the full spectrum of macrophage activation," Nature
Reviews, vol. 8, no. 12, pp. 958-969, 2008.

A. Mantovani et al., "The chemokine system in diverse forms of macrophage activation and
polarization," TRENDS in Immunology, vol. 25, no. 12, pp. 677-686, 2004.

R. Mirza and T. Koh, "Dysregulation of monocyte/macrophage phenotype in wounds of diabetic
mice," Cytokine, vol. 56, no. 2, pp. 256-264, 2011.

K. Kigerl et al., "Identification of two distinct macrophage subsets with divergent effects causing
either neurotoxicity or regeneration in the injured mouse spinal cord," J Neurosci, vol. 29, no. 43, pp.
13435-13444, 2009.

J. Tonkin et al., "Monocyte/Macrophage-derived IGF-1 Orchestrates Murine Skeletal Muscle

Regeneration and Modulates Autocrine Polarization," Molecular Therapy, vol. 23, no. 7, pp. 1189-
1200, 2015.

D. Ruffell et al., "A CREB-C/EBP-beta cascade induces M2 macrophage-specific gene expression
and promotes muscle injury repair," Proc Natl Acad Sci, vol. 106, no. 41, pp. 17475-17480, 2009.

A. Chawla, K. Nguyen and Y. Goh, "Macrophage-mediated inflammation in metabolic disease," Nat
Rev Immunol, vol. 11, no. 11, pp. 738-749, 2011.

N. Fahy et al., "Human osteoarthritic synovium impacts chondrogenic differentiation of
mesenchymal stem cells via macrophage polarisation state," HumaOsteoarthritis and Cartilage, vol.
22,no. &, pp. 1167-1175, 2014.

R. W. Kinne, B. Stuhlmuller, G. Burmester, "Cells of the synovium in rheumatoid arthritis.
Macrophages.," Arthritis Res Ther, vol. 9, no. 6, pp. 224-239, 2007.

[10] S. Villalta, B. Deng, C. Rinaldi, M. Wehling-Henricks and J. Tidball, "IFN-y Promotes Muscle

Damage in the mdx Mouse Model of Duchenne Muscular Dystrophy by Suppressing M2

53



Macrophage Activation and Inhibiting Muscle Cell Proliferation," J Immunology, vol. 187, no. 10,
pp. 5419-5428, 2011.

[11] K. Spiller and T. Koh, "Macrophage-based therapeutic strategies in regenerative medicine,"
Advanced Drug Delivery Reviews, vol. 122, pp. 74-83, 2017.

[12] P. Graney, E. Lurier and K. Spiller, "Biomaterials and Bioactive Factor Delivery Systems for the
Control of Macrophage Activation in Regenerative Medicine," ACS Biomater. Sci. Eng, vol. 4, no. 4,
pp. 1137-1148, 2018.

[13] T. Smith, R. Nagalla, E. Chen and W. Liu, "Harnessing macrophage plasticity for tissue
regeneration," Advanced Drug Delivery Reviews, vol. 114, pp. 193-205, 2017.

[14] M. Racke, A. Bonomo, D. Scott, B. Cannella, A. Levine, C. Raine, E. Shevach and M. Rocken,
"Cytokine-induced immune deviation as a therapy for inflammatory autoimmune disease," J Exp
Med, vol. 180, no. 5, pp. 1961-1966, 1994.

[15] A. Horsfall, D. Butler, L. Marinova, P. Warden, R. Williams, R. Maini and M. Feldmann,
"Suppression of collagen-induced arthritis by continuous administration of IL-4," J Immunol, vol.
159, no. 11, pp. 5687-5696, 1997.

[16] K. Ghoreschi et al., "Interleukin-4 therapy of psoriasis induces Th2 responses and improves human
autoimmune disease," Nature Medicine, vol. 9, no. 1, pp. 40-46, 2003.

[17] Z. Zidek, P. Anzenbacher and E. Kmonickova, "Current status and challenges of cytokine
pharmacology," Br J Pharmacol, vol. 157, no. 3, pp. 342-361, 2009.

[18] P. Rutgeerts, G. Van Assche and S. Vermeire, "Optimizing anti-TNF treatment in inflammatory
bowel disease," Gastroenterology, vol. 126, pp. 1593—1610, 2004.

[19] X. Miao, X. Leng and Q. Zhang, "The Current State of Nanoparticle-Induced Macrophage
Polarization and Reprogramming Research," Int. J. Mol. Sci., vol. 18, no. 2, pp. 336-348, 2017.

[20] S. Lee et al., "TNF-a gene silencing using polymerized siRNA/thiolated glycol chitosan
nanoparticles for rheumatoid arthritis," Mol. Ther., vol. 22, pp. 397-408, 2014.

[21] M. Kim et al., "Notch1 targeting siRNA delivery nanoparticles for rheumatoid arthritis therapy," J.
Controlled Release, vol. 216, pp. 140-148, 2015.

[22] S. Jain, T. Tran and M. Amiji, "Macrophage repolarization with targeted alginate nanoparticles
containing IL-10 plasmid DNA for the treatment of experimental arthritis," Biomaterials, vol. 61, pp.
162-177, 2015.

[23] J. Zhang, C. Tang and C. Yin, "Galactosylated trimethyl chitosan—cysteine nanoparticles loaded with
Map4k4 siRNA for targeting activated macrophages," Biomaterials, vol. 34, pp. 3667-3677, 2013.

54



[24] T.H. Tran, R. Rastogi, J. Shelke and M. Amiji, "Modulation of Macrophage Functional Polarity
towards Anti-Inflammatory Phenotype with Plasmid DNA Delivery in CD44 Targeting Hyaluronic
Acid Nanoparticles," Scientic Reports, vol. 5, pp. 16632-46, 2015.

[25] S. Rana, A. Bajaj, R. Mout and V. Rotello, "Monolayer coated gold nanoparticles for delivery
applications," Advanced Drug Delivery Reviews, vol. 64, pp. 200-216, 2012.

[26] R. Visaria et al., "Enhancement of tumor thermal therapy using gold nanoparticle-assisted tumor
necrosis factor-alpha delivery," Mol. Cancer Ther., vol. 5, pp. 1014-1020, 2006.

[27] S. Libutti et al, "Results of a completed phase I clinical trial of CYT-6091: A pegylated colloidal
gold-TNF nanomedicine," J Clinical Oncology, vol. 27, no. 15S, pp. 3586-3586, 2009.

[28] S. D. Perrault and W. C. Chan, "Synthesis and Surface Modification of Highly Monodispersed,
Spherical Gold Nanoparticles of 50-200 nm," JACS, vol. 131, no. 47, pp. 17042-17073, 2009.

[29] C. D. Walkey, J. B. Olsen, H. Guo, A. Emili and W. C. Chan, "Nanoparticle Size and Surface
Chemistry Determine Serum Protein Adsorption and Macrophage Uptake," JACS, vol. 134, no. 4,
pp. 2139-2147,2012.

[30] M. Hasan, D. Bethell and M. Brust, "The Fate of Sulfur-Bound Hydrogen on Formation of Self-
Assembled Thiol Monolayers on Gold: 1H NMR Spectroscopic Evidence from Solutions of Gold
Clusters," JACS., vol. 124, no. 7, pp. 1132-1133, 2002.

[31] P. Hornbeck et al., "PhosphoSitePlus, 2014: mutations, PTMs and recalibrations," Nucleic Acids Res,
vol. 43, pp. D512-20, 2015.

[32] H. Erickson, "Size and Shape of Protein Molecules at the Nanometer Level Determined by
Sedimentation, Gel Filtration, and Electron Microscopy," Biological Procedures Online, vol. 11, no.
1, pp. 32-51, 2009.

[33] P. Murray and T. Wynn, "Protective and pathogenic functions of macrophage subsets," Nature
Reviews, vol. 11, no. 11, pp. 723-737, 2011.

[34] B. Merchant, "Gold, the noble metal and the paradoxes of its toxicology," Biologicals, vol. 26, no. 1,
pp. 49-59, 1998.

[35] J. Caster, A. Patel, T. Zhang and A. Wang, "Investigational nanomedicines in 2016: a review of
nanotherapeutics currently undergoing clinical trials," WIREs Nanomed Nanobiotechnol, vol. 9, no.

1, p. e1416, 2017.

[36] L. Yang and Y. Zhang, "Tumor-associated macrophages: from basic research to clinical application,"
J Hematology & Oncology, vol. 10, pp. 58-69, 2017.

[37] G. Paciotti et al., "Colloidal Gold: A Novel Nanoparticle Vector for Tumor Directed Drug Delivery,"

55



Drug Delivery, vol. 11, pp. 169-183, 2004.

[38] G. Paciotti, D. Kingston and L. Tamarkin, "Colloidal Gold Nanoparticles: A Novel Nanoparticle
Platform for Developing Multifunctional Tumor-Targeted Drug Delivery Vectors," Drug
Development Research, vol. 67, pp. 47-54, 2006.

[39] J. Ward et al., "Comparison of auranofin, gold sodium thiomalate, and placebo in the treatment of
rheumatoid arthritis," Arthritis & Rheumatology, vol. 26, no. 11, pp. 1303-1315, 1983.

[40] G. Bendix and A. Bjelle, "A 10 year follow up of parenteral gold therapy in patients with rheumatoid
arthritis," Ann Rheum Dis, vol. 55, no. 3, pp. 169-176, 1996.

[41] A. Gratchev et al., "M1 and M2 can be re-polarized by Th2 or Thl cytokines, respectively, and
respond to exogenous daanger signals," Immunobiology, vol. 211, pp. 473-486, 2006.

[42] D. Kwon et al., "Extra-Large Pore Mesoporous Silica Nanoparticles for Directing in Vivo M2
Macrophage Polarization by Delivering IL-4," Nano Letters, vol. 17, no. 5, pp. 27472756, 2017.

[43] K. Spiller et al., "Sequential delivery of immunomodulatory cytokines to facilitates the M1-to-M2
transition of macrophages and enhance vascularization of bone scaffolds," Biomaterials, vol. 37, pp.
194-207, 2015.

[44] J. Alhamdi et al., "Controlled M1-to-M2 transition of aged macrophages by calcium phosphate
coatings," Biomaterials, 2018, https://doi.org/10.1016/j.biomaterials.2018.07.012.

[45] I. Somasuntharam et al., "Knockdown of TNF-alpha by DNAzyme gold nanoparticles as an
antiinflammatory therapy for myocardial infarction," Biomaterials, vol. 83, pp. 12-22,2016.

56



CHAPTER 3:

Functional Muscle Recovery with Nanoparticle-Directed M2 Macrophage Polarization in
Mice

3.1 Introduction

Acute inflammation is a protective response that kills invading pathogens, should be self limiting
and lead to healing. However, uncontrolled activation of immune cells, and failure of the acute
inflammatory response to be self limiting leads to chronic inflammation resulting in tissue damage [1].
Following tissue injury or infection, monocytes (Mc) are recruited from circulation and differentiate to
M1 macrophages (Mgs) which promote inflammation by the release of inflammatory cytokines, reactive
oxygen species, proteases, and antimicrobial peptides [2]. Subsequently, M@s adopt potent anti-
inflammatory and pro-regenerative activity, broadly referred to as M2 Mes. Beyond antagonizing M1
responses, M1 to M2 phenotype switching is important in promoting tissue regeneration and restoring
homeostasis [2-4]. M1-M¢e dominated aberrant inflammation contributes to the pathogenesis of many
chronic inflammatory conditions including atherosclerosis, inflammatory bowel disease, asthma,
rheumatoid arthritis, osteoarthritis, multiple sclerosis, and chronic venous leg ulcers [5-10]. Hence,
development of therapeutics that can dampen acute inflammation and promote M2 polarization are of

considerable interest.

Mo polarization plays a central role in directing skeletal muscle regeneration following injury
[11-12]. Satellite cells, muscle resident stem cells, become activated to proliferate, migrate to the injury,
fuse, and differentiate to form new myofibers [13-14]. Mes directly control satellite cell activation and
maturation and are crucial to muscle regeneration [15-16]. M1 Megs promote the proliferation of satellite
and myogenic precursor cells, in vitro and in vivo, following human muscle injury, while M2 Mos
promote their differentiation [15]. Imbalanced Mo polarization, specifically skewing towards M1
phenotypes, has been shown to inhibit skeletal muscle repair [3,16-17]. Transition to M2 phenotypes is

critical to ultimately yield functional muscle [18].
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The hypothesis underlying this study is that IL-4 conjugated gold nanoparticles (AuNPs) can
direct M2a M¢ polarization, thereby enhancing regeneration of functional skeletal muscle following
ischemic injury. IL-4 is an anti-inflammatory cytokine that can induce the polarization of M1 Mgs
towards the M2a state. Exogenous IL-4 is sufficient to drive accumulation of M2 Mes through self-
renewal, suggesting that IL.-4 delivery can induce the expansion of therapeutic M2 Mgs without
necessitating further recruitment of destructive M1 Mos [19]. IL-4 has been widely explored as a
potential therapeutic in various inflammatory disease models including autoimmune demyelinating
disease, arthritis and chronic skin inflammation [20-22]. However its use has required repeated infusions
due to its short half-life in vivo. Resultant high dose requirements and systemic side effects have limited
the use of IL-4 treatments [23]. Here we utilize nanoparticles (NPs) for IL-4 delivery, as they allow
distribution throughout the targeted tissue and can extend retention time as compared to bolus delivery.
AuNPs were specifically used because they can be synthesized with monodisperse size over a clinically
relevant range [24], can be injected and show minimal toxic or immunogenic activity in humans [25-26].
Formulations of gold (Au) are FDA approved for the treatment of arthritis, a chronic inflammatory

condition [27].

3.2 Materials and Methods

3.2.1 Surgery

Animal work was in compliance with NIH and institutional guidelines. Hindlimb ischemia was
induced in female C57BL/6J mice (6-8wks; Jackson Laboratories) by left unilateral femoral artery and
vein ligation [40]. On day 3, ischemic tibialis anterior (TA) muscles were injected with 2ug IL-4 as PEG-

AuNP-IL4 (PA4) or soluble IL-4, AuNP-PEG or PBS; 2,10uL injections were given to each TA.

3.2.2 Macrophage Depletion

Clodronate and PBS liposomes were purchased from Liposoma (SKU: LIP-01). Liposomes
(70ul) were administered retro-orbitally 2 days before surgery, and again on days 1 and 5 after surgery
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(Appendix B, Fig. B1 A); 10uL were also administered intramuscularly into the ischemic TA 1 day before

surgery, and again on days 2 and 7 after surgery.

3.2.3 Blood Perfusion

Measurements of blood perfusion were performed using a Laser Doppler Perfusion Imaging

(LDPI) analyzer (PeriScan PIM II; Perimed) on anesthetized mice.

3.2.4 Muscle Force Measurements

All animal work was performed in compliance with NIH and institutional guidelines. Intact TA
muscles were dissected, and immediately mounted vertically midway between two cylindrical parallel
steel wire electrodes (1.6 mm diameter, 21 mm long) by attaching their tendons to microclips connected
to a force transducer (FORT 25, WPII) [45]. Muscles were bathed in physiologic saline solution in a
chamber with continuously bubbled oxygen at 37°C, and the muscle was adjusted to a physiologically
relevant length. A wave pulse was initiated using a custom-written LabVIEW program and delivered to
the stimulation electrodes via a purpose built power amplifier (QSC USA 1310). Three tetanic
contractions were evoked at 250, 270, 300 Hz and 25, 27, 30 V, respectively, with a constant pulse width
of 2ms and a train duration of 1s. The muscle was allowed to rest for 5Smin between each stimulation.
Contraction force was determined as the difference between the maximum force during contraction and
the baseline level (Appendix B, Fig. B2). Following ex vivo stimulation muscles were weighed and forces
were then normalized to muscle wet weight. Contraction velocity was determined as the slope of the force

curve at the time electrical stimulation was initiated (Appendix B, Fig. B2).

