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Monocyte response to extracellular matrix derived

semi-interpenetrating network scaffold

Amy S. Chung
Under the guidance of Professor Weiyuan John Kao

at the University of Wisconsin-Madison

Understanding the complex intermolecular interactions between the host and the
bioengineered substrate is critical to the field of bioengineering and drug delivery.
Monocytes/macrophages are commonly observed at the biomaterial-tissue interface and their
adhesion onto a biomaterial and the subsequent protein release represents a critical component of
biocompatibility. Cell adhesion onto peptide sequences in the extracellular matrix (ECM)
proteins such as arginine-glycine-aspartic acid (RGD) through integrin receptors and the
subsequent protein release also play a significant role in wound healing.

By conjugating RGD onto a polyethylene glycol (PEG) tether and grafting the RGD-PEG
onto a gelatin and PEG based semi-interpenetrating network (sIPN), monocyte adhesion was
enhanced. In addition, we observed that $1 and B3 containing integrin receptors were critical in
mediating monocyte adhesion and the subsequent matrixin and inflammatory protein expression
in the presence of RGD grafted ECM-derived scaffolds. The density of the RGD presented on
the sIPN surface was also observed to modulate monocyte adhesion and the expression of
matrixin and inflammatory protein expression over time.

We further probed monocyte response to the sIPN in a more physiologically relevant
environment by creating a monocyte-fibroblast co-culture system to study the direct influence of
fibroblasts on monocyte interaction with the ECM-based substrata. Molecular mechanisms

behind monocyte adhesion onto the ECM scaffold and expression of key wound healing factors
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in inflammation, matrix remodeling and regeneration were analyzed. We observed that
fibroblasts decreased monocyte adhesion onto RGD-PEG grafted sIPN. However, fibroblasts did
not decrease monocyte adhesion by decreasing monocyte viability on RGD-PEG grafted sIPN.
Fibroblasts increased monocyte GM-CSF drastically except on RGD and PHSRN grafted sIPNs
at later stages. Monocytes decreased initial fibroblast IL-1a. and TGF-a, but drastically increased
fibroblast MMP-2 and GM-CSF at selective time points on all surfaces, including ligand-PEG
grafted sIPNs. When the ligand immobilized was RGD, monocyte TGF-a, MIP-1pB and VEGF
expression was increased while monocyte GM-CSF was decreased at selected time points. These
results showed a dynamic monocyte response to selected ECM components in the presence of
fibroblasts and the interrelated role of regulation in modulating monocyte-fibroblast interaction

in the presence of the ECM-derived matrix.
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Chapter 1. Introduction

1.1 Wound Healing

Wound healing is a dynamic process involving many cell types such as macrophages and
fibroblasts and depends on the communication of cells in the wound bed for a healthy
progression of healing. In general, the wound healing process involves three phases:
inflammation, proliferation, and matrix formation and remodeling and Figure 1-1 and 1-2 display
these events at the site of injury [1-6]. During wound repair a large number of monocytes are
quickly recruited into the site of injury or site of implant and monocytes differentiate into
macrophages in the injured tissue. The number of macrophages increases to five times in the
wound compared to the number of resident macrophages in the normal skin [7,8]. Fibroblasts
follow the monocyte migration into the injury site and fibroblasts and collagen are often found in
close contact with inflammatory cells such as monocytes. Thus, the examination of monocyte
and fibroblast behavior in the presence of the extracellular matrix (ECM) is crucial in
understanding the host response.

When the human body cannot resolve the injury by itself due to the size and nature of the
trauma, infection, pressure on the wound or other factors, the wound becomes chronic. Chronic
wounds are characterized by the body’s response detained at one or more of the major phases of
wound healing described above, often the inflammatory stage [9-11]. An artificial ECM scaffold
for chronic, unresolvable wounds on which cells can infiltrate and proliferate, is central in

facilitating the wound healing process.
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Figure 1-1. Initial injury and inflammatory phase and key wound healing inflammatory proteins
and growth factors expressed by macrophages and fibroblasts (adapted from [2]).
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Figure 1-2. Proliferative and matrix remodeling phase and key wound healing proteins and
matrix remodeling and growth factors expressed by fibroblasts (adapted from [2]).




1.2 Biomaterials for Wound Healing Therapy

As new biomaterials and the reformulation of existing materials continue to advance,
evaluation and intervention of the host response to these materials through extensive material
and biological characterization remains imperative. Host response to materials can range from
acute inflammation that eventually becomes resolved as the material integrates into the body, to
fibrosis and fibrous capsule development to rejection of the material. The shift from passively
observing material interaction with the host to actively tailoring and guiding the host response at
the implant-tissue interface has been steady, but with our currently limited mechanistic
understanding of the host-material interaction, actively guiding the material’s biocompatibility
remains a critical challenge. Thus, a more thorough understanding of both the host response and
the physicochemical properties of biomaterials will ultimately lead to controlled biocompatibility

with desired wound healing therapies.

1.2.1 Host Response to Biomaterials: Process and Progression

Host response to materials remains a developing area of study and is a highly complex
process comprised of finely orchestrated cascade of overlapping and interrelated events. Upon
injury, including the introduction of a biomaterial to the host, the body begins a wound healing
response to the foreign entity [12]. Wound healing is divided into three major phases:
inflammation, tissue formation, and remodeling. When there are biomaterials involved, the
progression of wound healing is modified to compensate for the persistent presence of the
material in the host [13]. Thus, the progression of wound healing response in the presence of a

biomaterial can be divided into the following phases: injury, blood-material interactions,
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provisional matrix formation, acute inflammation, chronic inflammation, granulation tissue,
‘j foreign-body reaction, and fibrous encapsulment.
Figure 1-3 highlights the cascade of host response events depending on the presence of
the implant. The phases during wound healing without implant versus with implant materials do
i not completely differ and often overlap. For
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ket i example, granulation tissue is not a response
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Host interaction with biomaterials begins with the Vroman effect, where blood protein
adsorption on the biomaterial surface starts the development of the provisional matrix [14-16].
With the highly dynamic protein adsorption on the material surface begins the host’s coagulation
and inflammation events. Clotting and blood-material interaction involve the formation of bulk
fibrin around the injured site and the implant while inflammation brings the recruitment of cells

including platelets, leukocytes such as neutrophils and other white blood cells [17].




Inflammatory response to material serves as a normal event to wall off and locally contain the
material at the injury site. In acute inflammation, neutrophils and monocytes that enter the
wound site as a part of exudation and begin to degrade the material and release a myriad of
proteases, cytbkines and oxygen-derived free radicals. However, depending on the physical and
chemical properties of the material, the acute inflammatory phase may be prolonged (i.e. beyond
1 week) and lead to chronic inflammation [18]. If wound healing proceeds normally, acute
inflammation leads into granulation tissue, a phase that is marked by a soft, pink, granular
appearance on the wound healing surface as well as signs of neovascularization [12]. The
lysosomal agents and chemical mediators produced during acute inflammation activate and
trigger growth factor upregulation by endothelial cells and fibroblasts, and these cells also lay
down the matrix bed of collagen and proteoglycans to resolve the tissue repair process [2].