3.2.5 AuNP Synthesis

AuNPs were synthesized by the hydroquinone reduction of gold onto citrate stabilized seed
particles [24]. Briefly, to make 15nm seed particles, 1mL of 1%w/v gold chloride (Sigma #254169)

solution was added to 100mL of MilliQ water in a clean Erlenmeyer flask, stirred slowly and heated on a

59



400°C plate. As soon as the solution came to a boil, the stirring was set as fast as possible without
splashing, and 3mL of 1% w/v sodium citrate (Sigma # 4641) was rapidly added. The solution color
changed from clear to purple to red over the course of ~5min, a few minutes after the color changes

completed, the solution was cooled at room temperature.

The 30, 60, and 100nm-core AuNPs were then synthesized by the reduction of ionic gold onto the
15nm seed particles by hydroquinone. MilliQQ water was added to an Erlenmeyer flask followed by 25mM
gold chloride solution, and 15nm seed particles. The solution was spun as fast as possible without
splashing and then 15mM sodium citrate and 25mM hydroquinone were added simultaneously. The
volume of each solution added to the hydroquinone reduction reaction depended on the desired
nanoparticle size, and have been published previously [47]. The solution color changed from red to black
and then to a darker red. The reaction was completed in a few minutes; then particles were stored at room

temperature.
3.2.6 PEGylation and IL-4 conjugation to the AuNPs

AuNPs were sterilized by filtration through a 0.2pm filter. Then they were divided into 1mL
aliquots in Eppendorf tubes and pelleted via centrifugation; an aliquot was resuspended at 1x
concentration in MilliQ water and the dynamic light scattering (DLS) size and absorbance were
measured. The size and absorbance were used to calculate the AuNP concentration using the Beer-
Lambert Law. The remaining AuNPs were then resuspended in MilliQ water containing SkDa methoxy
PEG-SH (Laysan Bio, Inc) to a final concentration 15x more concentrated than the AuNP synthesis
solution; 2.5 PEG ligands/nm® were provided, only enough to partially cover the AuNP core. PEGylation

was allowed to occur overnight at room temperature, on a slow shaker.

Following overnight PEGylation, recombinant human or murine IL-4 (Peprotech) was added to
the reaction along with trehalose (Sigma #T0167). Enough IL-4 was added to provide 0.5 ligands/nm?,
and the final concentration of trehalose was 10% w/v. IL-4 conjugation was allowed to occur overnight at
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room temperature, on a slow shaker. The unbound IL-4 and trehalose were removed by centrifugation,
four washes in total. The supernatants were collected and the unbound IL-4 in the supernatants was
quantified with LavaPep (Gel Company #LP-022010); subtractive analysis was used to quantify the
bound IL-4. Following PEGylation and IL-4 conjugation, PA4s were resuspended in MilliQ water and the

DLS size and zeta-potential were measured.

3.2.7 In vitro IL-4 release

PA4s were incubated in 1% BSA in PBS, or RPMI-1640 media (10% heat inactivated (HI)-FBS,
1% penicillin-streptomycin, HEPES, sodium bicarbonate, sodium pyruvate) at 37°C, 5% CO,.
Supernatants were collected and released IL-4 was quantified with ELISAs. After 1 day, size distribution

was measured by DLS (Zsizer, Marvern Instruments).
3.2.8 In vitro PA4 bioactivity assay with human THP-1 cells

THP-1 cells (ATCC® TIB-202™) were cultured in RPMI-1640 media (containing 10% HI-FBS)
as recommended by ATCC, except 2-mercaptoethanol was excluded. To differentiate the THP-1
monocytes to macrophages, cells were seeded at 10°cells/well in non-TC treated 6-well plates with 2mL
media/well containing 100ng/mL phorbol 12-myristate 13-acetate (PMA). After 3 days, the PMA-media
was removed and the following conditions were used to polarize the macrophages: 20ng/mL soluble I1L-4
or 20ng/mL IL-4 delivered as PA4 for M2a polarization, complete RPMI media without additives or
AuNP-PEG (dose matched to the AuNP dose in the PA4 condition) for MO polarization. Polarization

media was changed daily.
3.2.9 In vitro THP-1 macrophage polarization switching

After PMA differentiation, the following M1 polarization media was used: 20ng/mL IFN-y +

2400ng/mL LPS for 2 days. After M1 polarization, the media was replaced with media containing

40ng/mL soluble IL-4, 40ng/mL IL-10, 40ng/mL IL-4 + 40ng/mL IL-10, or RPMI media without
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additives. Flow cytometry was used to assess polarization after the 2 day M1 polarization, and at various

timepoints after exposure to IL-4 and/or IL-10. Media was changed daily.

3.2.10 In vitro macrophage polarization in response to varying degrees of IL-4 valency on PA4

Following PEGylation of 30nm-core AuNPs as described above, varying amounts of IL-4 were
added to the conjugation reaction to give 1x, 0.5x, 0.1x or 0.01x the amount of IL-4 typically provided
per Au surface area, as described above in “3.2.6 PEGylation and IL.-4 conjugation to the AuNPs.”
Conjugation of IL-4 to the AuNP was again quantified by subtractive analysis using LavaPep, also as

described above.

After PMA differentiation of THP-1 cells, they were polarized with 20ng/mL IL-4 presented as
soluble IL-4 or as the 1x, 0.5%x, 0.1x or 0.01x PA4s described above. Basal medial lacking any IL.-4 was
used as a negative control. Polarization media was changed daily, for 3 days, then macrophage

polarization was assessed using flow cytometry.

3.2.11 Histological Assessment of Skeletal Muscle

Following ex vivo muscle force measurements, the TA muscles were fixed in 4% PFA, washed,
paraffin embedded and stained with H&E. H&E stained cross sections were imaged with a 10x lens on an
Olympus-IX81 light microscope connected to a Olympus DP70 digital image capture system, and images
were tiled across the entire muscle cross section. To assess the percentage of the muscle cross sectional
area that was composed of muscle fibers and the percentage that consisted of cell nuclei, color
deconvolution was performed with ImagelJ. A threashold was then applied to the pink (eosin) color
channel such that only muscle fibers were included in the threashold and background was excluded. The
“analyze particles” function in ImageJ was then used to quantify the area within the threashold. To assess
the nuclear area, the blue (hematoxylin) channel was processed by first increasing the contrast, then
applying a threashold to include nuclei and exclude background. The threasholded image was then made

binary, and finally the “watershed” function in ImageJ was used to separate distinct cell nuclei. Again the
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“analyze particles” function was used to quantify the area within the blue (hematoxylin) threashold. The
total cross sectional area of the muscle was measured in ImageJ by using freehand selection and the
percentage of that cross section falling within the eosin and hematoxylin channels was calculated. The
empty area was calculated by subtracting the muscle fiber area and the nuclear area from the total muscle

cross sectional area. The investigator was blinded to treatment before performing the ImagelJ analysis.

3.2.12 Statistics

All analyses were performed on GraphPad Prism5. For experiments that involved more than one
comparison, ANOVA with Tukey or Bonferroni post hoc test was used. Where noted, Dunnett’s
comparison vs a control condition was used. For assessment of muscle function, a power analysis was
performed on G¥*Power3.1 [46]. PA4 and PBS groups were performed with n=16 (per the analysis) and

Bonferroni planned comparison was used.

3.3 Results

3.3.1 Mgs are required for regeneration of muscle function following ischemic injury.

We first explored the impact of Mc/M¢g depletion on spontaneous recovery from severe muscle
damage. Ischemic injury of the left tibialis anterior (TA) muscle of C57BL6/J mice was induced by
femoral artery/vein ligation. To deplete Mc/Mes, mice were treated starting 2 days prior to surgery with
clodronate or PBS liposomes (Liposoma) as a control (Fig. 3.1 A; Appendix B, Fig. B1 A). Clodronate
treatment significantly reduced CD45+ immune cell recruitment to the ischemic TA (Fig. 3.1 B); due
primarily to the depletion of myeloid cells (Fig. 3.1 C). Flow cytometry showed a significant reduction in
the percentage and absolute number of Mes, Mc, and Mc/Meos in the ischemic TAs in following

clodronate treatment, as expected (Fig. 3.1 D-F; Appendix B, Fig. Bl B-D).
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Figure 3.1. Mc/Mg@s are required for regeneration of muscle function following ischemic injury. (A)
Timeline showing clodronate treatment, injury and injection to the ischemic TA (B) Quantification of
CD45+ cells in the TA, day 9, flow cytometry data. (C) Gating of CD45+ cells. (D-F) Number of Mes
(CD11¢-/CD11b+/Ly6G-/Ly6C-/F4/80+) (D), Mc (CD11¢-/CD11b+/Ly6G-/Ly6C+/F4/80-) (E), and
Mc/Mos (CD11¢-/CD11b+/Ly6G-/Ly6C+/F4/80+) (F) in the TA. (G-H) Maximum TA contraction force
and velocity of 3 tests. Force was normalized to TA mass. Data are meanstSEM, n=7 *P<0.05,
*#*p<(.001

To determine if depletion of Mc/Mes inhibited recovery of TA function, TAs were stimulated ex
vivo (Appendix B, Fig. B2). A significant reduction in TA mass was observed on day 9 in mice treated
with clodronate (Appendix B, Fig. B1 E). Although the overall weight of the mice was not affected,
normalized TA mass was also significantly reduced with clodronate treatment (Appendix B, Fig. B1 F,G).
Ultimately, clodronate depletion of Mc/Mes resulted in significantly reduced TA contraction force and

velocity following ischemic injury (Fig. 3.1 G-H).



3.3.2 Generation of NPs presenting the Mg polarizing cytokine IL-4

We next designed PEG stabilized NPs presenting IL-4 (Fig. 3.2) to determine if promoting M2
polarization in damaged muscle could enhance recovery. First, it was demonstrated that soluble 1L.-4
shifts M1 Meos to the M2 state in vitro (Fig. 3.3). AuNPs were then synthesized by hydroquinone
reduction of Au onto citrate stabilized seed particles [24], and stabilized by partial PEGylation with SkDa
PEG-SH (Fig. 3.2 A). Subsequently, human or murine IL-4 was conjugated to the remaining Au surface
(Fig. 3.2 B). IL-4 conjugation likely occurred via thiol-Au bonds and electrostatic interactions. Dynamic
light scattering (DLS) showed that AuNPs were monodisperse around 30, 60 and 100nm diameters; a
slight right-shift in size distribution following partial PEGylation, and a second right-shift following
human and murine IL-4 conjugation (Fig. 3.2 C-E; Fig. 3.4). { -potential was used to track surface
modification of the AuNPs. Following synthesis, 30-100nm AuNP cores had {-potentials from -44 to -
38mV (measured in MilliQ water), following PEGylation and human IL-4 conjugation, the {-potentials
became increasingly less negative, ranging from -10 to -15mV for the 30-100nm AuNP cores, and -
1.67mV with murine IL-4 (Table 3.1). IL-4 loading onto AuNPs was calculated based on subtractive
analysis and compared to the theoretical maximum capacity. The theoretical maximum was calculated
based on sphere packing (Appendix B, Fig. B3). IL-4 conjugation efficiency was fairly consistent for
human and murine IL-4, and showed no statically significant differences across the 30-100nm AuNP
cores, representing ~40-60% of the theoretical maximum (Table 3.2). As the AuNPs were partially

PEGylated, IL-4 conjugation efficiencies ~50% were expected.
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Table 3.1. AuNP size and {-potential

Z-average [nm] PDI  { Potential [mV]

100nm AuNP 98.7 0.062 -38.7
100nm AuNP-PEG 115.5 0.063 -27.8
100nm PA4 130.6 0.082 -15.5
60nm AuNP 61.4 0.130 -37.9
60nm AuNP-PEG 76.3 0.113 -29.6
60nm PA4 85.7 0.133 -15.7
30nm AuNP 343 0.122 -44.1
30nm AuNP-PEG 47.7 0.098 -24.0
30nm PA4 50.3 0.112 -10.5
30nm murine PA4 50.3 0.092 -1.67
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Figure 3.2. AuNP Synthesis and human IL-4 conjugation. (A-B) Schematic showing partial
PEGylation and subsequent IL-4 conjugation to AuNPs. (C-E) DLS size distribution of 30-100nm AuNP
core (black), AuNP-PEG (light color), and PA4 (dark color) particles. Data from a representative
synthesis. (F) PA4 DLS size distribution after IL-4 conjugation (dark pink), and after 1day in RPMI+10%
HI-FBS, 37°C (light pink). DLS distribution of RPMI+10% HI-FBS (gray). Data are means+SD, n=3 (G)
30nm-core PA4 were incubated at 37°C, 5% CO, for 7 days and the release of IL-4 into 1% BSA or
RPMI+10% HI-FBS was quantified with ELISA. Data are means+SD, n=3
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Figure 3.3. IL-4 and IL-10 can shift an M1 macrophage population towards the M2 phenotype. (A)
THP-1 monocytic cells were differentiated to MO macrophages (3 days with 100ng/mL PMA) and then
polarized towards the M1 phenotype (2 days with 2400ng/mL LPS, and 20ng/mL IFN-gamma). M1
macrophages were then exposed to 40ng/mL IL-4, 40ng/mL IL-10, 40ng/mL of each cytokine, or to
complete media with no additives (MO) for 3, 6, or 11 days and then analyzed by flow cytometry. (B) The
percentage of the initial M1 and M0 macrophage populations that were expressing markers of M1
polarization (CCR7, HLA-DR) and M2 polarization (CD206, CD163) were assessed with flow cytometry.
(C) Median fluorescent intensity (MFI) per cell of the initial M1 and MO populations. Data are means
1£SD of n=3. *P < 0.05, **P < 0.01, ***P < (0.001 (D-G) Macrophage MFI data were normalized by the
time matched MO condition to allow for accurate comparison across different timepoints. The expression
levels of CCR7 (D), IL-4R (E), CD206 (F), and CD163 (G) on the initial M1 macrophage population
(green) in response to I1L-4 (blue), IL-10 (yellow), or IL-4 + IL-10 (red) were assessed by flow cytometry.
Data are means +SD of n=3. CCR7: *P < 0.05; IL4R: *P < 0.05 IL-4 + IL-10 vs IL-10 and MO
conditions, **P < 0.01 IL-4 vs IL-10 and MO conditions; CD206: *P < 0.05 IL-4 + IL-10 vs MO, **P <
0.01 IL-4 + IL-10 vs IL-10 and MO conditions; CD163: ***P < (0.001 IL-4 + IL-10 vs IL-10 and M0
conditions, also P < 0.05 vs IL-4, *P < 0.05 IL-4 + IL-10 vs MO condition.
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Figure 3.4. Representative DLS size distribution for 30nm AuNP core particles (gray) following
PEGylation (light pink), and murine IL-4 conjugation (dark pink), measured in MilliQ water.

Table 3.2. Human and Murine IL-4 Conjugation

IL-4/nm® % of max. packing
100nm PA4 0.075 50
60nm PA4 0.065 43
30nm PA4 0.061 41
30nm murine PA4  0.084 57

The stability of PEGylated, IL-4 conjugated particles (PA4) was assessed in vitro. Particle size
was stable for 24hrs in cell culture conditions (37°C, 5% CO,, 10% HI-FBS), as there was no shift in PA4
size distribution over this time (Fig. 3.2 F). AuNP-PEG were also stable in vitro (Fig. 3.5 A). Less than
1% of human IL-4 was released into complete RPMI media or 1% BSA after 7 days, and only ~3% of

murine [L-4 was released after 61 days (Fig. 3.2 G; Fig. 3.5 B).
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Figure 3.5. AuNP-PEG particles and murine IL-4 conjugation to AuNPs is stable. (A) The stability
of AuNP-PEG particles, lacking IL-4, in cell culture media was assessed by measuring the DLS size
distribution of the 30nm-core particles immediately after PEGylation and washes in MilliQ water (brown)
and comparing this to the DLS size distribution of the AuNP-PEG particles after 1 day incubation in cell
culture media containing 10% HI-FBS at 37°C, 5% CO, (orange; 12ug/mL Au). The gray line shows the
DLS distribution of cell culture media containing 10% HI-FBS without nanoparticles. Data are means
+SD of n=3. (B) The release of murine IL-4 from the surface of 30nm core PA4 into 1% BSA (gray) or
RPMI containing 10% HI-FBS (red) at 37°C, 5% CO, was quantified over the course 61 days with
ELISAs. Data are means +SD of n=3.
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3.3.3 PA4 direct M2a Mg polarization.

PAA4 bioactivity was assessed in vitro with THP-1 derived human M¢s. An equivalent dose of
soluble IL-4 (20ng/mL) was used as a positive control and AuNP-PEG as a negative control. PA4 and
AuNP-PEG did not have a substantial effect on Mo viability, even at 10x the IL-4 concentration used to
polarize Mes in vitro (Fig. 3.6). While 100nm-core AuNPs were slightly inflammatory, neither 30nm-

core PA4 nor AuNP-PEG induced the M1 state, even at concentrations 10x those used to polarize Mos

(Fig. 3.7).
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Figure 3.6. PA4 do not reduce cell viability. (A) THP-1 derived macrophages were treated for 3 days
with 30, 60, or 100nm core PA4 particles delivering 20ng/mL IL-4, 20ng/mL soluble IL-4, or the same
concentration of AuNP-PEG particles lacking IL-4; stimulation with 2400ng/mL LPS, and 20ng/mL IFN-
gamma was used as an inflammatory M1 control. Macrophage viability was assessed with flow cytometry
by staining cells with an Invitrogen fixable dead cell stain. Data are means +SD of n=4. *P < (.05, ***P <
0.001 (B) A dose curve of PA4 (red), AuNP-PEG (gray), and soluble IL-4 extending through the
equivalent of 200ng/mL IL-4 (11ug Au/mL) shows no significant reduction in viability, assessed by flow
cytometry. Data are means +SD of n=3.
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Figure 3.7. PA4 direct M2a polarization and are not inflammatory. (A-B) THP-1 derived
macrophages were treated for 3 days with 20ng/mL IL-4 as PA4 or soluble IL-4; or AuNP-PEG. Plots
show expression of the M2a (CD206) or M2¢ (CD163) vs the M1 marker (CCR7). (C) Flow cytometry
was also used to assess the percentage of macrophages expressing the inflammatory M1 phenotype
(CCR7+/CD163-/CD206-) following exposure to the different size nanoparticles; stimulation with
2400ng/mL LPS, and 20ng/mL IFN-gamma was used as an inflammatory M1 control. Data are means
£SD of n=4. *P < 0.05, ***P < 0.001 (D) Inflammatory phenotype expression in response to increasing
doses of nanoparticles and soluble IL-4. Data are means +SD of n=3.

Importantly, PA4 upregulated CD206 to the same extent as soluble IL-4, suggesting that
conjugated IL-4 retained full bioactivity (Fig. 3.8 A; Fig. 3.7 A). As expected, neither PA4 nor soluble
IL-4 induced the expression of CD163 (Fig. 3.8 B; Fig. 3.7 B), further supporting that PA4 specifically

directed M2a polarization. There was no difference in the percentage of Mes that adopted the M2a state
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between PA4 and soluble IL-4 treatments (Fig. 3.8 C). Interestingly, the level of CD206 expression on
M?2a Mes was significantly higher on those polarized with 30nm, as opposed to 60 or 100nm-core PA4

(Fig. 3.8 D). This may relate to the greater volume and number of 30nm-core particles in culture (Table

3.3).

Table 3.3. PA4 concentration in cell culture.

coated
Core (am)  ug AuNP/mL nm’ Au core/mL amYmp,  coated nm’/uL  number of
8 (x10") . (x10") AuNP's/uL.
(x10™)
343 1.2 1.1 5.7 4.8 7.17E+08
61.4 2.4 1.2 3.0 44 1.32E+08
98.7 4.2 1.3 1.2 2.6 2.22E+07
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Figure 3.8. PA4 direct M2a Mg polarization. (A-B) THP-1 derived Ms were treated for 3 days with
20ng/mL IL-4 as 30nm PA4 or soluble (sol.) IL-4, or 30nm AuNP-PEG. Plots show expression of the
M2a (CD206) or M2¢ (CD163) vs the M1 marker (CCR7). (C) Percentage of M2a (CCR7-/CD163-
/CD206+) Mos. (D) CD206 median fluorescent intensity (MFI), within the CD206+ gate. (E-F) Mos
were treated for 1 day with 20ng/mL IL-4 as 30nm PA4 or soluble IL-4, AuNP-PEG, or basal RPMI. On
day 5, flow cytometry was used quantify M2a (CCR7-/CD206+) Mgs. (F) CD206 MFI, within the
CD206+/CCR7- gate. Data are meanstSD, n=4 *P<0.05, **P<0.01, ***P<0.001 (G-I) Mos were treated
with 20ng/mL IL-4 as soluble IL-4 or PA4 with varying degrees of IL-4 conjugation, 1x, 0.5x, 0.1x and
0.01x (relative to the PA4s used throughout the paper). (G) Flow cytometry was used quantify M2a
(CD206+/CCR7-) Mgs. (H) CD206 MFI, within the CD206+ gate. (I) Percentage of M1 (CD206-
/CCR7+) Mgs. Data are meanstSEM, n=4 *P<(.05, **P<0.01, ***P<0.001, Dunnett’s comparison vs
basal media control.
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To determine if the stability of polarization driven by soluble IL-4 and PA4 was distinct, the
initial soluble IL-4 or PA4 media was replaced with basal media after 1 day. A higher fraction of Mes
treated with PA4 retained M2a polarization (Fig. 3.8 E). Furthermore, the level of CD206 expression on
PA4-induced M2a Mos was still elevated on day 5, while Mos that had been polarized with soluble I1L-4

demonstrated levels comparable to those in negative controls (Fig. 3.8 F).

To determine if the multivalency of IL-4 presentation on PA4 contributed to the polarization
effects, PA4 with varying degrees of IL-4 conjugation were made. M@s polarized with PA4 with higher
IL-4 valency demonstrated higher levels of M2a polarization (Fig. 3.8 G-H) and lower levels of the

inflammatory state (Fig. 3.8 I). All groups were treated with 20ng/mL 1L-4.

3.3.4 PA4 enhance muscle fiber regeneration and contraction force following ischemic injury.

Mice with ischemic hindlimbs were treated on day 3 with TA intramuscular (IM) injection of 2ug
IL-4 as 30nm-core PA4 or soluble IL-4; AuNP-PEG or PBS, and analyzed on days 6 and 15 (Fig. 3.9 A).
Immediately following surgery, blood flow was reduced by 60% in all conditions (Fig. 3.10 A). Ischemic
injury also resulted in reduced TA mass on day 6, but was normalized by day 15 (Fig. 3.10 B,C). Visual
inspection revealed that AuNPs distributed throughout the TA, but not surrounding muscle, and were

retained at least 3 days following injection (Fig. 3.9 B).
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Figure 3.9. PA4 enhance muscle fiber regeneration and contraction force following ischemic injury.
(A) Timeline showing surgery, treatment and TA analysis. (B) Representative image showing the purple
hue of AuNPs throughout the TA, day 6. (C) Representative H&E of ischemic TAs on day 15,
haematoxylin (middle) and eosin (last column) channels. (Scale bars=1.5mm) (D-F) Percentage of the TA
cross-section associated with cell nuclei, muscle fibers or empty area. Data are means+SD, n=3 *P<(.05,
*#P<0.01. Due to large variations in empty area on day 6 this data was excluded from statistics. (G-H)
Maximum contraction force (25V, 250Hz) and velocity. Force was normalized to TA mass. Data are
meanstSEM. Day 6, n=5; day 15: n=16 for PA4 and PBS, n=5 for A-PEG and bolus IL-4. *P<0.05,
Bonferroni planned comparison
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Figure 3.10. Surgical induction of ischemia reduces blood flow and decreases muscle mass. (A)
LDPI blood perfusion measured immediately before and after surgical induction of ischemia. LDPI
readings were normalized to the contralateral (uninjured) limb. (B-C) TA muscle mass measured ex vivo,
on day 6 (B), and day 15 (C) after surgery. Data are means +SD of 3-16 mice per group.

To analyze the TA muscle, H&E and Mason’s trichrome staining was used to quantify muscle
fiber area, cell nuclei [28], and fibrosis (Fig. 3.9 C, Fig. B4). Immune cell infiltration was greater in TAs
treated with PA4 compared to TAs treated with AuNP-PEG, day 6 (Fig. 3.9 D). However by day 15,
immune cell densities had decreased substantially in all groups (Fig. 3.9 C,D). Muscle fiber area was

significantly increased on day 15 in TAs treated with PA4 compared to AuNP-PEG (Fig. 3.9 C,E), and
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minimal to no fibrosis was observed (Fig. B4). Consistently, TAs treated with AuNP-PEG showed the
greatest area of empty space (lacking muscle fibers or cell infiltration) compared to TAs treated with

either soluble IL-4 or PA4, day 15 (Fig. 3.9 F).

Contraction force and velocity of damaged and treated TAs were analyzed on days 6 and 15 to
assess function. Mass normalized force and velocity were measured after tetanic stimulation (Fig. 3.9
G,H). Six days after induction of ischemia, mice in all treatment groups showed reduced muscle function,
in comparison to the uninjured contralateral TA (Fig. 3.11). By day 15 however, ischemic TAs treated
with PA4 showed significant increases in contraction force, 1.4-fold compared to ischemic TAs treated
with PBS, and 1.6-fold compared to the contralateral TA. Treatment with bolus IL-4 or AuNP-PEG
resulted in no improvement in force over mice treated with PBS. A similar trend was seen in contraction
velocity. Improved TA function was not associated with improved blood perfusion, as perfusion was

similar in all groups (Fig. 3.12).
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Figure 3.11. PA4 improve muscle contraction force and velocity following unilateral ischemic
injury. (A) Maximum contraction force of the TA muscle isolated from the ischemic limb in comparison
to that from the uninjured contralateral limb on days 6 and 15 after surgery. Force was normalized to TA
mass. (B) Contraction velocity of the TA muscles isolated from the ischemic and uninjured contralateral
limbs on days 6 and 15 after surgery. Data are meanstSEM. Day 6: n=5; day 15: n=16 for PA4 and PBS,
n=5 for A-PEG and bolus IL-4 groups. *P<0.05, Bonferroni planned comparison; +P<0.05, 2-way
ANOVA (considers each condition, ischemic vs. contralateral); **P<0.01, ***P<0.001, 2-way ANOVA
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Figure 3.12. PA4 treatment does not significantly impact blood perfusion. (A) LDPI blood perfusion
measured at various timepoints after surgical induction of ischemia. LDPI readings were normalized to
the contralateral (uninjured) limb. (B) The ischemic/contralateral ratio LDPI measurements were
normalized to the day 3 reading, to more easily compare the effect of treatment (administered on day 3
after surgery). Data are means +SD of 5-16 mice per group. *(pink) P <0.05 AuNP-PEG vs bolus IL-4
and PA4; *(red) P < 0.05 PA4 vs bolus IL-4

3.3.5 Mos are the predominant infiltrating immune cell following ischemic injury.

To probe the mechanism by which PA4 treatment improved muscle structure and function, flow
cytometry was used to analyze cell recruitment and phenotype in the injured TA. As suggested by H&E,
CD45+ immune cells were cleared more rapidly following PA4 treatment compared to PBS (Fig. 3.13 A).
On day 15, the percentage of CD45+ cells in the injured TA was elevated in the PBS group but returned
to levels comparable to those observed in the contralateral TA in the PA4 group (Fig. 3.14 A). Flow
cytometry data was normalized to TA mass (Fig. 3.14 B). The same trend was seen in the mass of CD45+
cells in the TAs (Fig. 3.13 B). Recruited CD45+ cells were characterized by expression of surface
markers (Fig. 3.14 C). The level of Mc in the injured TAs returned to levels comparable to that observed
in the contralateral by day 6, and the level of Mes returned to uninjured levels by day 15 in mice treated
with PA4 (Fig. 3.13 C,D). Conversely, both Mc and Mgs were still elevated on day 15 in the PBS group.

PA4 treatment specifically reduced the level of inflammatory Mc (Ly6C"/ Gr1") (Fig. 3.13 F).
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Inflammatory Mc were normalized to levels seen in the contralateral TA by day 6, while their presence

was still elevated in the PBS group (Fig. 3.13 G).
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Figure 3.13. Immune cells are cleared more rapidly following PA4 treatment. (A) Plots show the
percentage of TA cells that were CD45+. (B-D) CD45+, Mc (CD45+/CD11b+/CD3-/F4/80-/Gr1"* ") and
Mo (CD45+/CD11b+/CD3-/F4/80+) data normalized to TA mass [mg]. (E) Distribution of CD45+ cells
in the TA: Mos (pink; CD11b+/CD3-/F4/80+), inflammatory Mc (black; Ly6C"/Gr1"°), Mc (black above
gray border; Ly6C"/Gr1-), patrolling Mc (gray; Ly6C"° * /Gr1-), neutrophils (blue; Ly6C"/Gr1™), T
cells (gray above the blue; CD3+), CD11b-/CD3- (white). (F) Gating of myeloid (CD45+/CD11b+/CD3-/
F4/80-) cells on day 6. Plots show diminishing inflammatory Mc (Ly6C"/Gr1™°) with PA4 treatment. (G)
Inflammatory Mc (CD45+/CD11b+/CD3-/F4/80-/Gr1“°/Ly6C™) in TA normalized by mass [mg]. Data
are meanstSEM, n=5-10 *P<0.05, **P<0.01, ***P<(.001, stars above columns indicate significance vs
contralateral
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Figure 3.14. Characterization of immune cell recruitment to the TA muscle following ischemic
injury. (A) The percentage of cells isolated from the ischemic and contralateral (uninjured) TA muscles
that were CD45+ immune cells were quantified with flow cytometry. (B) Weight of the isolated TA
muscles at the time of treatment, day 3 (black bars), day 6 after surgery and PBS treatment (gray bars) or
PAA4 treatment (white bars), and day 15 after surgery and PBS treatment (gray stripped bars) or PA4
treatment (white stripped bars). (C) Gating strategy used to identify the immune cell populations. (D-H)
The percentage of CD45+ immune cells collected from the TA muscles that were neutrophils
(CD11b+/CD3-/ F4/80-/Gr1"™/Ly6C") (D), macrophages (CD11b+/CD3-/ F4/80+) (E), monocytes
(CD11b+/CD3-/ F4/80-/Gr1"°") (F), T cells (CD11b-/CD3+) (G), or patrolling monocytes
(CD11b+/CD3-/ F4/80-/Gr1-/Ly6C" ) (H). (I) The presence of each immune cell population was
normalized to the TA mass; macrophages (pink; CD11b+/CD3-/F4/80+), inflammatory monocytes (black;
Ly6C™/Gr1™), monocytes (black above gray border; Ly6C"/Grl-), patrolling monocytes (gray; Ly6C™ "
"/Gr1-), neutrophils (blue; Ly6C"/Gr1"™); T cells (dark gray above the blue box; CD11b-/CD3+), T cells
(light gray above the blue box; CD11b+/CD3+), CD11b-/CD3- (white). (J) Gating of myeloid
(CD45+/CD11b+/CD3-/ F4/80-) cells. Plots show diminishing inflammatory monocytes (Ly6C"" /Gr1"°)
with PA4 treatment. All data are means £SD of 5-10 mice per group. *P < 0.05, **P < 0.01, *** P <
0.001
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Although PA4 treatment resulted in more rapid clearance of immune cells, it did not alter the
distribution of CD45+ cells. The relative percentage of neutrophils, Mes, Mc, T cells and patrolling Mc
were unaltered by PA4 treatment (Fig. 3.14 D-H). These cell types followed patterns expected of a typical
inflammatory response; neutrophils were present on day 3 and rapidly cleared, peak M¢ infiltration
occurred on day 6, and patrolling Mc were replenished on day 15. Importantly however, Ms were the
predominant infiltrating immune cell representing 42% on day 3 and 60% on day 6 of the CD45+ cells

(Fig. 3.13 E; Fig. 3.14 1).