When the persistent presence of the biomaterial in the host and the incompatibility lead to
chronic inflammation however, much of the cells recruited during the acute inflammatory phase
(i.e. monocytes, macrophage, lymphocytes) remain and a foreign body reaction ensues. Chronic
inflammation can be a part of a foreign body reaction, which is characterized by the presence of
foreign body giant cells and the encapsulation of the foreign object at the local implant site in the
host’s attempt to wall off the material [12]. Macrophages attempt to phagocytose the material
and the material is too large to be phagocytosed, they undergo “frustrated phagocytosis™ and
macrophages fuse to form foreign body giant cells, an indicator of a foreign body reaction. When
foreign body reaction leads to fibrous encapsulation, densely packed avascular collagen around
the material forms to locally contain the foreign body from the rest of the host. Host tolerance of
the material will result in matrix remodeling progresses as fibroblasts and endothelial cells that

infiltrate the site produce extracellular matrix (ECM) components such as collagen, fibronectin




and hyaluronic acid and form the new ECM, scar tissue. While the matrix bed is laid down,
matrix degrading agents such as matrix metalloproteases and collagenases help rearrange and
organize a structured ECM.

The hbst response is a delicately orchestrated complex process that is often determined
by the chemistry of the material’s surface. Controlling each host response event and achieving
complete restoration of normal tissue structure and function is a difficult task given our currently
limited mechanistic understanding of host response. However, rather than a relatively passive
approach of implanting a material and observing the host response, an active approach of
tailoring host response through the presentation of biofunctional peptides may prove to be one

significant stride toward avoiding host rejection of the material.

1.2.2 In vitro response to biomaterials

In vitro assays allow the assessment of material cytotoxicity on cells and are invaluable in
screening biomaterials to gain insight into material degradation, mechanical strength over time
and whether the materials leech toxic substances that affect the viability of cells. Three major
assays for testing material biocompatibility and toxicity in vitro include agar diffusion,
extraction, and direct cell-biomaterial contact method. Material toxicity can be investigated
through the agar diffusion method by covering a confluent layer of cells with agar containing a
viability stain, then placing the biomaterial on the agar surface and examining the extent of the
viable cells under and around the material after an incubation period. Thus agar diffusion assays
are useful in evaluating material toxicity, and the method is often applied to highly dense
materials [19,20]. Extraction studies (i.e., elution, extract dilution) are also employed to observe

any linear relationship between cell cytotoxicity and the concentration of extracted biomaterial.




The threshold concentration of material extract on minimal and maximal cytotoxicity can be
investigated with a confluent layer of cells being exposed to serially diluted material extract and
assessing cell viability after the incubation period. Usually, the cells in the targeted implant area
are candidates for the extract dilution test and how much of the material extract is absorbed by
these cells can also be determined [21].

Direct contact is the most widely applied test in cell-material in vitro analysis, and it
involves placing the material directly on top of a confluent layer of cells or directly placing cells
on top of the material. After incubation, cells are microscopically evaluated for toxicity (through
viability staining), adherent density and morphology. Direct cell-material contact studies are the
most prevalent in testing material biocompatibility and can reveal the intermediate zone of
damaged cells. Especially when testing for cell response to peptide conjugated materials, the
assessment of the cells direct interaction with the peptide presented on the material surface is
imperative. Cell adhesion and spreading as modulated by various peptides are central to the
study of biologically responsive peptide conjugated materials. Since its discovery by
Pierschbacher and Ruoslahti in 1984, the arginine-glycine-aspartic acid (RGD) sequence has
been the most effective peptide sequence for enhanced integrin-mediated cell adhesion and has
been applied to a myriad of materials and assessed for enhanced cell adhesion and wound repair
[22]. The tripeptide sequence has been shown to enhance osteoblast adhesion in vivo and a
myriad of cells in vitro, including osteoblasts, chondrocytes, human umbilical vein endothelial
cells, fibroblasts and monocytes [23-31]. Table 1 shows increased monocyte adherent cell
density on RGD-PEG grafted on a semi-interpenetrating network (sIPN) of gelatin and
PEGdiacrylate (PEGdA) compared to that on sIPNs grafted with control ligands triglycine

(GGQG) or a methoxy group [31].
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Table 1-1. Adherent monocyte density on RGD-PEG grafted sIPN and control ligand-PEG
grafted sIPN (adapted from [31]).

Adherent Monocyte Density (cells/mmz)

Ligand-PEG grafted Culture Time:

onto gelatin of sSIPN 2h 24 h 96 h 168 h
GGG 328 + 69 444 + 16 207 £52 74 + 40
Methoxy 145£18 233+ 14 1062 95 +£12
RGD 1321 £ 74 1071 =190 350+ 42 157+8

* Significantly higher than all other ligand-PEG grafted sIPN (p<0.001)

Direct cell-biomaterial in vitro testing and high throughput assays have been coupled in
current studies to screen biomaterials more rapidly while testing for cell adhesion and material
influence on cell morphology and proliferation. Figure 1-4 below outlines a study by Mochizuki
and others where twelve biologically active peptides derived from ECM components were
conjugated to chitosan membranes and microscopically observed using a 96 well plate as a high
throughput system [32]. Table 1-2 describes two of the peptides used and Figure 1-4 shows cell

response to the peptide-grafted chitosan membranes.

Table 1-2. Synthetic peptides derived from ECM components and biological activities of

peptide-chitosan membranes (adapted from [32]).

Fibroblast Neurite
Peptide Sequence Protein Source (Residues) Attachment Outgrowth
531 GEFYFDLRLKGDKY  Human collagen alphal, type IV =g -
AG73 RKRLQVQLSIRT Murine laminin alphal chain ++ +




=

AG73 Laminin-1
Figure 1-4. Human foreskin fibroblasts adhered to chitosan membranes conjugated with
different bioadhesive peptide sequences. 531 conjugated chitosan membranes and laminin
support cell adhesion and spreading while AG73 supports cell adhesion but not spreading. Cells

are stained with crystal violet [32].

Though in vitro studies offer the advantage of providing information on a specific cell
type response to the biomaterial, in vitro work has the limitation of being too simple of a system
compared to the highly complex and dynamic in vivo system with all the physiologically relevant
players present interacting with the material of interest. Recent direct cell-biomaterial contact
studies have been developed to accommodate higher complexity and closer physiological
relevance, such as the addition of a cell type to create a co-culture environment. In a work by
Chung and Kao, monocyte interaction with an RGD-PEG conjugated hydrogel was examined in
the presence of a confluent layer of fibroblasts [33]. Figure 1-5 below shows the co-culture
schematic where monocyte response to the RGD presenting sIPN as perturbed by fibroblasts

could be evaluated and key wound healing proteins could be profiled over time.
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sIPN wound healing scaffold. Monocyte response to the RGD presenting sIPN and the
communication between monocytes and fibroblasts in the presence of the RGD presenting sIPN
scaffold were evaluated. Key wound healing factor expression in response to RGD-PEG grafted

sIPN over time in the presence of fibroblasts could be evaluated [33].

The co-culture setting allowed the evaluation of cell-material interaction in an
environment closer to physiological conditions as well as the assessment of the biomaterial as a
communicative barrier between two key wound healing cell types. Key wound healing factors
including vascular endothelial growth factor (VEGF), monocyte inflammatory protein-1beta
(MIP-1B), and tumor growth factor-alpha (TGF-a) were upregulated in a ligand specific response
to RGD-PEG grafted sIPN in the presence of fibroblasts while granulocyte-macrophage colony-
stimulating factor (GM-CSF) was downregulated. Other approaches to making the in vitro
system more advanced have included the addition of dynamic components such as flow of media

and nutrients on the system and making the cell culture 3D [34]. Although this type of work adds
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to the already challenging task of parsing out specific causal effects and the source of each

response, it allows the system to more closely mimicking the tissue environment.