3.3.6 PA4 enhance muscle regeneration by directing M2a Mg polarization

To determine if PA4 treatment promoted a shift in Mo phenotype away from the M1 and towards
the M2a state, levels of CD206 (M2a) and CD80 (M1) expression were assessed (Fig. 3.15 A,C,E). ~20%
of Mos from TAs treated with PA4 expressed the M2a phenotype (CD80-/CD86-/CD163+/CD206+), but
only ~10% were M2a in the PBS group (Fig. 3.15 B). Further, mice treated with PA4 showed lower levels
of M1 (CD80+/CD163-/CD206-) Mgs on days 9-15 than mice treated with PBS (Fig. 3.15 D). While both
bolus IL-4 and PA4 reduced the percentage of CD80+ Mos on day 6, bolus IL-4 was as ineffective as

AuNP-PEG at promoting the M2a state on day 15 (Fig. 3.16).
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Figure 3.15. PA4 enhance muscle regeneration by directing M2a polarization. (A) Plots show the
percentage of Mes (F4/80+/CD11b+) from the ischemic TAs expressing CD206 (M2a), CD80 (M1).
(B,D) Percentage of Mos expressing the M2 (CD80-/CD86-/CD163+/CD206+) or M1 phenotype
(CD80+/CD163-/CD206-). (C,E) CD206 (M2a) or CD86 (M1) MFI. Data are means+tSEM, n=3-5
*P<0.05, **P<0.01 (F-G) Mice were treated with either clodronate or PBS-liposomes and PA4.
Maximum TA contraction force and velocity of 3 tests, day 9. Force was normalized to TA mass. Data
are meanstSEM, n=5 *P<0.05
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Figure 3.16. Bolus IL-4 is not as effective as PA4 at shifting macrophage polarization in vivo at
longer timepoints. Flow cytometry was used to characterize the polarization state of macrophages
isolated from the injured TA muscles on days 6 and 15 after surgery. CD86 expression was used to
identify M1 macrophages (A), and CD206, M2a macrophages (B). Data are means +SD, n=5. For CD86
expression (A) *P < 0.05 for bolus IL-4 vs. AuNP-PEG; for CD206 expression (B) *P < 0.05 for PA4 vs.
AuNP-PEG.
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To determine if the shift from the M1 towards the M2a state played a role in promoting muscle
regeneration, clodronate was used to deplete Mes prior to surgery. Following M¢ depletion and PA4
treatment, TA contraction force and velocity were reduced 1.9 and 2.8-fold, respectively, compared to
mice that received PA4 treatment without Mo depletion (Fig. 3.15 F,G). These data suggest that Mos play

a central role in the mechanism by which PA4 promotes functional muscle regeneration.

3.4 Discussion

The development of therapeutics that can control inflammation are of considerable interest, as
failed resolution of inflammation and uncontrolled M¢ activation contribute to the progression of many
diseases [1,29]. Here we show that IL-4 conjugated gold nanoparticles shift Mes away from the M1 and
towards the M2a state in vivo following ischemic skeletal muscle injury. PA4 driven M¢ polarization was
more stable than that driven by soluble IL-4 in vitro, and resulted in improved muscle fiber regeneration
and more rapid immune cell clearance in vivo. Ultimately, PA4 treatment improved TA contraction force

and velocity 2wks following injury.

The findings of these studies demonstrate that Mc/Mes play a critical role in promoting muscle
regeneration following ischemic injury. Mes were the predominant infiltrating immune cell (Fig. 3.13 E)
and their depletion with clodronate inhibited regeneration of muscle contraction force and velocity (Fig.
3.1 G,H), and was coincident with a significant reduction in TA mass (Appendix B, Fig. B1). This is in
accord with previous reports that showed that Mc/Mg depletion resulted in prolonged clearance of
necrotic myofibers and increased muscle fat accumulation, and knock-out of a M@ chemotaxtic factor
impaired histologic muscle regeneration [30-31]. Mes have been shown to support myogenesis through
the secretion of growth factors and conditional deletion of the IGF-1 gene in myeloid cells significantly
impaired muscle regeneration [3]. The interplay between Mc/Meos and myogenesis suggests that

manipulation of M function has the potential to improve muscle regeneration.

82



This study demonstrates that partial PEGylation of AuNPs, then IL-4 conjugation, yields
monodisperse and stable PA4 for bioactive IL-4 delivery. AuNPs have been widely investigated for their
use in drug delivery as they provide a biologically inert, non-immunogenic substrate [25,26,32,33].
Furthermore, by modifying surface chemistry, via PEGylation, their pharmacokinetics and in vivo
biodistribution can be tuned [34]. Partial PEGylation in this study allowed the subsequent conjugation of
human and murine IL-4 directly to the remaining Au surface (Tables 3.2), and importantly, resulted in
PAA4 that were stable in 10% serum in vitro (Fig. 3.2 F), and following IM injection in vivo (Fig. 3.9 B).
PA4 showed no negative effects on M¢ viability in vitro, nor was it inflammatory, negatively effect blood
perfusion (Figs. 3.6, 3.7, 3.12), TA weight, or contraction function in vivo (Fig. 3.9, 3.10). Importantly,
conjugated IL-4 retained full bioactivity, as indicated by PA4 driven M2a polarization (Fig. 3.8). Mos
that had been polarized with PA4 expressed higher and more stable levels of CD206 than those polarized
with soluble IL-4, and increasing IL-4 valency resulted in increasing levels of M2a polarization (Fig. 3.8
E-H). Various methods for delivery of IL-4 have previously been studied, including conjugation to
decellularized scaffolds, encapsulation into mesoporous silica NPs, and the delivery of IL-4 encoding
DNA in hyaluronic acid-poly(ethyleneimine) NPs [35-37]. However, to date these approaches have not
resulted in therapeutic improvements in models of inflammation or injury. Conjugation of a targeting
antibody to IL-4, in combination with dexamethasone, has shown therapeutic improvements in a murine
arthritis model, but this approach may result in complications accompanying antibody therapy and require
the development of new conjugation chemistries to target tissues affected by other diseases [38-39]. IL-4
conjugation to Au allowed for IM injection of non-immunogenic PA4 into the ischemic muscle;
providing a clinically relevant model to probe both their ability to direct M@ polarization in an
inflammatory microenvironment in vivo, and the effects of M@ polarization on therapeutic muscle

regeneration.

PA4 treatment significantly enhanced functional muscle regeneration following ischemic injury.

Inflammatory Mc were cleared more rapidly (Fig. 3.13 F,G), histologic muscle fiber regeneration (Fig.
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3.9 C-F) and muscle contraction force and velocity were improved (Fig. 3.9 G,H) with PA4 treatment
compared to negative controls. TAs treated with PA4 showed a 1.4 and 1.6-fold increase in contraction
force and velocity, respectively, compared to muscles treated with PBS. Previous studies using mouse
models of ischemic muscle injury report comparable enhancements in muscle force 2wks after delivery of
growth factors and myogenic cells. In those studies, scaffold delivery of VEGF, IGF-1, and/or myoblasts
resulted in 1.5-3.0-fold increases in TA contraction force over control conditions [40-42]. The present
study suggests that similar functional improvements in muscle regeneration can be achieved by immune

modulation with a single factor.

PAA4 treatment enhanced muscle regeneration by directing M2a Mg polarization. PA4 injection
shifted the balance of Ms away from the M1 and towards the M2a state (Fig. 3.15, 3.16). Treating TAs
via IM injection on day 3 allowed the initial recruitment of M1 Mes to occur, timing PA4 treatment with
Meo recruitment. Clodronate depletion of Mc/Mes prior to treatment with PA4 significantly diminished
the recovery of TA contraction force and velocity (Fig. 3.15 F,G).This is consistent with previous
findings that genetic deletion of microRNA-155, an RNA that does not regulate satellite cells but rather
JAK-STAT signaling and the balance between M1 and M2 Mes, substantially delayed muscle
regeneration [16]. Other studies have shown that conditional deletion of the IGF-1 gene or CREB-
binding, both of which inhibit induction of the M2 state, severely inhibited muscle fiber regeneration
[3,17]. M2 Maes are critical for regeneration of functional muscle fibers, in part, because they promote
differentiation of myogenic precursor cells and formation of mature myotubes [15]. In addition to
directing M2a polarization, PA4 may have also directly affected myogenesis, as it has been shown that
IL-4 directs myoblast fusion with myotubes [43]. However, the loss of functional improvement following
Mc/Mg depletion in the current study suggests that directing M phenotype is a key aspect of PA4
treatment. Further, as it has been shown that [L-4 is capable of driving the accumulation of M2 Mes
through self-renewal [19], PA4 treatment may sustain M2a polarization via both polarization of recruited

M1 Megs and through direct self-renewal of M2 Mgs.
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The results of these studies indicate that IL-4 conjugated gold nanoparticles can be used to direct

M2a Mg polarization in an inflammatory microenvironment following ischemic muscle injury in vivo.

With the increasing realization that chronic inflammation plays a role in many diseases, and that M2 Mo

polarization can potentially ameliorate many conditions, the ability of PA4 to direct M¢ polarization may

be beneficial in the treatment of diverse conditions, including muscular dystrophies, inflammatory

metabolic diseases like diabetes [44] and degenerative diseases.
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CHAPTER 4:

Combined delivery of VEGF and IGF-1 promotes functional innervation and improves
muscle transplantation in mice and rabbits

4.1 Introduction

Reconstructive craniofacial surgery is the standard of care following facial trauma, tumor
resection, facial paralysis, and for some genetic disorders such as Mobius syndrome [1, 2], but often
results in sub-optimal outcomes. Traditional treatment for facial paralysis includes suture-based face lifts,
and sling procedures using fascia and implantable materials, to provide static facial suspension and
restore normal anatomic relationships [3]. However no dynamic motion is possible with these approaches.
Direct nerve repair by decompression or cross-face grafting is limited to early timepoints after injury.
Muscle atrophy associated with chronic facial paralysis necessitates complex reconstructive methods [4].
The current gold standard for facial reanimation following chronic facial paralysis is the microvascular
transfer of autologous gracilis muscle to the affected side of the face [5, 6]. However, reinnervation of
grafted muscle is unpredictable, and inadequate reinnervation leaves many patients with a poorly
functional result [7, 8]. While peripheral motor nerves have the capacity to regenerate following injury
[9], surgical repairs result in only 51.6% satisfactory motor recovery [10]. Following peripheral nerve
injury Schwann cells produce large amounts of growth factors, such as glial derived neurotrophic factor,
and extend processes to guide regenerating axons to denervated motor endplates [11]. However, over time
Schwann cells decrease their production of neurotrophic factors and retract their processes [12], resulting
in progressive obstacles to axon regrowth into muscle. Despite this, it has been shown in mice and rats
that regenerating nerves are able to reach motor end plates and anatomically reform the neuromuscular
junction (NMJ) even after extended periods (1 month) of denervation. Despite anatomical regeneration
and normal ultrastructural appearance of the NMJ, however, there is a consistent failure to regain synaptic

function after prolonged denervation [13].
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Muscle transplantation in aged animals often results in poor function due to characteristics of the
host microenvironment [ 14], including changes in tissue-specific stem cells, satellite cells [15], and
decline in the neuromuscular system [16]. Satellite cells are believed to be primarily responsible for
muscle regeneration [17]. A loss of Notch signaling [18] and disruptions to the self-renewing capacity of
satellite cells associated with ageing [19] impair regeneration. IGF-1 plays a central role in maintaining
skeletal muscle mass and function with age [20, 21]. Decreased production and activity of the growth
hormone/IGF-1 axis with age contributes to limited regenerative capacity [20, 22]. Data from Brigham &
Women’s Hospital, Boston, show that the age range of patients undergoing face transplants is from 25-
59yrs (2015), suggesting it will be important to investigate muscle reinnervation and transplantation in

appropriately aged animal models.

Engineering strategies may enable one to provide appropriate cues to damaged skeletal muscle
and regenerating motor nerves to improve functional outcomes. Tissue engineering approaches to create
functional new muscle typically use a material to promote the assembly of myoblasts in vitro prior to
transplantation [23, 24]. While promising, the vascularization, innervation, and ultimately the motor
function of the engineered muscle remain significant challenges. In contrast, one may utilize biomaterials
that release appropriate morphogens to damaged host tissue to enhance host muscle innervation and
function. In addition to its well established role in enhancing vascularization and perfusion [25], vascular
endothelial growth factor (VEGF) has also been shown to promote reinnervation following ischemic
muscle injury [26]. Upregulation of nerve growth factor and glial-derived neurotrophic factor by
sustained, local release of VEGF promoted the maintenance and regrowth of axons into damaged muscle
tissue in vivo [26]. Insulin-like growth factor 1 (IGF-1) plays a central role in modulating muscle
regeneration. By activating three different signaling pathways, IGF-1 regulates satellite cell activation and
myogenic differentiation, protein synthesis, and myofiber survival and hypertrophy [27]. The combined

delivery of VEGF and IGF-1 has been shown to simultaneously promote neoangiogenesis, reinnervation,

90



and muscle stem cell activation following ischemic muscle injury, ultimately resulting in improved

muscle regeneration and strength [28].

In this study, we hypothesized that the sustained presentation of VEGF + IGF-1 in damaged and
transplanted muscle may significantly improve functional outcomes in both young and aged animals, by
preserving undamaged NMJs and promoting axon growth. Alginate hydrogels were used for delivery of
these factors, as the concentration gradient of growth factors previously measured in muscle following
treatment with these gels [25] mimics that provided by Schwann cells [29] and is expected to provide
directional cues to guide motor axon growth into the transplant. These gels are also considered
biocompatible, and can be formulated to allow controlled gel degradation and minimally invasive delivery
via injection [30, 31, 32, 25, 33]. These gels were previously used to deliver VEGF in murine models of
hindlimb ischemia, leading to angiogenesis and restoration of perfusion to levels that could not be
achieved via bolus injection of VEGF [25, 34]. These findings contrast with those resulting from bolus
VEGEF delivery in large clinical trials of ischemia, which have not demonstrated significant benefit.
Rapidly depleted local concentrations, inappropriate gradients, high dose requirements and the subsequent
off-target effects have all limited bolus delivery strategies [35, 36]. Alginate hydrogel-based delivery of
VEGF + IGF-1 was also shown to enhance perfusion in young and aged murine and adult rabbit models
of ischemia, while bolus delivery of the factors had only minimal effects on regeneration [28, 37]. Here, a
murine model of sciatic nerve injury, with gel injection distal to the injury, was used to assess the ability
of alginate delivery to promote functional innervation and improve foot function. This model mimics the
nerve ligation and suturing that occurs clinically in microvascular muscle transfer procedures and allowed
reinnervation downstream of nerve ligation (i.e down the length of the hindlimb and into the toes) to be
investigated both histologically and functionally. To study animals representative of the patient
population, both young (6wk) and aged (14wk) mice were used. According to previously published
correlations for the progression of neuropathy with age, a 6wk old mouse corresponds to a 4yr old human,

and a 14wk old mouse to a 60yr old human [38]. This strategy was also tested in an adult rabbit model of
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gracilis muscle transplantation that provides a model of human microvascular craniofacial muscle

transfer, and approximates the size of a human graft.
4.2 Materials and Methods
4.2.1 Alginate gel formulation and growth factor incorporation

Ultrapure alginate, 1% oxidized, was provided by the Wyss Institute, Harvard University. Gels
were formed from a combination of low and high molecular weight alginate in a 3:1 volume ratio, as
previously described [39, 25]. Alginates were reconstituted in EBM-2 (Cambrex) and mixed with
recombinant human VEGF s (Peprotech) and/or IGF-1 (Peprotech) to obtain a 2% wt/vol solution before
gelation, such that 50uL of gel contains 3pg protein, upon completion. Gels were cross-linked with
aqueous slurries of calcium sulfate (0.21g CaSO,/mL alginate) at a ratio of 25:1 (40uL of CaSO,/mL

alginate). In vitro release at 37°C into 1% BSA media containing Ca>" ions was measured using ELISA.
4.2.2 Murine Surgical Procedures and Alginate Injection

Animal work was performed in compliance with National Institutes of Health and institutional
guidelines. Female C57BL/6J mice (aged 6 or 14wks, Jackson Laboratories) were anesthetized with an
i.p. injection of ketamine 80 mg/kg and xylazine 5 mg/kg before surgery. Muscle denervation was
induced by unilateral ligation and microvascular neurorrhaphy of the sciatic nerve supplying the right
hindlimb. Under a microscope (25-40x magnification), careful dissection of muscle and soft tissues was
carried out to expose the sciatic nerve, and at a site 10-12mm from the sciatic foramen, the nerve was
transected sharply with microscissors and immediately reapproximated using 12-0 monofilament
polyamide epineurial sutures (Ethilon®; Ethicon Ltd., England). Muscles and soft tissues were carefully
reapproximated. At this time, SOpL of alginate gel containing 3pg of VEGF 45 and/or IGF-1, or blank
alginate lacking growth factors was injected into muscle tissue surrounding the distal end of the tibialis

anterior (TA) muscle. Then the skin was closed using 5-0 polypropylene sutures. To administer booster
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injections of alginate, mice were anesthetized with inhaled isoflurane. Booster injections of S0pL alginate
were administered between days 20-30 to the same anatomical location as the initial injection via

intramuscular (IM) injection through the skin.

4.2.3 Free Gracilis Muscle Transfer and Alginate Injection in Rabbits

Animal work was performed in compliance with National Institutes of Health and institutional
guidelines. An autologous gracilis muscle biopsy transferred to a retroauricular location was used as a
rabbit model of microvascular craniofacial muscle transplantation, as described previously [40]. Adult
female New Zealand rabbits (4 - 4.5 kg) were anesthetized with subcutaneous ketamine (35 mg/kg) and
xylazine (5 mg/kg) and maintained with inhalational isoflurane (1-3%). The gracilis muscle was dissected
with the associated branch of the obturator nerve and deep femoral vessels. Simultaneously, the recipient
site was prepared by dissecting the facial nerves and vessels to expose the neurovascular structures for
microvascular anastomosis. Microvascular anastomosis was then performed between the carotid artery
and deep femoral artery, facial vein (or external jugular vein) and deep femoral vein; and nerve
coaptations performed between the facial nerve and obturator nerve branch, using 9-0 nylon sutures under
a standard operating microscope. Muscles, soft tissue, and skin were closed using 4-0 polygalactin-910
and 5-0 polypropylene sutures followed by 2-octyl cyanoacrylate to seal the skin. 5 alginate gels (S0uL
each), spaced 2cm apart across the length of the 10cm long gracilis transplant were injected at the time of

surgery, and booster injections were administered via IM injections every 20-30 days.

4.2.4 COMSOL modeling of VEGF Diffusion

COMSOL Multiphysics was used to model VEGF diffusion and degradation in muscle tissue in
order to determine the number and spacing of growth factor-loaded gel injections required to generate and
maintain an adequate VEGF tissue concentration ( > 5 ng/ml). The equation governing VEGF diffusion

and degradation following gel injection is given below,

93



aC—DVZC kC
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where C = VEGF concentration, D, = VEGF diffusion coefficient, and k = VEGF degradation rate.

The initial loading concentration and volume of VEGF was 3pg in each 50pL injection of
alginate gel. The stipulation that Sng/mL VEGEF in the tissue is required for bioactivity, along with the
diffusion coefficient (7x10” cm*/s) and degradation constant of VEGF (1x107/s), were based on
previously published experimental data, where the VEGF concentration in mouse muscle tissue was

measured over time at various distances from gel injection [25].
4.2.5 Histologic Assessment of Skeletal Muscle

TA muscles were isolated, fixed in 4% PFA, washed, paraffin embedded and stained with H&E.
H&E stained cross sections were imaged on a Zeiss Axio Zoom V16 microscope connected to an
AxioCam MRm camera, and images were tiled across the entire muscle cross section. Muscle fiber area
was assessed by performing color deconvolution in ImageJ. A threashold was applied to the pink (eosin)
color channel such that myofibers were included and background excluded. The “analyze particles”
function was used to quantify the area within the threashold. The total cross sectional area of the muscle
was measured in ImageJ by using freehand selection and the percentage of that cross section falling

within the eosin channel was calculated.

4.2.6 Analysis of Anatomic Reinnervation

TA muscles were isolated, fixed in 4% PFA, and embedded in agarose (Lonza #50101).
Embedded TAs were sectioned on a vibratome, 100-200um thick. Sections were stained with Alexa594-
bungarotoxin (1/500 dilution, Invitrogen B-13423) to visualize acetylcholine receptors of motor end
plates and anti-200kDa neurofilament heavy Ab (1/500 dilution, #ab8135) to visualize nerve filaments.

Stained sections were mounted on glass slides and visualized on an upright Zeiss LSM 710 NLO ready
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confocal microscope. Colocalization of motor end plates and nerve filaments in the x, y, and z directions

indicated structural innervations.

4.2.7 Muscle Force Testing in Mice

Ex vivo muscle strength and contraction velocity were tested as described previously [39]. Intact
TA muscles were dissected, and immediately mounted vertically midway between two cylindrical parallel
steel wire electrodes (1.6 mm diameter, 21 mm long) by attaching their tendons to microclips connected
to a force transducer (FORT 25, WPII). Muscles were bathed in physiologic saline solution in a chamber
with continuously bubbled oxygen at 37°C, and the muscle was adjusted to a physiologically relevant
length. A wave pulse was initiated using a custom-written LabVIEW program and delivered to the
stimulation electrodes via a purpose built power amplifier (QSC USA 1310). Tetanic contractions were
evoked at 250 and 270 Hz, and 25 and 27 V, respectively, with a constant pulse width of 2ms and a train
duration of 1s. The muscle was allowed to rest for Smin between each stimulation. Contraction force was
determined as the difference between the maximum force during contraction and the baseline level and
normalized by muscle wet weight. Contraction velocity was determined as the slope of the force curve at

the time electrical stimulation was initiated.

4.2.8 Toe Spreading and Sciatic Nerve Function in Mice

Animal imaging and functional studies were performed in compliance with National Institutes of
Health and institutional guidelines. Functional recovery was assessed serially (on day 1, and every 10
days) by using imaging of the plantar aspect of the hind feet during occasional rest periods in a clear
plastic-bottomed corridor, based on [41]. The clear plastic corridor was suspended between 2 cages to
allow a webcam, connected to a laptop, to be placed directly under the mouse for imaging. Each mouse
was imaged until at least 5 images meeting the following criteria were obtained: mouse was in a static
position, both hind feet and at least 1 of the front feet were flat on the corridor, all 5 toes of each hind foot

were clearly visible. ImageJ] was used to measure the spread between digits 1-5 (TS), and 2-4 (ITS) on
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each hind foot to calculate TSF and ITSF according to the formulas: TSF = (TSiyjured -
TSuninjured)/ T Suninjureds ITSF = (ITSinjured = ITSuninjured)/IT Suninjurea- The static sciatic index (SSI) was
calculated with the following formula: SSI = (108.44 x TSF) + (31.85 x ITSF) — 5.49 [41]. At least 5

images of each animal were analyzed by a blinded researcher.

4.2.9 Statistical Analysis

All analyses were performed on GraphPad Prism5. ANOVA with Tukey or Bonferroni post hoc

tests were used, and differences were considered significant at P < 0.05.

A power analysis was performed on GPower3.1 [42] based on anatomic innervation data from
young mice following treatment at the time of surgery with either blank or VEGF + IGF-1 alginate. The
power analysis accounted for 1 independent output variable, and 4 equally sized experimental groups,
with an a = 0.05. Assuming a difference of 10 percentage points between the negative control and most

effective treatment, the analysis yielded that n=15/group will provide 80% power.

4.3 Results

4.3.1 Establishment of the mouse model and appropriate analysis for recovery

A mouse model of denervation by unilateral ligation and microvascular neurorrhaphy of the
sciatic nerve supplying the right foot and tibialis anterior (TA) muscle was first used to examine the
impact of gel delivery of growth factors on muscle innervation. A series of trial studies with small sample
sizes were initially performed to determine the relationship between histological and functional analysis
of innervation in this model, and to determine variability in order to appropriately power subsequent
definitive experiments. NMJs were stained for a-bungarotoxin (that binds to the nicotinic AChR of motor
end plates) and for neurofilament (heavy polypeptide in nerve axons, ab8135), and morphological
establishment of the NMJ was assessed by colocalization of a-bungarotoxin with neurofilament, as

imaged on a confocal microscope. Analysis of motor end plates and nerves in the TA showed that by 1
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day after surgery in young (6wk old) mice, significant nerve regression resulted in only 14% of motor end
plates demonstrating contact with nerve filaments (Fig. 4.1), confirming the impact of the procedure on
hindlimb innervation. By day 60 after surgery, however, the majority (78%) of motor end plates in
untreated mice had structurally regained contact with regenerated nerve filaments (Fig. 4.1 F). Mice were
subsequently treated at the time of surgery with an intramuscular (IM) injection, at the distal end of the
hindlimb, adjacent to the TA muscle, of a degradable [28] alginate gel (Fig. 4.2 A) with no factors, or gels
releasing VEGF + IGF-1. VEGEF is released slowly over the course of 30 days, while IGF-1 is released
more quickly, in vitro [28]. This sustained release of VEGF + IGF-1 is expected to yield a concentration
gradient of growth factors, with increasing concentration towards the distal end of the hindlimb (Fig. 4.2
B), as previously validated experimentally in a similar model [25]. TA histology was assessed in these
young mice following treatment. No significant differences in morphological innervations were observed
between the blank alginate and VEGF + IGF-1 alginate treated groups, as 42% of motor end plates were
contacted by neurofilaments on day 20 after surgery, and 68% and 78% were innervated in the blank and

VEGF + IGF-1 treated groups on day 50, respectively (Fig. 4.2 C-D).
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Figure 4.1. Spontaneous recovery of anatomic innervations in the TA following sciatic nerve
ligation and microvascular neurorrhaphy. (A-E) Representative confocal maximum intensity
projections of NMJs in the TA before surgery (A), and on d1 (B), d20 (C), d40 (D), and d60 (E) after
surgery in young (6wk) mice without any treatment. Bungarotoxin staining of MEPs is shown in red and
nerve filaments in green. (F) Quantification of anatomic innervations, defined as the percentage of motor
end plates colocalized with nerve filaments. Mean of 2 mice is shown by the dotted line (n=2). At least 25
MEPs were analyzed for each animal, with an average of 56 analyzed per animal.
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Figure 4.2. Sustained release of VEGF and IGF-1 from alginate hydrogels creates a concentration
gradient in the murine hindlimb. (A) Alginate gel being injected through a 27 gauge needle. (B) Model
of the murine hindlimb showing injection of the gel at the distal end of the limb into muscle adjacent to
the TA, and the resultant concentration gradient of VEGF and IGF-1. (C) Confocal maximum intensity
projections of NMJs in the TA before surgery and on day 50 after surgery and treatment with blank or
VEGEF + IGF-1 alginate in young mice. Bungarotoxin staining of MEPs is shown in red and nerve
filaments in green. (D) Quantification of anatomic innervations, defined as the percentage of MEPs
colocalized with nerve filaments. Values are mean +SD, n=6 (day 20), n=7 (day 50); no statistically
significant differences were observed.

Functional innervation throughout the length of the hindlimb was next assessed by measuring the
extent to which the mice could spread their toes between the first and fifth digits (toe spreading, TS), and
the second and fourth digits (intermediary toe spreading, ITS) (Fig. 4.3 A). This analysis was done by an
investigator blinded to the treatments. Both of these measurements were normalized by toe spreading in
the uninjured contralateral foot to give the toe spreading factor (TSF) and the intermediary toe spreading
factor (ITSF); TSF and ITSF were used to calculate a composite index commonly used to assess sciatic
nerve function, the static sciatic index (SSI) [43, 41]. Mice treated with VEGF + IGF-1 alginate

maintained a consistent TSF through day 50, while those treated with blank alginate demonstrated
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continual loss of toe spreading function (Fig. 4.4). However, due to the broad variability in toe spreading

between individual mice, this trend was not statistically significant (n=6).
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Figure 4.3. Sustained VEGF or IGF-1 presentation enhance functional toe spreading in young mice.
(A) View from below the mouse used to assess functional toe spreading between digits 1-5 and 2-4. (B)
Assessment of functional toe spreading using TSF through day 50 following treatment with VEGF, IGF-1
or blank alginate, or no treatment at the time of surgery. A TSF=0 implies no impairment, TSF=-1
indicates total loss of function with no toe spreading. (C) Assessment of functional toe spreading using
ITSF. An ITSF=0 implies no impairment, ITSF=-1 indicates total loss of function with no toe spreading.
(D) Assessment of sciatic nerve function using SSI, calculated from the TSF and ITSF for each mouse.
SSI > -5.49 indicates no impairment, SSI < -145, complete loss of function. For TSF, ITSF, and SSI plots
(B-D), values are mean £SEM, n=15. * p<0.05, ** p<0.01, *** p<0.001 vs blank alginate; ~p<0.05,
~*p<0.01 vs no treatment, matched 2-way ANOVA with Bonferroni post-test.
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Figure 4.4. Alginate delivery of VEGF + IGF-1 may improve functional toe spreading in young
mice. (A) Representative images of the plantar aspect of the feet used to quantify toe spread in the injured
(shown on the left) and contralateral (shown on the right) hind feet following treatment at the time of
surgery with blank or VEGF + IGF-1 alginate. (B) Assessment of functional toe spreading using TSF
through day 50, following treatment with VEGF + IGF-1 or blank alginate at the time of surgery. A TSF
= 0 implies no impairment, TSF = -1 indicates total loss of function with no toe spreading. Values are
mean £SEM, n=6. No statistically significant differences were identified with a 2-way ANOV A with
Bonferroni post-test.

Altogether these data suggest that apparent histological contact between neurofilaments and
motor end plates does not correlate well with synaptic function, which is consistent with a previous report

[13]. Given the spontaneous recovery of anatomic NMJ connections without treatment, and the lack of a
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clear correlation between structural connections and function, subsequent experiments focused on
recovery of nerve function and muscle contractility as more relevant metrics for the impact of treatment.
Further, based on the results of the preliminary study, a power analysis was performed and subsequent

murine studies were fully powered with n=15.

4.3.2 Sustained VEGF or IGF-1 presentation enhances functional recovery in young mice

Alginate gels delivering either VEGF or IGF-1 alone were next analyzed in comparison to blank
alginate or no treatment in young mice in order to analyze the impact of delivery of each factor (n=15).
Immediately following surgery, TSF, ITSF, and SSI declined, and then a period of functional recovery
was observed in all groups regardless of whether treatment was administered. Gel delivery of either
VEGF or IGF-1 however, resulted in a prolonged period of recovery following surgery, ultimately
resulting in statistically significant improvements in TSF, ITSF, and SSI by day 50 after surgery (Fig. 4.3
B-D) as compared to the negative control groups. After day 50, however, mice in all treatment groups

exhibited a decline in toe spreading function at approximately the same rate (Fig. 4.5).

102



=]
=)

TSF ITSF
-0.0- -+ IGF-1 -0.0- -+ IGF-1
- VEGF . -+ VEGF
-0.24 =+ no treatment -0.24 -e 1o treatment
-» blank -+ blank

&
>

s
o

Toe Spreading (normalized)
5 & &
2 *®

Toe Spreading (normalized)

Lob
o &

=
o

L] L] T T
20 40 60 80 100 120

L] L] L] L]
0 0 20 40 &0 80 100 120
Time [days] Time [days]
C ss|
0~ - IGF-1
- VEGF
:-: -+ o treatment
@ -» blank
2 801
=]
]
5
-E ‘10’0'
2
=150 T T T T

L] 1
0 20 40 60 80 100 120
Time [days]

Figure 4.5. After an initial period of improvement, functional toe spreading in young mice declines
following a single VEGF or IGF-1 alginate injection at the time of surgery. (A) Assessment of
functional toe spreading using TSF (A) and ITSF (B) through day 120 following a single treatment at the
time of surgery with blank, VEGF, or IGF-1 alginate, or no treatment. I/'TSF = 0 implies no impairment,
I/TSF = -1 indicates total loss of function with no toe spreading. (C) Assessment of sciatic nerve function
using SSI, calculated from the TSF and ITSF for each mouse. SSI > -5.49 indicates no impairment, SSI <
-145, complete loss of function. Values are mean £SEM, n=15. No statistically significant differences
were identified with a matched 2-way ANOV A with Bonferroni post-test.