1.2.3 In vivo response to biomaterials

In vivo testing of materials for tissue compatibility offers the obvious advantage over in
vitro systems of having all the appropriate physiological components (cells, matrix, tissue
structure and function, soluble proteins, etc.) present. /n vivo investigations are intended to
simulate end-use applications and thus the direct application of the biomaterial is used to assess
biocompatibility in the clinical use setting. Where the assessment can vary is the duration,
frequency, and the location of exposure, as well as the physicochemical stability and
compatibility of the biomaterial itself. In vivo tests can reveal critical information on the
biomaterial’s compatibility at the tissue site, as well as on the function and the stability of the
material in the host. In vivo analyses can reveal much information on host response including
blood material interactions, matrix formation, inflammation, fibrous encapsulment and the other
events as outlined in Figure 1-3. In addition, in vivo assays can also yield information on local
and system toxicity, genotoxicity and local and systemic immune response.

In the case of biomaterial implantation, histological examination of the implant site after
a given duration has remained a widely applied evaluation of host tissue response. The presence
and the abundance of certain cell types at the tissue-implant interface are examined for tissue
compatibility by immunohistochemical staining or immunofluorescent labeling the histological
sections. For example, polymorphonuclear leukocytes at the implant site indicate acute
inflammation, the presence of mononuclear cells such as plasma cells and lymphocytes indicates

chronic inflammation, lymphocytes and monocytes in high numbers suggesting possible
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infection. Other indications of pathology include the examination of granulation tissue with key
markers such as infiltrating fibroblasts, soft granular appearance of the healing site as well as
collagen deposition and small capillary development. Foreign body giant cells and fibrous
capsule of deﬁsely packed collagen indicate foreign body reaction and ‘ﬁbrous encapsulment,
respectively. Figure 1-6 highlights key wound healing events in a dermal wound repair of a full
thickness wound treated with a collagen implant in a mouse model [35]. Reepithelization and the
newly formed epidermis along with granular tissue that mark the late stages of wound repair are
shown along with the resorbed collagen implant. Thus, the biocompatibility of the material at the
tissue level and the incorporation of the implant material and the host tolerance of the material

can be gauged by histology.

Figure 1-6. Wound healing assessments at day 3 (A) and at day 14 (B) post collagen
implantation. reEp: early re-Reepithelization; E: epidermis; D: dermis; EH; epidermal

hyperplasia (new grown epidermis); reCI: resorption of collagen implant; G: granular tissue [35].
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In addition to histological evaluations, host response is also analyzed by the use of
various biomarkers. Tissue homogenate and exudates are often collected and analyzed for
biomarkers including inflammatory biomarker proteins such as interleukins and tumor necrosis
factors and matrix remodeling matrix metalloproteases often screened at the implant site [36].
Biomarkers can be identified in many ways, western blotting, enzyme linked immunosorbant
assay (ELISA) can identify markers at the protein level and currently applications of mass
spectroscopy to profile the tissue and analyze host response to biomaterials is rapidly developing
[37]. Consistent with trends in in vitro analyses, high throughput approaches are becoming
rapidly incorporated into in vivo analyses. Thus, protein microarray chips and multiplexed
cytokine assays can be employed to analyze tissue homogenate or wound exudates to provide
reproducible and global protein analysis rapidly.

Genetic analysis of the tissue site can be carried out by northern blot analysis of the tissue
homogenate or wound exudates, similar to western blot analysis for proteins. In situ
hybridization can be applied to the tissue section to localize DNA or RNA of interest with
probes, similar to immunohistochemistry that localizes proteins. Reverse transcriptase or real
time polymerase chain reaction (RT-PCR and qRT-PCR, respectively) and ribonuclease
protection assays can analyze mRNA at the tissue site. However, both northern blot analysis and
in situ hybridization require a larger amount of sample and polymerase chain reactions are time
consuming and cannot target many genes per assay. Analysis of tissue lysate or exudates
employing cDNA microarrays can also provide a global gene expression at the wound site and

can uncover cell signaling and transcription genes critical to wound healing that were not

targeted with the other assays [38].
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The protein and genetic analysis of tissue homogenates or exudates described above can
be coupled within in vivo analyses, as well as with in vitro analyses. For example, analysis of
inflammatory interleukins can be analyzed in vitro by investigating the protein levels through
ELISA or western blot and the genetic interleukin expression by PCR. In vivo, ELISA or western
blot can also be applied to analyze the tissue homogenate or exudates to observe interleukin
protein levels, and PCR or ribonuclease protection assay can reveal genetic interleukin regulation

in vivo. Microarrays can also be useful in coupling in vitro and in vivo host response analyses.

1.2.4 Enhancing biological response: host interaction with peptide-polymer
conjugates

Peptide sequences can enhance adhesion and elicit specific intracellular signaling events
upon peptide-cell interaction [39,40]. Due to their relatively robust stability compared to the
whole protein and their ability to direct specific downstream effects upon interaction with the
cell, peptide conjugated materials are emerging as a new class of materials that combine unique
advantages from both the natural and synthetic world to yield a material with unique biological
properties compared to conventional therapies.

Peptides have been conjugated to natural and synthetic polymers for tissue repair
applications [39, 41]. Directing the host response by presenting biofunctional peptides on the
material surface is one approach to improving host biocompatibility while simultaneously taking
advantage of the mechanical and structural properties of the natural or synthetic polymer
scaffold. Natural polymers possess highly ordered and complex quaternary structures that have
excellent aqueous solubility, in vivo compatibility and controlled degradation, and break down

into natural amino acids that can be metabolized in the host with minimal immune response and
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cytotoxicity [42,43] Thus, peptide conjugated natural polymers can offer a complex yet highly
biocompatible platform that also has biofunctional sequences to direct cell response and tissue
function. Peptides can also be grafted onto synthetic polymers and though they cannot provide
the level of coinplexity that natural polymers can, synthetic polymers offer better availability,
stability, chemical control and innertness in the host. Synthetic polymers are readily available at
often lower cost than natural polymers and offer practicality as well as control over the
physicochemical properties including chain length, functional groups, degree of crosslinking,
chain architecture, and subsequently the elasticity, tensile strength and rheological properties and
others. In addition, polymers such as polyethylene glycol have been established as a nonfouling
polymer that resists nonspecific protein adsorption, and polymers such as polydimethoxysilane
do not support bacterial growth [44]. Depending on the targeted tissue, the polymer can be
tailored to provide the structural template close to the tissue site, and by conjugating critically
active portions of the naturally derived material to synthetic polymers, specific signaling from
the natural material and the inertness of the synthetic material can be combined to yield a

controlled biomaterial with predictable and desired host response.

1.3 Peptide-Polymer Conjugate Systems: Synthesis and Interaction

with the Host

1.3.1 Overview: Conjugation Chemistry

The most common method used to conjugate bioactive peptides to polymers is with thiol
or succinimide ester groups to create a covalent amide bond. This linkage is created by the
activation of a carboxylic group on the material to react with the peptide’s amine-terminus.

Carboxylic acids can be activated by carbodiimide peptide coupling reagents, most commonly
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dicyclohexylcarbodiimide (DCC) or diisopropylcarbodiimide (DIC), and sometimes ethyl-(N’,
N’-dimethylamino)propylcarbodiimide hydrochloride (EDC). Outlined in Figure 1-7 is a reaction
scheme demonstrating the conjugation of peptides onto polyethylene glycol by activating the
carboxy groupé with DCC, then conjugating N-hydroxysuccinimide (NH-Su) to ultimately serve
as a leaving group for peptide conjugation [45]. More examples of these chemistries will be

highlighted in the case studies to follow.
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Figure 1-7. Schematic of peptide conjugation onto polyethylene glycol by first activating the

carboxy group with DCC and using N-hydroxysuccinimide as a leaving group adapted from [45].