To determine if a second injection of VEGF or IGF-1 alginate would prolong the period of
functional improvement following injury, a booster injection of VEGF or IGF-1 alginate was
administered at the distal end of the hindlimb, adjacent to the TA muscle, between days 20-30 after
surgery (Fig. 4.6 A). Approximately 90% of the mice that received a booster injection of VEGF alginate
between days 20-30 showed improvement in TSF and SSI (Fig. 4.6 B,D) between those time points. In

contrast, only about half of the mice that initially received VEGF alginate but no second treatment
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showed improved toe spreading between days 20-30. IGF-1 alone was not as effective as VEGF at
enhancing toe function. Mice in all treatment groups had diminished TA mass at day 85 in the injured, as
compared to the contralateral muscle at this time point (Fig. 4.7). TAs from all groups demonstrated
normal H&E histological muscle architecture, indicating that the alginate gels did not have any local
negative effects on the tissue (Fig. 4.8). Further, both TA contraction force and velocity (Fig. 4.6 E-F)
showed significant improvements in mice that had received a booster injection of IGF-1 alginate. There
was a 35% and 45% increase in contraction force and velocity, respectively, in mice that had received a
booster injection of IGF-1 alginate as compared to mice that only received the initial injection. VEGF was

also effective at promoting functional muscle regeneration, but not to the same extent as IGF-1.
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Figure 4.6. Toe spreading and muscle function are improved following administration of a booster
injection of VEGF and IGF-1 alginate, respectively. (A) Alginate gels were injected IM adjacent to the
distal end of the TA at the time of surgery, and again between days 20-30 in young mice. Mice were
tracked and toe spreading was assessed before and after administration of the booster injection (i.e. on
days 20 and 30); mice were sacrificed and muscle function assessed on day 85. (B-D) Functional
improvement following administration of a booster injection was assessed by quantifying the percentage
of mice that showed improvement (red), no change (yellow), or decline (gray) in TSF (B), ITSF (C), and
SSI (D) between days 20-30. n=15 for IGF-1 single injection, n=16 for IGF-1 booster, and VEGF groups.
p<0.01 for TSF and SSI, Chi-square test considering 2 outcomes improved (red) vs “same or worse”
(yellow and gray). (E-F) TA function was assessed by maximum contraction force (E) and velocity (F) of
explanted TAs stimulated at 25V, 250Hz on day 85 after surgery. Force was normalized to TA weight.
Values are mean £SD, n=15. *p<0.05, **p<0.01, ***p<0.001, 2-way ANOV A with Bonferroni post-test.
Data from the contralateral TA has been excluded from the plots.
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Figure 4.7. TA weight is reduced in the injured limb on day 85 after surgery in young mice following
treatment with a single injection of VEGF or IGF-1 alginate at the time of surgery or booster injections of
alginate administered at the time of surgery and between days 20-30. Values are mean +£SD, n=14-15.
Matched 2-way ANOV A with Bonferroni post-test.
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Figure 4.8. Delivery of VEGF or IGF-1 does not significantly improve muscle fiber area following
sciatic nerve injury in young mice. (A) H&E histology from the middle of the TA, at the physiological
cross-section, in young (6wk) mice on day 85 after surgery/initial treatment and booster alginate injection
between days 20-30 (in groups noted with 2x). (bottom) Muscle fiber area was identified following color
deconvolution in ImageJ and thresholding in the eosin channel. (B) Muscle fiber regeneration was
assessed by measuring the muscle fiber area as a percentage of the TA cross-section. Values are mean
+SD, n=3. No statistically significant differences were identified with a 1-way ANOVA with Tukey post-

test.
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4.3.3 Combined delivery of VEGF + IGF-1 results in improved function in aged mice

Next, to study the effects of alginate delivery of VEGF and/or IGF-1 on therapeutic
improvements in mice more representative of the older patient population that typically undergoes muscle
transplant procedures, unilateral sciatic nerve ligation and microvascular neurorrhaphy was performed on
14wk old mice. Based on previous reports that older mice require a combination of VEGF and IGF-1 to
show functional benefit in the context of angiogenesis [37], the combined delivery of both factors was
included in this study with aged mice. Unlike young mice, only 20-40% of mice treated with blank
alginate showed improvements in TSF and SSI between days 1-10 after surgery. However injection of
IGF-1, VEGF, or VEGF + IGF-1 alginate at the time of surgery led to 70-80% of mice demonstrating
improvements in TSF and SSI between days 1-10 (Fig. 4.9 A-C). Based on the benefit in young mice
following booster injections, aged mice also received a booster injection of VEGF and/or IGF-1 alginate
between days 20-30. Over time, while delivery of VEGF or IGF-1 alone maintained toe spreading
function for a longer duration following surgery than blank alginate, only combined delivery of VEGF +
IGF-1 resulted in improved TSF, ITSF, and SSI on day 40 (Fig. 4.9 D-F). While a benefit of growth
factor delivery remained after approximately day 40, mice in all treatment groups showed a loss in toe
spreading function at approximately the same rate after this timepoint (Fig. 4.10), suggesting that
administration of booster injections every 20-30 days may be required until full functional recovery is

achieved.
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Figure 4.9. Combined presentation of VEGF and IGF-1 to aged mice results in improved toe
spreading and sciatic nerve synapse function. (A-C) Initial functional improvement following surgery
and injection of blank, VEGF, IGF-1, or VEGF + IGF-1 alginate in aged mice was assessed by
quantifying the percentage that showed improvement (red), no change (yellow), or decline (gray) in TSF
(A), ITSF (B), or SSI (C) between days 1-10. n=14-15. p<0.01 for TSF, p<0.05 for SSI, Chi-square test
considering 2 outcomes improved (red) vs “same or worse” (yellow and gray) (D-E) Assessment of
functional toe spreading using TSF (D) and ITSF (E) through day 40 following treatment with blank,
VEGF, IGF-1 or VEGF + IGF-1 alginate at the time of surgery and again between days 20-30. /'TSF=0
implies no impairment, I[/TSF=-1 indicates total loss of function with no toe spreading. (F) Assessment of
sciatic nerve function using SSI. SSI > -5.49 indicates no impairment, SSI < -145, complete loss of
function. For TSF, ITSF, and SSI plots (D-F), values are mean £SEM, n=14-15. * p<0.05, *** p<0.001
vs blank alginate; matched 2-way ANOV A with Bonferroni post-test. (G) Permanent loss of nerve
synapse and toe function was indicated by SSI < -125. The percentage of mice that maintained function
was plotted with a Kaplan-Meier curve. n=14-15. *p<0.05 Mantel-Cox single comparison vs. blank

108



TSF

S
Y

S
o

5
w

Toe Spreading (normalized)

Toe Spreading (normalized)

=
o

o 20 4 8 80 o 20 4 e 80
Time [days] Time [days]

C ssi

- VEGF + IGF-1 (2x)
- IGF-1 (2x)

-+ VEGF (2x)

-+ blank alginate

Weighted Index

L L
0 20 40 60 80
Time [days]

Figure 4.10. VEGF + IGF-1 Alginate improves functional toe spreading in aged mice, through 20-30
days following injection. (A) Assessment of functional toe spreading using TSF (A) and ITSF (B)
through day 85 following treatment at the time of surgery and again between days 20-30 with blank,
VEGF, IGF-1, or VEGF + IGF-1 alginate. I/TSF = 0 implies no impairment, I/TSF = -1 indicates total
loss of function with no toe spreading. (C) Assessment of sciatic nerve function using SSI, calculated
from the TSF and ITSF for each mouse. SSI > -5.49 indicates no impairment, SSI < -145, complete loss
of function. Values are mean +SEM, n=14-15. * p<0.05, matched 2-way ANOVA with Bonferroni post-
test.

Mice losing the ability to spread or even extend their toes indicates a severe loss of innervation;
the toes drag on the ground as mice walk in this situation, giving the appearance of being in a fist (Fig.
4.11). Tracking of individual mice, as versus average behavior of a cohort, revealed that once a specific
level of loss in toe spreading function occurred in a mouse, that mouse never showed recovery. For the
SSI this occurred below a score of -125 (Appendix C, Fig. C1), and for TSF and ITSF this occurred at -
0.85 (Appendix C, Figs. C2, C3). Using these scores as a metric of severe and irreversible nerve damage,
the percentage of mice in this state were tracked using Kaplan-Meier curves. VEGF + IGF-1 alginate

significantly prolonged toe function following injury in aged mice as assessed by these cut-off values for
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SSI, TSF, and ITSF (Fig. 4.9 G; Appendix C, Fig. C4). This benefit was observed over the course of 85
days post surgery, despite the fact that only 1 booster injection of alginate was administered between days

20-30.

Extended Toes Curled Toes

Figure 4.11. Representative images of the plantar aspect of the hind feet showing normal toe spread (left)
and complete loss of toe function (curled toes, right). When toe function is lost the toes form a fist and
drag on the ground as the mouse walks. The injured limb is shown on the right in the image.

At the completion of the studies (day 85), muscle mass and function were assessed. The TA mass
was still diminished in the injured, as compared to the contralateral TA at this timepoint in all mice (Fig.
4.12). As a metric of muscle regeneration, the percentage of the TA cross sectional area composed of
myofibers was quantified (Fig. 4.13 A-B). Alginate delivery of either VEGF or IGF-1 increased the
percent myofiber area as compared to muscles treated with blank alginate. Combined delivery of VEGF +
IGF-1, however, resulted in the most significant increase in myofiber area. Consistent with the data from
young mice, IGF-1 alginate treatment significantly increased TA contraction force and velocity (Fig. 4.13
C-D). However, combined delivery of VEGF + IGF-1 resulted in the most significant improvements in
contraction force and velocity, yielding 2.8 and 3.0-fold increases, respectively, as compared to mice

treated with blank alginate.
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Figure 4.12. TA weight is reduced in the injured limb on day 85 after surgery in aged (14wk) mice.
Mice were treated with blank, VEGF, IGF-1, or VEGF + IGF-1 alginate at the time of surgery, and
growth factor containing alginate was injected again between days 20-30. Values are mean £SD, n=14-
15. *p<0.05, ***p<0.001 2-way ANOV A with Bonferroni post-test.
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Figure 4.13. VEGF + IGF-1 alginate improves muscle fiber area, TA contraction force and velocity
in aged mice. (A) (top) H&E histology from the middle of the TA, at the physiological cross-section, in
aged (14wk) mice on day 85 after surgery/initial treatment and booster alginate injection between days
20-30. (bottom) Color deconvolution and thresholding of the eosin channel performed in ImagelJ used to
quantify muscle fiber area. (B) Muscle fiber regeneration was assessed by measuring the muscle fiber
area as a percentage of the TA cross-section. Values are mean +SD, n=3. *p<0.05, **p<0.01, 1-way
ANOVA with Tukey post-test. (C-D) TA function was assessed by measuring maximum contraction
force (C) and velocity (D) of explanted TAs stimulated at 27V, 270Hz on day 85 after surgery. Force was
normalized to TA weight. Values are mean £SD, n=14-15. *p<0.05, ***p<0.001, 2-way ANOVA with
Bonferroni post-test. Data from the contralateral TA has been excluded from the plots.
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4.3.4 Combined delivery of VEGF + IGF-1 improves functional muscle innervation following

transplantation in rabbits

Finally, to determine if alginate delivery of VEGF + IGF-1 improves the recovery of nerve
function in a transplanted muscle that models the size of a human graft, a rabbit model of microvascular
craniofacial muscle transfer was used. An autologous gracilis muscle biopsy was transferred to a
retroauricular location (Fig. 4.14 A), and alginate was injected into the transplanted gracilis prior to
transplantation. To determine the appropriate number and spacing of gel injections as the muscle size
increased from the mouse to rabbit, a COMSOL Multiphysics model was used to model VEGF diffusion
and degradation in muscle tissue, as previously demonstrated [37, 25]. This modeling predicted that a
single gel injection (50 ul) would maintain the VEGF concentration at a bioactive concentration in a
tissue volume of ~lcm radius. Thus, 5 gel injections, equally-spaced (2cm apart) across the length of the

~2.4cm diameter x 10cm long gracilis transplant, were utilized in these rabbit studies (Fig. 4.14 B).
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Figure 4.14. Combined delivery of VEGF and IGF-1 improves muscle nerve function following
muscle transfer in a rabbit. (A) 1. The gracilis muscle flap is isolated with the pedicle, femoral artery,
vein, and obturator nerve. 2. The facial nerve is isolated. 3. The gracilis muscle is attached to a branch of
the facial nerve. The left jugular vein is later anatomized with the femoral vein. (B) Image from
COMSOL indicating the alginate injection locations (red boxes), and region of biologically active VEGF
concentration (i.e. > Sng/mL, blue boxes) over time (y-axis) through the length of the muscle (x-axis). (C)
Function of the transplanted gracilis was assessed by using electromyography to measure CMAP every
3wks following muscle transfer and treatment every 20-30 days with VEGF + IGF-1 alginate or blank
alginate. Values are mean £SEM, VEGF + IGF-1 n=6, blank n=3. *p<0.05, matched 2-way ANOV A with
Bonferroni post-test.

Following transplantation, functional innervation throughout the transplanted muscle was
assessed using electromyography to measure compound muscle action potential (CMAP). Following
surgery, all rabbits demonstrated a 60% decrease in CMAP in the transplanted gracilis (Fig. 4.14 C).

When only a single injection of VEGF, IGF-1, or VEGF + IGF-1 alginate was administered to the
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transplant, CMAP readings showed minimal improvement only through ~4wks, then maintained a low
CMAP through the end of the study (24wks) (Fig. 4.15). In subsequent studies, booster injections of
growth factor containing alginate were administered every 20-30 days. Transplants treated with VEGF +
IGF-1 alginate booster injections showed continual improvements in CMAP starting at 3wks (Fig. 4.14
C), resulting in 83% and 71% increases in CMAP at 6 and 9wks, respectively, compared to blank alginate
treatment. Eventually, the untreated grafts demonstrated spontaneous recovery, as expected, and by

12wks the transplants in both treatment groups showed comparable CMAP readings.
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Figure 4.15. Single Injection of VEGF and/or IGF-1 alginate to a muscle transplant in rabbits
provides only minimal functional improvement at early timepoints. A gracilis muscle transplant was
treated with VEGF, IGF-1, or VEGF + IGF-1 alginate at the time of transplantation. At various
timepoints following surgery electromyography was used to measure the CMAP of the transplanted
muscle tissue. While minimal muscle functional improvement was observed in the first weeks following
surgery, function essentially plateaued through the end of the study (24wks). Values are mean =SEM, n=6
for IGF-1, n=5 for VEGF, n=2 for VEGF + IGF-1. No statistically significant differences were identified
with a 2-way ANOVA with Bonferroni post-test.

4.4 Discussion

Microvascular muscle transfer is the gold standard for treating chronic facial paralysis [5, 6].
However, progressive obstacles to axon regrowth into muscle following chronic paralysis, and

unpredictable reinnervation following surgical interventions [7, 8, 13, 12] leave many patients with a
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poorly functional result. Here we show a beneficial interplay between VEGF and IGF-1, when an alginate
gel is used to provide a sustained source in the transplanted muscle. Intramuscular injection of VEGF +
IGF-1 alginate in this study, led to improved total myofiber area, increased muscle contraction velocity
and strength, and improved functional innervation in aged mice. Alginate injection into donor muscle, in

an adult rabbit model of craniofacial muscle transfer, led to improved transplant innervation and function.

Sustained IGF-1 delivery alone from alginate gels significantly improved myofiber regeneration
and muscle function in a murine model of sciatic nerve ligation and microvascular neurorrhaphy. In aged
mice, IGF-1 alginate increased the percent myofiber cross-sectional area by 22% as compared to blank
alginate (Fig. 4.13 A,B) and resulted in 2.2 and 2.4-fold increases in TA contraction force and velocity,
respectively, on day 85 after surgery (Fig. 4.13 C,D). Similar trends in muscle function were observed in
young mice with IGF-1 alginate (Fig. 4.6 E,F). These data are consistent with previous studies that show
that IGF-1 plays a central role in muscle regeneration by activating pathways that control both satellite
cell activation, and myofiber survival and hypertrophy [27]. Virally delivered IGF-1 genes have also been
shown to induce skeletal muscle hypertrophy, attenuate age-related atrophy, and improve strength both by
modulating calcineurin-signaling in skeletal myocytes [44], down-regulating proinflammatory cytokines
and limiting fibrosis [45]. IGF-1 may also play a role in promoting muscle regeneration following sciatic
nerve injury by promoting axon regeneration. Previous reports have shown that IGF-1 increases the rate
of axon regeneration following crush-injured rat sciatic nerves [46]. In the current study, however, the
increase in muscle force following IGF-1 alginate treatment, with only modest improvements in toe
spreading, suggests that IGF-1 delivery had a direct effect on muscle regeneration. Previous studies using
young mouse models of ischemic muscle injury report a modest effect on myofiber regeneration and
neoangiogenesis with IGF-1 alginate [28]. The present study suggests that similar improvements in
muscle regeneration can be achieved following sciatic nerve injury in young mice, and that even more
pronounced improvements in muscle regeneration and function can be achieved in aged mice with IGF-1.

This is consistent with previous studies that show that local Igf-1 transgene expression helps maintain
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hypertrophy and regeneration in aged skeletal muscle [47] and suggests that alginate delivery of IGF-1 in

adult patients may significantly improve functional muscular outcomes.

Sustained VEGF delivery from alginate gels improved sciatic nerve function and toe spreading in
mice. Following administration of a booster injection of VEGF alginate to young mice ~90% showed
improved TSF and SSI (Fig. 4.6 B,D). This is in accord with previous reports that VEGF is implicated in
muscle reinnervation via direct neuroprotective effects [48]. In previous studies, when alginate was used
to deliver VEGF following ischemic injury in mice, the expression of nerve growth factor and glial-
derived neurotrophic factor was induced, the loss of skeletal muscle innervations was ameliorated, and
axon regrowth was promoted [26]. The expression of functional VEGF receptors on Schwann cells
suggests that VEGF may also directly affect neural integrity [49]. Previous reports that have used toe
spreading analysis as a measure of functional reinnervation have shown that VEGF gene therapy
following sciatic nerve transection in mice resulted in increased numbers of myelinated fibers, higher
gastrocnemius weight, and improved sciatic functional index scores [50]. In those studies, VEGF gene
therapy, administered at the time of surgery, resulted in a 1.4-fold improvement in sciatic functional index
42 days after surgery [50]. In this study, a single injection of VEGF alginate at the time of surgery
resulted in a comparable improvement in SSI (1.5-fold) 50 days after surgery (Fig. 2D). Alginate delivery
of recombinant VEGF, however avoids the risks and barriers associated with gene therapy [51].
Furthermore, administration of booster injections allowed continued functional improvement in toe
spreading and SSI to occur (Fig. 3A-D). The requirement for booster VEGF alginate injections every 20-
30 days to prolong functional toe spreading corresponds with the release of VEGF over this timeframe
[28], and suggests that VEGF release plays a critical role in promoting reinnervation and maintaining

nerve function.

Combined delivery of VEGF + IGF-1 improved both muscle strength and nerve function
throughout the hindlimb following sciatic nerve ligation and microvascular neurorrhaphy. VEGF + IGF-1

alginate prolonged the period of functional recovery following sciatic nerve injury in aged mice and
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maintained long-term functional improvements in toe spreading and muscle strength. In particular, VEGF
+ IGF-1 alginate resulted in the most significant improvements in myofiber area (Fig. 4.13 A-B), toe
spreading (Fig. 4.9 D-F), and sciatic nerve function (Fig. 4.9 G) as compared to single growth factor
delivery and negative controls in aged mice. Previous studies of hindlimb ischemia have shown that
VEGEF + IGF-1 act synergistically to promote angiogenesis, reinnervation, and myogenesis [28, 52, 37,
53]. In those studies, the combined delivery of VEGF + IGF-1 from alginate gels [28, 52] resulted in ~1.7
— 6.0-fold increases in muscle contraction force at 6 weeks post injury, compared to negative controls in
young mice. The present study suggests that similar functional improvements in muscle regeneration (2.8
and 3.0-fold increases in contraction force and velocity, respectively) can be achieved in aged mice with
combined delivery of VEGF + IGF-1 following sciatic nerve injury. Synergy between VEGF and IGF-1
is likely critical to promote functional muscle and nerve regeneration in aged mice, and is significantly
more effective than single growth factor delivery. This is consistent with previous reports that show that
spontaneous perfusion recovery following injury of the femoral artery, vein, and nerve in mice diminishes
with increasing age; only combined delivery of VEGF + IGF-1 rescued perfusion in mice >13 months old
[37]. Clinically, patients under 16yrs of age are four times more likely to have a satisfactory motor

recovery following microsurgical nerve repair than patients over 40 [10].

VEGF + IGF-1 work synergistically to improve nerve synaptic function. Although combined
delivery did not appear to increase the number of structural NMJ connections compared to blank alginate
(Fig. 4.2 C-D), growth factor delivery improved nerve synapse and ultimately toe spreading function in
both young and aged mice (Figs. 4.3, 4.9). This former finding is consistent with previous studies that
show that NMJ synaptic function is not well correlated with anatomic structure [13]. Although peripheral
nerves can structurally reconnect with motor end plates, there is a consistent inability of these connections
to be functional after prolonged denervation (>1month in mice and rats) [13]. Importantly, a meta-
analysis based on individual patient data has also shown that longer delays between nerve injury and

repair are associated with a lower chance of motor recovery [10]. The improved functional outcome
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observed in the present study following treatment with VEGF + IGF-1 alginate may have been the result
of more rapid reinnervation following injury, or improved neurotransmitter release or postsynaptic

responses. Studies using VEGF + IGF-1 following ischemic injury have shown a more rapid recovery of
NMJ connections compared to negative control groups, but in those studies, nerve synaptic function was

not tested [28].

VEGF + IGF-1 alginate treatment of donor muscle tissue improved the functional outcome of a
microvascular craniofacial muscle transplant in rabbits. Measurement of CMAPs has been shown to be a
reliable postoperative monitoring technique for the vascularity and function of transplanted muscle;
clinically, a persistent decrease by >40% in CMAP amplitude indicates vascular compromise [54]. VEGF
+ IGF-1 alginate promoted a more rapid recovery in CMAP in the transplanted muscle, ultimately
resulting in a 71% increase compared to the blank alginate group at 9wks, and recovery of 97% of the
pre-transplantation muscle CMAP at 12wks post surgery (Fig. 4.14 C). This finding may be particularly
relevant in relation to multiple reported cases where gracilis muscles transferred to the craniofacial region
were well perfused and showed no signs of tissue necrosis, yet salvage procedures were required because
muscle reinnervation was insufficient to generate function and raised concerns for muscle atrophy [55].
Recent clinical work has been focused on identifying the most appropriate motor nerve to innervate the
transplanted muscle [2, 56], while bioengineers have focused on the innervation of artificial skeletal
muscle constructs [23, 24]. In a recent report, the murine femoral nerve was diverted into an engineered
muscle construct [24], similar to the procedure used in microvascular muscle transfer. While the
implanted construct was innervated sufficiently to generate a CMAP reading following stimulation, the

CMAP waveform was irregular and the amplitude much lower than that of native muscle [24].

In sum, the current study presents a method that builds on both current clinical expertise
regarding craniofacial microvascular transplantation, and established biomaterials for the controlled
release of growth factors, to improve the functional muscular and neural outcome of muscle transplant

procedures. Here we show that this technique can be easily scaled based on the volume of tissue to be
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treated, and circumvents the current limitations of tissue engineered artificial muscle. Delivering growth

factors directly into autologous donor muscle may provide a rapid route to clinical adaption, and

significantly improve functional outcomes for patients with facial paralysis.
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CHAPTER 5:
Conclusions, Implications, and Future Directions

5.1 Summary and Conclusions

Both modulation of the innate inflammatory response and promotion of tissue regeneration are
important for the restoration of functional tissue following injury or chronic disease. In this thesis, two
biomaterial systems were explored to address each of these critical aspects of tissue regeneration and
were tested for therapeutic efficacy in the context of skeletal muscle regeneration. AuNPs with mixed
monolayers of PEG and cytokine were designed to direct macrophage polarization towards the anti-
inflammatory and pro-regenerative M2 phenotypes. The ability of these particles to deliver various
cytokines and direct the polarization of a broad range of M2 states was demonstrated by their ability to
conjugate IL-4, IL-13, and IL-10 and promote the polarization of human M2a and M2c macrophages in
vitro. Further, PEG stabilized, IL-4 conjugated AuNPs were tested in a murine model of ischemic skeletal
muscle injury to examine their ability to direct M2a macrophage polarization in vivo and ultimately
improve the regeneration of functional muscle tissue. Separately, an established alginate scaffold used for
the delivery of tissue regenerative cytokines, VEGF and IGF-1 [1], was explored in the new context of

muscle transplantation.

Chapter 2 focused on the development of a nanoparticle system to direct M2 macrophage
polarization. Partial PEGylation of the AuNP surface increased particle stability and monodispersity, and
decreased serum protein adsorption. Further, partial PEGylation allowed for the conjugation of M2
polarizing cytokines, IL-4, IL-13, and IL-10, directly to the remaining Au surface. Importantly,
PEGylation did not interfere with cytokine bioactivity, and all of the conjugated cytokines tested were
able to direct human M2 macrophage polarization in vitro. Further, PEG-AuNP-IL4 and PEG-AuNP-
IL10 were able to direct the polarization of both naive and M1 polarized human macrophages towards M2

phenotypes in vitro.
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In Chapter 3, PEGylated, IL-4 conjugated AuNPs were used in vivo for the treatment of skeletal
muscle following surgically induced ischemic injury. On day 3 following injury, the particles were
administered non-invasively via intramuscular injection, such that 2pg IL-4/muscle was delivered. This
timing was coordinated with the initial inflammatory response, and corresponded with macrophage
recruitment to the muscle. Macrophages played a critical role in promoting muscle regeneration following
ischemic injury, and their depletion with clodronate-liposomes inhibited functional muscle regeneration.
Further, PEG-AuNP-IL4 treatment enhanced muscle regeneration by shifting the balance of macrophages
away from the inflammatory and towards the M2a state. Treatment with PEG-AuNP-IL4 resulted in a ~2-
fold increase in the percentage of macrophages expressing the M2a phenotype and a ~2-fold decrease in
M1 macrophages, as compared to mice treated with vehicle only. This shift in macrophage polarization
was associated with improved muscle structure and a ~40% increase in muscle force generation. This
improvement in muscle force in response to modulation of macrophage polarization by a single factor, IL-
4, is comparable to that previously reported in response to scaffold delivery of VEGF, IGF-1, and/or
myoblasts following ischemic muscle injury [1, 2, 3]. This suggests that modulation of the innate immune
response by a single cytokine can be as potent as the combined delivery of multiple growth factors aimed
at directly stimulating tissue regeneration. The shift in macrophage polarization played a central role in
the improvement of muscle recovery, as the depletion of monocytes/macrophages eliminated the

therapeutic effects of PEG-AuNP-IL4 treatment.

In Chapter 4, an alternative approach, the delivery of growth factors to directly stimulate tissue
resident cells, to promote regeneration was explored. Here, a well-established injectable alginate scaffold
capable of providing sustained local release of VEGF and IGF-1 [1] was used in the context of muscle
transplantation. In a murine model of sciatic nerve ligation and neurorrhaphy, sustained IGF-1 delivery
alone from alginate gels significantly improved myofiber regeneration and muscle function, while VEGF
delivery alone improved sciatic nerve function and toe spreading. Combined delivery of VEGF + IGF-1

improved both muscle strength and nerve function. VEGF + IGF-1 delivery to aged mice resulted in
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prolonged toe function, increased toe spreading, and improved the static sciatic index score, indicative of
improved sciatic nerve and neuromuscular junction function. Further, a 26% increase in muscle fiber area,
and 2.8 and 3.0-fold increases in muscle contraction force and velocity, respectively, were found
compared to blank alginate injection. This strategy was subsequently tested in a rabbit model of
craniofacial gracilis muscle transplantation. VEGF + IGF-1 alginate treatment of donor muscle tissue
improved the functional outcome of a microvascular craniofacial transplant. Electromyography
demonstrated a 71% increase in compound muscle action potential in the transplanted tissue 9 weeks after
transplantation following treatment with VEGF + IGF-1 alginate, compared to blank alginate. Together
this work suggests that sustained delivery of VEGF + IGF-1 from alginate improves the regeneration of

muscle innervations and function following nerve injury and muscle transplantation.

5.2 Implications

This thesis has expanded the use of AuNPs as drug delivery vectors for the resolution of
inflammation and the promotion of M2 macrophage polarization. While nanoparticles have been studied
extensively for drug delivery, relatively few applications employ the conjugation of functional cytokines
directly to the surface of AuNPs, and further, very few nanoparticle systems have been developed to
direct M2 macrophage polarization [4]. The principles developed in this thesis, begin to establish a
general method for the use of AuNPs for the delivery of anti-inflammatory cytokines that could likely be
applied to any cytokine with disulfide or thiol groups available to participate in thiol-gold bonds, or an
isoelectric point that would support electrostatic binding to AuNPs. The strategies developed here for the
generation of particles with mixed monolayers of PEG and cytokine, such that particle stability and
cytokine bioactivity are retained, are expected to find broad utility for cytokine therapies, especially in the

context of inflammation.

Importantly, this thesis has shown that modulation of macrophage polarization by material

delivery of polarizing cytokines is a potent therapeutic strategy to promote tissue regeneration. The ability
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to shift inflammatory macrophage polarization towards pro-regenerative M2 states will likely be
important for the treatment of many non-healing wounds and chronic inflammatory conditions. In fact,
imbalanced macrophage activation contributes to the pathogenesis of atherosclerosis [5], inflammatory
bowel disease [6], rheumatoid and osteoarthritis [7, 8], multiple sclerosis [9], and muscular dystrophy
[10] among other conditions. However, the ability to control inflammation in vivo following injury, or in
the context of chronic disease, has proven challenging. This thesis presents a method of cytokine delivery
capable of shifting the balance of macrophage polarization in an inflammatory microenvironment in vivo,
that of an ischemic muscle, away from the M1 and towards the M2a state. The ability to direct M2
macrophage polarization in vivo is expected to find broad clinical utility in the treatment of non-healing

wounds, tissue regeneration, degenerative disease, and chronic inflammatory conditions.

Finally, the application of an established biomaterial for the dual delivery of VEGF + IGF-1 in
the context of muscle transplantation has demonstrated the clinical utility of sustained growth factor
delivery from biomaterials. The sustained release established an increasing concentration gradient into the
transplant that mimicked natural paracrine signaling, and ultimately improved engraftment and function
of the transplanted tissue. Importantly, this strategy side-steps the current limitations of artificially
engineered muscle tissue and presents a clear path for the rapid clinical adaption of this biomaterial
delivery technology. While recent advancements in the design of artificial muscle are promising, artificial
constructs are still unable to recapitulate natural muscle function [11]. Further, unpredictable nerve
regeneration following current surgical procedures leaves approximately 48% of patients with
unsatisfactory motor recovery [12]. The technology described here provides a methodology to improve
the engraftment, innervation, and ultimately function of transplanted tissue and does not necessitate
artificial muscle constructs. As such, it builds on current microsurgical techniques and is expected to
provide rapid clinical adaptation for muscle transplantation procedures. Further, this concept of using
biomaterials to provide an increasing gradient of growth factors into donor tissue, may prove useful in the

transplantation of other tissues.
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5.3 Future Directions

This thesis has demonstrated that biomaterial systems can significantly improve the regeneration
of tissue function both by modulating the inflammatory response and by directly promoting tissue
regeneration. The ability of biomaterials to direct both of these facets of tissue regeneration were explored
independently, in the context of skeletal muscle regeneration. The principles developed here, specifically,
the ability of nanoparticles to promote cytokine driven macrophage polarization in vivo, the potency of
macrophage modulation as a therapeutic strategy for tissue regeneration, and the ability of alginate gels to
locally mimic paracrine signaling and improve functional tissue engraftment, open a wide range of

research directions that will increase our understanding of tissue regenerative therapeutic strategies.