1.3.2 Peptide Conjugated Natural Polymers

The ideal treatment for wounds is the application of natural tissue. However, as tissue

- sources are limited, components of the natural tissue can be used to substitute as a tissue repair

scaffold to achieve maximal biocompatibility. Natural polymers include many of the ECM
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proteins such as collagen, fibronectin, laminin, chitosan, hyaluronic acid, and others. These
polymers can provide multiple functions, for example, collagen provides structural function, but
also contains biofunctional peptide sequences that have been demonstrated to enhance the
stability and differentiation of encapsulated cells [46-48]. By conjugating bioactive peptide
sequences onto these ECM-derived scaffolds, ligand-specific activity and signaling can be
achieved to enhance cell attachment and support cell proliferation. As the scaffold onto which
the peptide is conjugated is a naturally derived material, the biomaterial platform will be better
incorporated into the injured tissue and subsequently cleared from the body in a non-
inflammatory manner.

An example of a peptide conjugated natural polymer is exhibited in a work by Masuko
and others, in which the adhesive peptide sequence Arg-Gly-Asp-Ser-Gly-Gly-Cys (RGDSGGC)
was conjugated onto a chitosan membrane with reactive thiol groups incorporated [49]. RGD, an
adhesive sequence, was conjugated to chitosan, as chitosan has shown to be promising
polysaccharides for biocompatible and wound healing materials [50-53]. Reactive thiol groups
were incorporated into the chitosan membrane by reacting it with 2-iminothiolane, as it has been

demonstrated that the 2-iminothiolane undergoes a ring opening reaction with primary amines,

including N-terminal a-and g-amino groups of peptides or proteins (Figure 1-8) [54].
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Figure 1-8. Scheme I outlines incorporation of a thiol group through a ring opening reaction of
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2-iminothiolane with chitosan and scheme II shows the coupling reaction of SH-chitosan with
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The resulting effect of the RGDSGGC peptide presented on the chitosan membrane was
markedly enhanced affinity of both chondrocytes and fibroblasts onto this peptide conjugated
polymer scaffold when compared to that on a plate coated with RGDSGGC. In addition, the
authors showéd enhanced affinity of both chondrocytes and fibroblasts in a peptide-
concentration dependent manner. With increased RGDSGGC-chitosan concentration coated onto
a microtiter plate, chondrocyte and fibroblast cell adhesivity, as measured by optical density of
the crystal violet dye, was proportionally increased (Figure 1-9A,B).

Another example of a peptide conjugated to a natural polymer material is the RGD
containing peptide sequence covalently linked to hyaluronic acid as demonstrated by Glass and
others [55]. Hyaluronic acid, a non-immunogenic polysaccharide found in many human tissues
and upregulated during wound repair and naturally cleared by the host, has been extensively
studied and applied. Though hyaluronic acid modifications with synthetic polymers have been
commonly reported, studies on peptide conjugation on the polysaccharide are to date elusive.
Hyaluronic acid crosslinked with a diepoxide is reacted with periodate to create reactive
aldehydes by peroxidate oxidation of the polyhydroxyls of glucuronic acid (Figure 1-10A). A
RGD containing 18 amino acid peptide sequence, Gly-Arg-Arg-Arg-Arg-Arg-Gly-Gly-Gly-Arg-
Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys (GRsG3RGDSPASSK, or WH18), was then conjugated to
hyaluronic acid through sodium cyanoborohydride reduction. Primary amines of the peptide
sequence serve as nucleophiles to form secondary amine bonds, which are reduced by sodium
cyanoborohyride, creating a more stable primary amine, and covalently linking the peptide to the
carbonyl chains on hyaluronic acid (Figure 1-10B). The WH18 peptide sequence, while designed

to present the RGD sequence recognized by the integrin receptors, was also designed with the D-

T e e
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isomer or arginine to protect it against a number of serine proteases known to be present in

wounds.
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Figure 1-10. Reaction of (A) diepoxide crosslinked hyaluronic acid with periodate to oxidize the
polyhydroxyls of the glucuronic acid to create reactive aldehydes and of (B) activated aldehydes

of the hyaluronic acid with the peptide sequence, followed by a reduction with sodium

cyanoborohydride to form a stable amine on the conjugation site [55].
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The conjugation of the RGD containing WH18 peptide sequence onto hyaluronic acid
resulted in a 90% or greater attachment and subsequently supported spreading of human

osteosarcoma cells (MG63). On surfaces that were treated with periodate in the absence of

peptide, or that were not treated with periodate resulted in very little attachment of the
osteosarcoma cells and no cell spreading on the material. They also described enhanced
attachment of human colon fibroblasts, primary bovine epithelial cells and human gingival
fibroblasts. Thus, by conjugating an adhesive peptide sequence onto a naturally occurring
polysaccharide material, cell adhesion and proliferation could be supported.

In a simultaneously reported study, the GRsG;RGDSPASSK conjugated hyaluronic acid
matrix was tested for healing response of second-degree burn wounds in pigs. The RGD-
hyaluronic acid matrix (with Tegaderm™ as outer secondary dressing) showed significantly
increased rates of epithelization compared to air exposed control and the hyaluronic acid vehicle
alone after one week [56]. Along with enhanced epithelization, the RGD-hyaluronic acid matrix
showed marked cellular infiltrate compared to the air exposed control and the hyaluronic acid
without peptide conjugation. In addition, increased granulation tissue was also observed with
RGD-hyaluronic acid treated burns compared to the air exposed control. Hyaluronic acid has
been tested in several models for wound healing applications, but with varying results. With the
RGD-hyaluronic acid matrix, Glass and others demonstrated enhanced osteosarcoma cell
adhesion and proliferation in vitro while Mertz and others showed significantly improved

epithelization rate, cellular infiltration and granulation of tissue, complex processes that lead to

the total repair of second degree burns in vivo.

— ———
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1.3.3 Peptide Conjugated Synthetic Polymers

Synthetic polymers can also offer biochemical inertness in the body, and offer other
advantages over natural polymers, including precise control over the physicochemical properties
of readily available materials. Polymers can also better withstand processing events such as
autoclaving, dry heating, gamma-radiation, alcohol washes, and electron beam treatments
compared to the natural polymer, which can denature more readily with its protein based
structure. Thus, synthetic polymers offer a practical alternative to naturally derived polymers and
are widely applied in biomedical devices and implants. However, though they offer advantages
in terms of mechanical plasticity and lower cost, they are not engineered for specificity and
biorecognition. Thus, peptide conjugated polymers steadily increased in development to provide
a well controlled and practical tissue repair platform with chemical innertness as well as peptide
signals to direct cell events and promote wound repair.

Polymers can offer a practical and chemically and mechanically controllable option for
biomedical applications, and polymers such as poly(dimethylsiloxane) (PDMS) have been
widely used in the clinical setting, including surgical implants and catheters [57,58]. PDMS
elastomers, with good compatibility with the human tissue and biological innertness, and
excellent elasticity and transparency, are widely applied as surgical implants and catheters.
However, though they are biocompatible and resist bacterial growth, these silicone elastomers do
not support cell adhesion, a critical process in wound healing. Thus, Li and others attempted to
merge the excellent elasticity of the material with cell adhesion promoting properties by
conjugating the bioadhesive peptide sequence RGD peptide onto the PDMS [59]. The
conjugation of RGD onto PDMS was carried out through a succinimide based chemistry, using

sulfosuccinimidyl 6-(4’-azido-2’-nitro-phenylamino) hexanoate (sulfo-SANPAH) (Figure 1-11).
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Unique to this photochemical, succinimide based conjugation of peptides onto a polymer surface
is that it is similarly convenient to peptide coating or adsorption approaches, but distinct in that
the ultimate peptide conjugation is achieved through a covalent amide bond. Figure 1-11 outlines

the two step photochemical based conjugation of the RGD peptide onto the PDMS surface.
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Figure 1-11. A two step succinimide based process for conjugating RGD peptide onto PDMS

surfaces [59].

The RGD conjugated PDMS surfaces promoted adhesion, proliferation, and collagen
secretion of human skin fibroblasts (HSFs). While few cells attached onto the PDMS surface,
RGD-peptide conjugation on to the PDMS surface resulted in an enhanced adhesion and rapid

proliferation of HSFs. RGD conjugated surfaces yielded a well spread and elongated fibroblasts
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that showed increased formation of actin microfilament bundles and focal adhesions, indicating
strong cell-substrate interaction (Figure 1-12). Furthermore, the RGD conjugated PDMS surface
promoted fibroblast collagen production when compared with that produced on sulfo-SANPAH

activated PDMS surfaces and TCPS (Figure 1-13).

Figure 1-12. Fluorescence microscopy images of HSFs
cultured on a RGD-conjugated PDMS substrate. The
cells contain bundles of stress fibers (solid arrows), and
their focal adhesions are also clearly seen (blank

arrows). The cells were fixed and stained after 2 days

in culture; Scale bar, 20 um [59].

RGD-PDMS

Sulfo-SANPAH-PDMS

I T T T 1
100 120 140 160 180 200

TCPS

Normalized Collagen Production (ug/ml)

Figure 1-13. Total soluble collagen production by human skin fibroblasts cultured on RGD-
conjugated PDMS, sulfo-SANPAH activated PDMS surface (without RGD conjugation) and

TCPS. Collagen concentrations are normalized to cell number *p<0.01 (adapted from [59]).
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Literature on the in vivo biocompatibility and immune response to peptide conjugated
synthetic polymer substrates is curiously elusive. However, an example of an in vivo response to
a ligand conjugated to polyethylene glycol (PEG) tethered onto a gelatin and polyethylene glycol
diacrylate (PEGdA) hybrid material demonstrates host response. PEG, which is a widely applied
polymer that has been established in biocompatibility, is not only commonly found in biomedical
devices and materials, but is also found in food, cosmetics and drugs [60]. In a work by Waldeck
and others, a wound healing scaffold composed of polyethylene glycol diacrylate (PEGdA) and
gelatin semi-interpenetrating network (sIPN) was constructed to present the RGD peptide on a
PEG linker [61]. Gelatin, a denatured form of collagen, has been widely accepted as
biocompatible and often found in food products and applied in bridging nerves and nerve tissue
engineering [62,63]. The chemistry was carried out similar to the succinimide based chemistry
shown in Figure 1-7, except with one functional group of the polyethylene glycol used for the
RGD peptide conjugation and the remaining functional group used to covalently link the RGD-
PEG onto the lysyl group of the gelatin backbone to yield RGD-PEG grafted gelatin (Figure 1-

14). When the RGD-PEG grafted gelatin was polymerized with PEGdA, the resulting hybrid

sIPN presented the RGD peptide on the matrix surface on a PEG tether.
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Figure 1-14. Chemical schematic of the RGD-PEG grafted gelatin and PEGdA interpenetrating
network scaffold. The RGD peptide is grafted onto a PEG linker via a succinimide based
conjugation and the RGD-PEG grafted gelatin is polymerized with PEGdA to create a natural

and synthetic polymer hybrid scaffold that presents a biofunctional peptide (adapted from [45]).

The RGD-PEG grafted sIPN with keratinocyte growth factor (KGF) incorporated into the
matrix was applied onto a full-thickness wound on a rat model to investigate wound healing
response in vivo [61]. The resulting in vivo analysis revealed enhanced cell recruitment and

granulation of tissue along with higher extracellular matrix organization, neovascularization and
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rate of contraction was observed (Figure 1-15). Shown in Figure 1-15 are the effects of RGD-
PEG sIPN + KGF, unmodified sIPN (i.e., unmodified gelatin and PEGdA only, and no RGD-
PEG), and conventional dressing, Silverlon®. While the conventional dressing resulted in a
visible depreséion in the healing wound, both the unmodified sIPN and the RGD-PEG sIPN +
KGF supported formation of tissue with no visible depression, demonstrating its structural
effectiveness as a scaffold. In addition, the RGD-PEG sIPN + KGF resulted in high levels of
macrophages and fibroblasts that were similar to undamaged tissue by three weeks, suggesting
granulation of tissue at the later stages of wound healing for RGD-PEG sIPN + KGF treated
wounds. The epidermis was restored to a thicker degree with more ridges for the RGD-PEG
sIPN + KGF treated wounds as well as a basket-weave patterned ECM developing toward the
epidermis. There were also larger occurrences of neovascularization as well as thicker and more
dense collagen bundles in the RGD-PEG + KGF treated wounds when compared to unmodified

sIPN or conventional dressing treated wounds.

Figure 1-15. Photomicrographs (x20) of (a) RGD modified sIPN + Keratinocyte growth factor

interface at 3 weeks. (b) unmodified gelatin sIPN interface area at 3 weeks. (c) conventional

dressing interface area at 3 weeks. Areas identified include neovascularization (NV) and

epidermis (E) [61].
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1.4 Extracellular matrix-derived semi-Interpenetrating Network as

Wound Healing Scaffold

We designed a semi-interpenetrating network of bio and synthetic polymers as an ECM
building block for tissue repair. The ECM-mimic composed of porcine gelatin, which has been
widely accepted as biocompatible and often found in food products, and polyethylene glycol,
which is also a known biocompatible product found in food, cosmetics and drugs [62,63]. By
tethering the biofunctional peptide RGD, an adhesive peptide sequence through which cells
interact and communicate with the ECM, we aimed to attracted monocytes to the wound site.
Others have grafted biofunctional peptides to enhance cellular attachment [64,65]. With the
sIPN, we aimed to attract monocyte adhesion and interaction with the scaffold and analyze
monocytes interaction with and response to the ECM-mimic to ultimately yield directed cytokine
and growth factor release after complexation onto the RGD-PEG grafted sIPN.

Thus, the ECM-analog
Biodegradable

Gelatin
Backbone

Covalently composed of ligand-PEG grafted
Linked Ligands
(CH3, GGG, gelatin and polyethylene glycol

RGD, PHSRN)
diacrylate (PEGdA) was designed as
Bifunctional shown in Figure 1-16. Once the lysyl
PEG Linkers
PEG- groups of the gelatin strands were
diacrylate
grafted with ligand-PEG, the modified
gelatin was combined with PEGdA and
polymerized with photoinitiator to
Figure 1-16. Semi-interpenetrating network of create a semi-interpenetrating network.

ligand-PEG grafted gelatin and PEGdA
schematic.
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Thus, the tethered RGD (or other ligand group) could be presented on the sIPN surface. Others
have grafted the bioadhesive peptide RGD onto a substrate to attracted additional macrophages
to the site of implant [66-68]. Our approach has been to present the RGD peptide on a flexible
PEG linker of a gelatin (i.e. denatured form of collagen) and PEGdA based ECM-like network to

enhance monocyte adhesion and modulate subsequent protein expression over time.