The cytokine conjugated nanoparticles developed here were shown to be stable, maintain
cytokine bioactivity, and direct macrophage polarization in vivo. However further optimization of the
nanoparticles may improve their therapeutic efficacy. In particular, modulation of nanoparticle size and
shape would be expected to alter macrophage interactions with the particles [13, 14]. Decreasing
macrophage internalization by increasing the aspect ratio may alter the binding of nanoparticle-
conjugated cytokines with extracellular receptors on macrophages and thereby impact polarization.
Furthermore, the varying methods of particle internalization dictated in part by particle size may also bias
macrophage polarization and provides another design parameter. Nanoparticle size and shape have also
been shown to significantly impact biodistribution following systemic administration [15], alter rates of
particle clearance by the lymphatic system, and effect particle residence time in the tissue. Nanoparticle
residence time in the tissue of interest will also likely be an important parameter in modulating
macrophage polarization. Because macrophage polarization is plastic and constantly mutates in response
to cytokines in the microenvironment, developing particles that have increased tissue residence time may

be important in controlling macrophage polarization, especially in the context of chronic inflammation.
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Interestingly, the PEGylated, IL-4 conjugated AuNPs developed in this thesis were shown to be
potent stimulators of the M2a phenotype. However, the metabolism of the AuNPs was not explored here.
Better understanding of cytokine-conjugated AuNP interactions with extracellular macrophage receptors,
the rate of receptor binding, the possible role of receptor clustering by cytokine-conjugated AuNPs, and
how the AuNPs are internalized and processed intracellularly will be important to better understand
possible distinctions between AuNP-conjugated versus soluble cytokine driven macrophage polarization.
Further, the heterogeneity of macrophage phenotypes following stimulation with soluble and AuNP-
conjugated IL-4 limited the extent of M2a polarization, but is still poorly understood. Such improved
mechanistic understanding, along with exploring how the cytokine-conjugated AuNPs are cleared from
the body will be important in determining their potential long term toxicity. Although human IL-4 would
not be expected to be recognized as foreign, the prolonged presence of AuNP-conjugated IL-4 may lead
to the generation of a humoral immune response. IL-4 plays a central role in controlling adaptive
immunity, and can promote the differentiation and division of B cells [16]. Determining if, and on what
time-scale, an antibody response is generated will be important as it will have important implications for

the repeated use of this technology in a single patient and for its application to chronic conditions.

While this thesis demonstrated the ability of PEGylated, cytokine-conjugated AuNPs to direct
macrophage polarization in the context of acute ischemic muscle injury, it would be of significant clinical
relevance to test the ability of these particles to direct macrophage polarization in the context of chronic
inflammatory disease. Chronic inflammation plays a significant role in the pathogenesis of many
conditions, including 7 of the 10 leading causes of death in the United States (CDC, 2016), and
appropriate modulation of the inflammatory response holds promise for the improved treatment of many
chronic diseases. Although the nanoparticle system presented here holds promise for the treatment of
these conditions, the challenges associated with chronic disease have not been addressed here. Retention
of the nanoparticles in tissues of interest, and the duration of therapeutic efficacy should be explored.

Modulation of nanoparticle size, discussed above, and the use of repeated injections, as described in

129



Chapter 4 for the biomaterial delivery of VEGF + IGF-1 in muscle transplants, may be beneficial in the
adaption of the AuNP therapy developed here to chronic disease. Given the clear effects of macrophage
polarization on muscle regeneration, the treatment of duchenne muscular dystrophy, a disease
characterized by chronic inflammation and progressive muscle wasting, with the nanoparticles developed
here is particularly attractive. Another advantage of the nanoparticle system presented here is its ability to
deliver multiple M2 polarization cytokines of interest, the ability to deliver multiple factors will also
likely be important for the treatment of chronic disease. For example, inflamed synovial macrophages
associated with rheumatoid arthritis are unable to respond to the anti-inflammatory effects of IL-10 alone,
which would normally be beneficial for arthritis [17, 18]. Despite this challenge, it has been suggested
that synergistic effects of IL-4 and IL-10 may be beneficial in the suppression of synovial inflammation

[19, 20].

Another advantage of nanoparticles is their ability to be targeted to tissues of interest, either by
the conjugation of targeting moieties, modulation of surface chemistry, or by physical properties that
exploit extravagation through the leaky vasculature associated with tumors and inflamed tissue. While the
treatment of many localized non-healing wounds could be addressed by the nanoparticles developed here,
perhaps including diabetic foot ulcers, localized traumatic muscle injury, and transplantation tissue,
among others, the ability to home to disperse tissues affected by systemic chronic inflammation would
likely increase their therapeutic utility. An antibody (the F8 antibody) has been identified that recognizes
the alternatively spliced extra domain A of fibronectin, a marker strongly over expressed at sites of
arthritis, and can be used to target the delivery of therapeutics to these sites [21]. The potential to

conjugate such targeting biomolecules to the surface of the AuNPs developed here holds great promise.

In this thesis a hydrogel for dual delivery of VEGF + IGF-1 has shown improved functional
regeneration in clinically relevant animal models of skeletal muscle injury; sciatic nerve injury in aged
mice, and large muscle transplantation in adult rabbits. Continued development of this system in large

animal models (pigs) is ongoing. Given the interaction between the immune response and muscle
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regeneration extensively studied by others [22], and exploited here in the context of ischemic muscle
injury, it will be important to explore the effects of the VEGF + IGF-1 delivering hydrogel on the immune
response. The immune response is expected to play a central role in orchestrating muscle regeneration and
exploring the effects of VEGF + IGF-1 in this context would significantly enlighten the mechanism of
this biomaterial treatment. Furthermore, the incorporation of polarizing cytokines or the AuNP-cytokines
developed here into the alginate hydrogel, or the dual treatment of muscles with the hydrogel and the
AuNPs developed here, may further improve functional tissue regeneration by controlling the immune

response in concert with promoting muscle tissue regeneration.

In summary, this thesis explores the ability of biomaterials to both modulate the innate
inflammatory response and directly promote tissue regeneration, independently, in the context of skeletal
muscle regeneration. The ability to control the inflammatory response, and specifically, direct
macrophage polarization is expected to find clinical utility in the treatment of non-healing wounds, tissue
regeneration and chronic inflammatory disease. Further, the development of biomaterials that will
coordinate the immune response with tissue regeneration represents an exciting avenue for the

advancement of tissue regenerative therapies.
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Appendix A:

Supplemental Figures for Chapter 2
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Figure Al. Increased IL-4 ligand density decreases AuNP-1L4 particle size. (A) Hydrodynamic
diameter of AuNP-IL4 particles measured immediately following conjugation, and before washing, shows
that particles with the highest IL-4 ligand densities have the smallest size. (B) AuNP-IL4 particles lacking
PEG are susceptible to aggregation via centrifugation. Increasing the spin speed used in the wash steps
increases particle aggregation.
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Table Al. Characterization of AuNPs used in Bioactivity Assays

Z-average [nm]

PDI Z-average [nm] PDI Zeta Potential [mV]
Before wash Before wash After wash After wash After wash

AuNP NA NA 33.44 0.147 -37.53
AuNP-PEG Not measured 61.30 0.091 -16.9
AuNP-IL13
(0.25 /nmz) 67.51 0.467 73.92 0.433 -12.13

AuNP 27.77 0.122 NA NA -33.13
AuNP-IL4 29.94 0.515 63.65 0.309 2.08

(5 /nm?)
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Appendix B:
Supplemental Methods for Chapter 3

Flow Cytometry

To assess cell recruitment and phenotype in the TAs, a single cell suspension was prepared using
the skeletal muscle dissociation kit (MACS Miltenyl Biotec, # 130-098-305) with the gentleMACS™
dissociator. Murine cells were blocked with CD16/CD32 monoclonal antibody (eBioscience # 14-0161-
82) and then stained to assess immune cell presence, with the following antibodies CD45.2-FITC or
CD45.2-PerCP/Cy5.5 (BioLegend #109828), CD3-PE/Cy5, CD4-PacBlue, CD11b-APC/Cy7 or CD11b-
Pacific Blue (BioLegend #101224), Ly6C-PE/Cy7 or Ly6C-PE (BioLegend #128008), Gr-1-APC, F4/80-
PE or F4/80-APC (BioLegend #123116), Ly6G-AlexaFluor 488 (BioLegend #127626), CD11c-APC/Cy7
(BioLegend #117324) at the concentrations recommended by the manufacturer to assess cell recruitment.
A separate panel was used to assess macrophage polarization: CD86-FITC (eBioscience #11-0862-82 or
BioLegend #105006), CD206-APC (BioLegend #141708), F4/80-PE (eBioscience #12-4801-82) or
F4/80-PerCP/Cy5.5 (BioLegend #123128), CD11b-APC/Cy7 (BioLegend #101226), CD80-Pacific Blue
(BioLegend #104724), and CD163-Cy3 (Bioss Antibodies #bs-2527R-Cy3) or CD163 (Santa Cruz
#18796) + PerCP/CyS5.5 secondary (Santa Cruz #45102) at the concentrations recommended by the
manufacturer. Unstained cells, fluorescent minus one controls, and the appropriate isotype controls
recommended by the manufactures were used as controls in the gating. To identify recruited immune cells
the following definitions were used: myeloid cells (CD11b+/CD1 1c-), macrophages (CD45+/CD11c-
/CD11b+/Ly6G-/Ly6C-/ F4/80+) or (CD45+/CD11b+/CD3-/F4/80+) depending on the staining panel,
monocytes (CD45+/CD11¢-/CD11b+/Ly6G-/Ly6C+/ F4/80-) or (CD45+/CD11b+/CD3-/F4/80-/Gr1 lo or
-) depending on the staining panel, monocyte/macrophages (CD45+/CD11¢-/CD11b+/Ly6G-/Ly6C+/
F4/80+), neutrophils (CD45+/CD11b+/CD3-/F4/80-/Gr1"/Ly6C"), T cells (CD45+/CD11b-/CD3+),
patrolling monocytes (CD45+/CD11b+/CD3-/F4/80-/Gr1-/Ly6C" or -). CD206 expression on

macrophages was used as an indicator of M2a polarization, CD163 as an indicator of M2c¢ polarization,
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and CD80 and CD86 as indicators of M1 polarization. Cells were fixed and stored in 0.4% PFA at 4°C

until they were run on an LSR II flow cytometer, within 3 days following staining.

For in vitro polarization studies, human THP-1 derived macrophages were stained with near-IR
fixable dead cell stain (Invitrogen #L.10119). Then they were blocked with Fc receptor blocking solution
(Human TruStain FeX™, BioLegend #422302) and stained with the following antibodies: CD206-PE
(BioLegend #321106), CCR7-APC (BioLegend #353214), and CD163-FITC (BioLegend #333618) at the
concentrations recommended by the manufacturer. CD206 expression was used as an indicator of M2a
polarization, CD163 as an indicator of M2c polarization, and CCR7 as an indicator of M1 polarization on
live cells. Unstained cells, and the isotype controls recommended by the manufacture were used as
controls in the gating. Cells were fixed and stored in 0.4% PFA at 4°C until they were run on an LSR II

flow cytometer, within 3 days following staining.
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Figure B1. Clodronate depletes monocyte/macrophages and inhibits muscle regeneration. (A)
Experimental design showing clodronate and PBS-treatment schedule in relation to the surgical induction
of ischemia and muscle assessment. (B-D) The percentage of CD45+ immune cells in the TAs that were
macrophages (CD11¢-/CD11b+/Ly6G-/Ly6C-/ F4/80+) (B), monocytes (CD11¢c-/CD11b+/Ly6G-
/Ly6C+/ F4/80-) (C), and monocyte/macrophages (CD11¢-/CD11b+/Ly6G-/Ly6C+/F4/80+) (D),
quantified by flow cytometry on day 9 after surgery. (E) The weight of the TA muscle isolated from the
ischemic limb 9 days after surgery, following treatment with PBS-liposomes (control, black bar), or
clodronate-liposomes (white bar). (F) The weight of the TA was normalized to the weight of the mouse.
(G) Mouse weight on day 9 after surgical induction of ischemia. All data are means +SEM of 7 mice per
group. *P <0.05, * P <0.01, and ***P < 0.001
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Figure B2. Contraction force curve data from ex vivo tetanic stimulation of TA muscles. (A) Intact
TA muscles were mounted between 2 parallel steel wire electrodes, and connected by microclips to a
force transducer. A pulse wave was used to stimulate the muscle at 25V, 250Hz; 27V, 270Hz; and 30V,
300Hz for 1s. Each muscle was tested at all 3 stimulations with 5Smin rest between each test. The
contraction force curves (blue) were smoothed in MATLAB (green line). (B) The maximum force was
determined to be the difference between the maximum force recorded and the starting baseline, and was
normalized by the TA mass. (C) The contraction velocity was calculated as the slope of the force curve at
the time of stimulation, 0.26s.
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Figure B3. Schematic used to determine the theoretical maximum loading of IL-4 onto AuNPs based on
sphere packing.

A B
PA4, d15 AuNP-PEG, d15

H&E Mason’s Trichrome H&E Mason’s Trichrome

Figure B4. Improved muscle architecture and minimal to no fibrosis following PA4 treatment.
Representative H&E (left) and Mason’s trichrome staining (right) of TA muscles on day 15 following
surgery from mice treated with PA4 (A) or AuNP-PEG particles lacking IL-4 (B). Scale bars = 1.5mm
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Appendix C:

Supplemental Figures for Chapter 4
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Figure C1. SSI Tracking of Individual Aged Mice. Sciatic nerve function in aged (14wk) mice was
tracked following surgery and treatment with blank, IGF-1, VEGF, or VEGF + IGF-1 alginate by
assessing the SSI every 10-20 days. Growth factor containing gels were administered at the time of
surgery and again between days 20-30 (timing of the booster alginate injection is indicated by a dotted
vertical line on the graphs). When SSI < -125 (indicated on the plots) mice lost the ability to regain
function (as measured by SSI). SSI > -5.49 indicates no impairment, SSI < -145, complete loss of
function.
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Figure C2. TSF Tracking of Individual Aged Mice. Toe spreading function in aged (14wk) mice was
tracked following surgery and treatment with blank, IGF-1, VEGF, or VEGF + IGF-1 alginate by
assessing the TSF every 10-20 days. Growth factor containing gels were administered at the time of
surgery and again between days 20-30 (timing of the booster alginate injection is indicated by a dotted
vertical line on the graphs). When TSF < -0.85 (indicated on the plots) mice lost the ability to regain toe
spreading function (as measured by TSF). TSF = 0 implies no impairment, TSF = -1 indicates total loss of
function with no toe spreading.

142



IGF-1 (2x)

g 5 00

& &

o -0.2

e S - 04 AEReg

& &s

§ § = 06

2 b1

§ Z 08

E ?E 1.0
Time [days] - Time [days]
VEGF (2x) VEGF + IGF-1 (2X)

Intermediate Toe Spreading Factor
Intermediate Toe Spreading Factor

0 20 40 B0 80

] 20 40 80
Time [days] Time [days]

Figure C3. ITSF Tracking of Individual Aged Mice. Toe spreading function in aged (14wk) mice was
tracked following surgery and treatment with blank, IGF-1, VEGF, or VEGF + IGF-1 alginate by
assessing the ITSF every 10-20 days. Growth factor containing gels were administered at the time of
surgery and again between days 20-30 (timing of the booster alginate injection is indicated by a dotted
vertical line on the graphs). When ITSF < -0.85 (indicated on the plots) mice lost the ability to regain toe
spreading function (as measured by ITSF). ITSF = 0 implies no impairment, ITSF = -1 indicates total loss
of function with no toe spreading.
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Figure C4. Prolonged Maintenance of Toe Spreading Function following alginate delivery of VEGF
+ IGF-1 in aged mice. Toe spreading function in aged (14wk) mice was tracked following surgery and
treatment with blank, IGF-1, VEGF, or VEGF + IGF-1 alginate by assessing the TSF and ITSF. Once a
specific level of severe toe spreading function was lost (indicated by I/TSF < -0.85) mice were no longer
able to recover any functional toe spreading or extend their toes. The percentage of mice that maintained
the ability to extend their toes (i.e. maintained I/TSF > -0.85) were plotted on Kaplan-Meier curves.
n=14-15. *p<0.05 Mantel-Cox single comparison vs. blank
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