1.5 Monocyte interaction with biomaterials: molecular mechanisms

and insight into cell-material interaction and biocompatibility

The presence of monocytes and macrophages at the site of injury plays a crucial role in
orchestrating wound repair [7, 69-71]. One of the therapeutic approaches to facilitate wound
healing has been to inject additional macrophages to the wound bed to increase repair rate [72].
As key players in wound healing, monocyte/macrophage interaction with biomaterials is also
crucial as they often determine the fate

of the biomaterial as a result of the

Protein

impact that monocytes have on the host Expression

response [73-76]. Thus it is essential to
characterize the monocyte response and Adhesion via ;
integrin receptor
behavior in the context of the ECM-
analog sIPN, as severe inflammatory

response from monocytes can lead to the

recruitment of other immune cells and

Figure 1-17. Molecular depiction of monocyte
ultimately lead to the destruction of the interaction with ligand-PEG grafted sIPN.
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biomaterial or rejection of the material from the host system. It is also essential to evaluate
monocyte response to and interaction with biomaterials in the presence of other wound healing
cells as the injury repair process is a highly complex and delicately orchestrated progression of
events. The présence of fibroblasts and how they influence monocyte response to the ECM-
derived sIPN is crucial as fibroblast regulate the proliferation, regeneration and remodeling
phase of wound healing and are found in the same wound environment as monocytes,
communicating through proteins [2, 77-79]. Thus, monocyte and fibroblast response to an
implanted material as well as the cells’ interaction with each other in the context of materials is
crucial in ﬁnderstanding a central component of host response and biocompatibility. In order to

maximize the understanding of host response to materials, studies that take the in vitro system

closest to physiological settings will need to be designed.
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Chapter 2. Integrin-dependent monocyte interaction with

ECM-derived peptide functionalized sIPN: Adhesion and
Subsequent IL-1beta, MMP-2 and MMP-9 Protein and mRNA

Regulation

2.1 Introduction

Migration and adhesion are the essential steps for macrophage function in the local site of
inflammation. Integrins, a family of cell-surface receptors expressed in many cell types including
monocytes/macrophages, fibroblasts and endothelial cells, can mediate cell adhesion and
migration [1]. The integrins are dimeric proteins that contain an a and a  subunit. Currently
seventeen a and eight B subunits have been identified, and these subunits can combine to make
23 different combinations of dimers [2, 3]. During the recruitment of monocytes into the site of
inflammation, B1- and B3-containing integrins mediate monocyte adhesion and transmigration
across the endothelium and binding to ECM proteins, such as fibronectin (FN) and collagen [4-
6]. Peptide sequences from FN such as arginine-glycine-aspartic acid (RGD), proline-histidine-
serine-arginine-aspragine (PHSRN) and leucine-aspartate-valine (LDV), are believed to be
ligands for B1- and B3-containing integrins [5]. Integrins can also modulate a variety of gene and
protein expression by affecting multiple signaling pathways [7, 8]. The RGD oligopeptide,
located in the FN III-10 module, can be recognized by approximately half of all integrins [4].
PHSRN, a pentapeptide sequence in the FNIII-9 module is a synergy site that enhances the cell
adhesive activity of RGD [9]. The a5B1 and the av33 integrin receptors have been shown to
mediate macrophage adhesion onto the biofunctional peptide sequence RGD that is ubiquitous in

ECM proteins such as collagen, laminin and fibronectin [10-12]. Antibody inhibition and epitope
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mapping studies for a5B1 integrin indicate that the binding site of the RGD sequence is on the
subunit while the binding site for the synergy sequence appears to be on the o subunit [13].
Though the RGD sequence proves important for macrophage adhesion and subsequent signaling,
the orientation 'by which this peptide sequence is presented to the macrophages also impacts cell
adhesion and function [14]. Moreover, FN-derived peptides on different surfaces, such as PEG-
based networks or TCPS, have shown to affect selected intracellular signaling events in
monocytes/macrophages, including protein tyrosine phosphorylation [15, 16].
Monocytes/macrophages exert important regulatory effects on immunoreaction,
inflammation and wound healing. Macrophages not only remove debris by phagocytosis but can
release a plethora of cytokines, growth factors, chemokines and enzymes, which can influence
tissue healing. Interleukin-1beta (IL-1pB) is a member of the IL-1 family which consists of two
agonists, IL-1a and IL-1p, a specific receptor antagonist called IL-1Ra, and two different IL
receptors. IL-1P is a major pleiotropic and pro-inflammatory cytokine which is mainly
synthesized by activated monocytes/macrophages. IL-1p influences the host response in the
presence of a foreign body, as well as cell proliferation, differentiation, apoptosis, inflammation
and wound healing [17]. The activity of IL-1p is affected by IL-1Ra which competes with IL-1f
for receptor binding but fails to activate cells [18,19]. The balance between IL-1p and IL-1Ra in
local tissues influences the physiologic or pathophysiologic effects of IL-1p. An excess amount
of IL-1 is related to the development of inflammatory and autoimmune diseases [22].
Macrophages not only direct the progression of inflammatory and immune response, and
the healing of the host response system [21-23] but also play a critical role in ECM remodeling
[24,25]. The ECM provides a microenvironment to mediate cell adhesion, proliferation and

differentiation [26,27] and macrophages interact with the matrix mainly by integrin receptors.
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Integrins also influence the expression of matrix metalloproteases (MMPs), a family of zinc and
calcium dependent proteolytic enzymes that play a critical role in ECM proteolysis and turnover
[28,29]. Human mononuclear phagocytes can directly modulate the ECM turnover by secreting
MMPs and MMP inhibitors, tissue inhibitor matrix metalloproteases (TIMPs) [21,28]. ECM
turnover by MMPs allows the removal of damaged tissue, vessel formation and cell migration,
which are all critical processes in the normal progression of wound healing [30]. There have
been studies on the relationship between the a5B1, avB3 integrin receptors and MMP-2/-9
[10,31-34]. MMP-2 and MMP-9 (or gelatinase A and gelatinase B, respectively) both degrade
gelatin and basement membrane and in vitro, they have been shown to have similar substrate
profiles [35]. However, most of the investigations have studied uveal melanoma, ovarian
carcinoma, and glioma cells. Few studies to date have focused on MMP-2 and MMP-9 regulation
in relation to integrin receptors using human monocytes/macrophages, especially those in the
presence of gelatin-based biomaterials.

Monocytes directly influence physiological conditions such as tissue remodeling,
inflammatory reactions, and wound healing and have been commonly observed at the
biomaterial-tissue interface [36]. Thus, it is crucial to understand the intricate molecular
mechanisms of macrophages, including the mechanism behind initial adhesion and the
subsequént protein and gene regulation of cytokines such as MMPs. In this study, we
investigated the hypothesis that B1 and B3 containing integrin receptors modulate monocyte
adhesion onto surface-immobilized biofunctional peptides.

PEG is extensively employed in pharmaceutical and biomedical applications as PEG has
low toxicity and good solubility in both aqueous and organic solvents [37-39]. Previously, we

have synthesized sIPNs composed of PEG derivatives and chemically modified gelatin as drug
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delivery and tissue engineering matrices [40-42]. The rationale of incorporating bioactive factors
such as RGD to biomedical materials is widely adapted to facilitate cell-material interaction.
However, these biofunctional molecules can also activate host inflammatory cells such as
macrophages. We have reported that the adhesive activity of monocytes was promoted by
gelatin-based sIPN immobilized with RGD [43]. In this study we extend our understanding of
the mechanisms behind monocyte interaction with biomaterials containing FN-derived peptides
and of the involvement of B1 or B3 containing integrins in the interaction. We hypothesized that
the biomaterial substrate, the sequence of the FN-derived peptide and the B1 or B3 containing
integrin receptors would modulate monocyte adhesion and the subsequent expression of IL-18
and MMP-2/-9 gene and protein. The elucidation of molecular mechanisms behind monocyte-
biomaterial interaction will provide a basis for clinical applications of the novel multifunctional
material. We also tested our hypothesis that the subsequent regulation of MMP-2 and MMP-9
protein and gene expression by monocytes would be upregulated in the presence of the gelatin
and PEG based sIPN, and that B1 and B3 containing integrin receptors would be involved in
modulating IL-1p and MMP-2/-9 protein and gene expression in the presence of sIPNs.

The hypothesis of investigating B1 and B3 containing integrin receptor-mediated adhesion
and subsequent IL-1p and MMP-2/-9 protein and mRNA expression described above is outlined
in Figure 2-1. Results from this study are analyzed to assess the interaction of ECM-derived
peptide grafted sIPNs with integrins and the subsequent effects on cytokine release from

monocytes.
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Figure 2-1. Integrin mediated adhesion and subsequent gene and protein expression.

2.2 Materials and Methods

2.2.1 Synthesis and characterization of gelatin-based sIPN grafted with

PEGylated ECM-derived peptides

Synthesis and characterization of gelatin-based sIPN have been previously described
[43]. The modification of PEG functional groups to conjugate ligand-PEG onto the gelatin
backbone is outlined in Figure 2-2. Briefly, PEGylated ligand gelatin was synthesized by first
converting the terminal alcohol groups of polyethylene glycol (2 kDa) alcohol to ethylacetate
then to carboxylic acid. Bis-COOH-PEG was characterized using a reverse-phase column
(Alltech, Inc., Nicholasville, KY) on an HPLC system (Gilson, Inc., Middleton, WI) coupled

with a UV/Vis and an evaporative light scattering detectors. Both carboxylic acid groups of bis-
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COOH-PEG were then reacted with N-hydroxysuccinimide (NSu) and N, N’-
dicyclohexylcarbodimiide (DCC) to form PEG-bis-N-hydroxysuccinimide (PEG-bis-NSu).
Triglycine (GGG) (Bachem, King of Prussia, PA, 99% purity) for control peptide, RGD or
PHSRN (Univérsity of Wisconsin Biotechnology center, 98% purity) were grafted onto one of
the two terminal groups to form N-hydroxysuccinimide-PEG-ligand. The remaining N-
hydroxysuccinimide of the ligand-PEG was grafted onto gelatin. This was done by adding 1.5
eq. mol of peptide followed by dropwise addition of 1.5 eq. mol of N, N-diisopropyl ethylamine
(DIPEA). The whole protein FN (Sigma-Aldrich) was not conjugated onto the bis-NSu -PEG as
the molecular weight of FN was 225 times greater than the PEG used and the PEG molecules
would be likely entrapped within the protein structures during conjugation. The remaining NSu
of the ligand-PEG was grafted onto gelatin. This was carried out by adding one eq. mol of NSu-
ligand-PEG to 1% gelatin in PBS and stirring at pH 8.0 for 1 h. A pressurized ultrafiltration
system (Millipore, Bedford, MA) with a 30 kDa membrane filter under nitrogen at 60 psi was
used to separate peptide-PEG grafted gelatin and to filter out residual unreacted side product.
Methoxy-PEG modified gelatin was synthesized in a similar scheme, but monomethoxy PEG
(mPEG) of 2 kDa was employed as the starting material rather than PEG diol 2 kDa without
peptide conjugation. The degree of peptide-PEG grafted onto the lysyl residues of the gelatin
backbone was analyzed via a well-established method based on trinitrobenzenesulfonic acid-
based spectrophotometry [44]. The percent modification (n=3) for modified gelatin was 91-96%
for MPEG-gelatin, 82-89% for GGG-PEG-gelatin, 65-78% for RGD-PEG-gelatin, and 72-92%

for PHSRN-PEG-gelatin.
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Figure 2-2. Schematic outline of peptide-PEG-modified gelatin synthesis.

Peptide-PEG-modified gelatin was also characterized with 'H-NMR. All samples of
modified gelatin contained PEG and gelatin, and thus all modified gelatin samples exhibited
prominent PEG peaks approximately at 3.67 ppm. In addition, all 'H-NMR spectra from

modified gelatin samples displayed peaks from gelatin, which included a group of broad,
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asymmetrical peaks spanning from 0.885 ppm to 4.803 ppm, a broad doublet peak at 7.250 ppm
and a sharp peak at 8.411 ppm. In addition to those peaks, GGG-PEG-gelatin showed a triplet at
4.07 ppm while RGD-PEG-gelatin displayed an overlapped doublet of triplet peaks at
approximately 1.36 ppm, a broad group of peaks at 1.40 ppm, a peak at 2.79 ppm, at 2.87 ppm,
at 3.03 ppm, and two overlaid triplet peaks at approximately 3.38 ppm. For PHSRN-PEG-
gelatin, groups of broad peaks were observed at approximately 1.6, 1.8, 1.9, 3.2, 4.3, 4.4, and 7.1
ppm from the addition to the gelatin and PEG peaks. These results were consistent to and
outlined in more detail in our previous study [45]. Table 2-1 summarizes the "H-NMR chemical

shifts for RGD and RGD-PEG grafted gelatin.

Table 2-1. '"H-NMR chemical shifts for RGD and RGD-PEG grafted gelatin

Chemical Shifts of Designated Hydrogen (in Superscript)

nCHa H® H® H® - H® H® HY Chemical Group
. 40 196 1.73 296 37 41 325 HO__O
Tl Y N TN N ey
3/ H NH 3 H
oHob
365" 335 14 1.36 287 3.03 3.38 279 HO._.O g -
o i 2 1g0 @ I
(‘f)]\ T N W@j} H NHz
o” o
(CHCH;0)y-Gelatin

sIPNs were made by mixing the ligand-PEG-gelatin with polyethylene glycol diacrylate
(PEGdA) (575 Da, Sigma, St. Louis, MO) with 2,2-dimethoxy-2-phenyl-acetophenone initiator
(0.1 wt% of the initiator in the final mixture). sIPNs were made in 4:6 modified gelatin: PEGdA
weight ratio, poured over Teflon® molds and crosslinked with UV light (maximal intensity at
365 nm, 21,700 uW/cmZ, UVP, model B 100AP) for 5 min. sIPNs were y-irradiated (1 MRad)

for sterility prior to cell culture. sIPNs were placed in 48-well TCPS (BD Falcon®) plates and
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incubated with Roswell Park Memorial Institute 1640 (RPMI 1640) (Mediatech, Inc, Herndon,
VA) medium at 37°C and 5% CO, for 24 h prior to monocyte seeding. To quantify the peptide
surface density, the amount of RGD on the sIPN was measured by a modified protocol based on

an indirect ELISA method described in more detail in Chapter 3, section 3.2.1 and 3.3.1 [46].

2.2.2 Preparation of glutaraldehyde fixed gelatin hydrogel and ligand

adsorbed TCPS

To examine the effects of gelatin on monocyte adhesion and protein and mRNA
expression, glutaraldehyde fixed gelatin was synthesized per established procedure [40]. Briefly,
10 wt % gelatin (type A: from porcine skin, 300 bloom, cell culture tested, Sigma-Aldrich) was
dissolved in ddH,O and heated to 70°C while stirring for 10 min, cooled overnight, cut into discs
(0.7 mm dia x 0.8 mm thick) and fixed with 0.1% glutaraldehyde for 7 h. The discs were rinsed
with sterile ddH,O for 3 days under constant stirring to leach out all glutaraldehyde. The
hydrogels were incubated with RPMI 1640 at 37°C and 5% CO; for 24 h prior to cell seeding.

To evaluate the effect of ligands presented via a flexible PEG linker, peptides were also
adsorbed onto TCPS plates. FN or FN derived peptides, i.e., G3, RGD or PHSRN, were adsorbed
onto 48-well TCPS plates at a 1 pmole/ml concentration in PBS for 24 h then the wells were
rinsed twice with PBS prior to seeding monocytes. For non-ligand treated TCPS surface, PBS

without ligands were added 24 h prior to cell seeding.

2.2.3 Monocyte culture and adhesion assay

Human primary monocytes were isolated from citrated whole blood of healthy adult

volunteer according to an established density gradient, nonadhesion method [47]. In culture
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conditions, previous studies had confirmed that monocytes express both $1- and B3-containing
integrins [50]. Freshly isolated cells were seeded onto each surface, i.e. TCPS and sIPN, at a
concentration of 10° cells/ml in RPMI 1640 medium plus 10% autologous serum at 37°C and 5%
CO;. Isotype and endotoxin tested mouse anti-integrin p1 monoclonal antibody (JB1A) or anti-
integrin B3 monoclonal antibody (B3A) (Chemicon International, Temecula, CA) was used for
integrin blocking study. Integrin blocking was done by incubating freshly isolated monocytes at
37°C for 30min at a concentration of 50 pg/ml of antibody under gentle agitation (approx. 30
rpm on a battery-powered bidirectional rotator in a 37°C, 5% CO, incubator) [47]. With the same
protocol, mouse monoclonal IgG1 (Chemicon International, Temecula, CA) was used to confirm
the specificity of anti-integrin antibody. As the complete differentiation of cultured monocytes
into macrophages occurs in approximately one week, the nomenclature “monocyte” is used
throughout this study [49,50]. At 2, 24, 96 and 168 h, supernatants were collected for IL-1f
protein assessment with commercial ELISA kit (Raybiotech, Inc., Norcross, GA). ELISA was
carried out according to manufacturer’s instruction. The sensitivity of the kit for IL-1f protein
was 0.3 pg/ml. After the supernatants were collected at each time point, samples were washed
twice with RPMI medium to remove nonadherent cells and cellular debris. The adherent
monocytes were either continuously cultured with new RPMI plus 10% autologous serum or
lysed with TRIzol® reagent (Invitro gen™, CA) for RNA isolation or imaged using a computer-
assisted video analysis system (Metamorph v4.1) coupled to an inverted microscope (Nikon,
Eclipse TE 300). The monocytes in sIPN samples were stained with Wright’s stain before

quantification of adherent cell density.




48

2.2.4 Monocyte mRNA analysis with RT-PCR

All reagents employed in RT-PCR assays were purchased from Bio-Rad, USA, unless
indicated otherwise. Adherent cells were lysed with TRIzol® reagent (Invitrogen™, CA) for RT-
PCR analysis. The DNA sequence database from NCBI (Bethesda, MD) was used to obtain
oligonucleotide primers. Primer sets were designed using the Primers3 Output computer program
(Whitehead Institute for Biomedical Research, Cambridge, MA, USA) which offers the
possibility of selection based on G/C content, melting temperature and PCR product size. NCBI
BLAST program was used to check the specificity of the primer sequences. Table 2-2 below
outlines the primer sequences and the product size.

Table 2-2. Oligonucleotide primer sequences used for RT-PCR and expected PCR product sizes.

Product
mRNA Sense primer (5° - 3°) Antisense primer (5° - 3°) size (bp)

MMP-2  AGGATCATTGGCTACACACC AGCTGTCATAGGATGTGCCC 535

MMP-9 CGCAGACATCGTCATCCAGT GGATTGGCCTTGGAAGATGA 406

IL-1B GAATCTCCGACCACCACTACA CAACACGCAGGACAGGTACA 416
B-actin AGGCATCCTCACCCTGAAGTA AGCCTGGATAGCAACGTACA 229

A modification on the Chomczynski and Sacchi method [51] was carried out to isolate
total RNA from adherent monocytes. The quality of the purified RNA was tested by 1.5%
agarose gel/ethidium-bromide staining with a 260/280 nm absorbance ratio. For cDNA synthesis,
RNAse-free DNAse (Sigma, MO) was used to treat the RNA before being reverse transcribed
with Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen™, CA).
Amplification of cDNA was done in a 25 pl PCR mixture containing 1x reaction buffer (Sigma,

MO, USA), 0.24 uM of each primer, 0.2 mM of each ANTP, and 0.75 U RedTaq DNA
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polymerase (Sigma, MO). The PCR was started at 94°C for 3 min, after which followed 35
cycles for IL-1B, MMP-2/-9 and B-actin. A denaturation step (at 94°C for 30 sec), an annealing
step (at 62°C for IL-1B and 56°C for B-actin) and an extension step (at 72°C for 1 min), and a
final elongatioh step (at 72°C for 7 min) took place at each cycle. The PCR reaction was
performed in iCycler thermal cycler. 15 pl of the amplified products were electrophoresed on
1.5% agarose gel containing ethidium-bromide (0.5 pg/ml) and visualized under ultraviolet light.
Contamination from genomic DNA was checked for with RT-PCR containing RNA but not M-
MLV reverse transcriptase. The Scion imaging program (Frederick, Maryland, USA) was used to
quantify the band density in the gels. PCR analysis was carried out for sIPN samples at 2, 24 and
96 h. At 168 h there were too few adherent monocytes left on the sIPN for isolating RNA. The
level of IL-1p mRNA expression for each sample was normalized to B-actin.

PCR analysis was carried out for sIPN samples at 2, 24, and 96 h and the level of IL-1,
MMP-2/-9 mRNA expression for each sample was normalized to B-actin. mRNA levels in
primary monocytes on different sSIPNs were compared within each time point. Ligand identity
and ligand mobility’s role in intracellular events was of primary focus for this study and thus
PCR analysis was not carried out on TCPS samples in which the effect of adsorbed proteins
might be more pronounced. As the primary cell source was limited, RT-PCR analysis for sSIPN
samples without antibody pretreatment was carried out for one sIPN sample per ligand at all time

points and thus was not subject to statistical analysis.

2.2.5 Statistical Analysis

Monocyte adhesion data (n=3) and ELISA data (n=3) were analyzed by two-way analysis

of variance and Tukey post testing (SigmaStat v2.03, USA), p < 0.05 was considered
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significantly different. RT-PCR data (n=2) from the individual sIPN at each time point were
compared to the transcriptional level of IL-13 mRNA at 2 h. RT-PCR for the group without
antibody pretreatment and the group with antibody pretreatment (n=1 and n=2 respectively) were
not statistically tested due to low sample number and the antibody pretreated groups were

expressed as mean * standard error.

2.3 Results

2.3.1 Monocyte adhesion onto sIPN via 1 and B3 containing integrin

receptors

Monocytes adherent density declined over time, characteristic of primary,
nonproliferating cells. At 2 and 96 h, adherent monocyte density on RGD-adsorbed TCPS was
significantly greater than adherent density of PBS or GGG treated TCPS samples. There was a
decreasing trend in adherent cell density for all ligand-modified TCPS with culture time,
especially from 2 to 24 h. Between 24 and 96 h this decrease was less significant and at 168 h,
adherent monocyte density on all modified TCPS surfaces were detected at low levels compared
to previous time points (Table 2-2). After either anti-integrin 1 or B3 antibody pretreatment
there was a decrease in monocyte density on all ligand-treated TCPS compared to those
monocytes without antibody pretreatment on TCPS modified with the corresponding ligand at all
time points. Anti-integrin B3 antibody had a stronger inhibitory effect on monocyte adhesion
than anti-integrin f1 antibody. After IgG1 antibody pretreatment, the cell density on all TCPS
surfaces was comparable to that of that of monocytes without pretreatment on TCPS at 2 h.

However, at 24 and 96 h a more dramatic decrease in cell adhesion of cells pretreated with IgG1
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compared to those without antibody or IgG1 pretreatment was observed. At 168 h there were no

adherent cells on TCPS among the IgG1 pretreated samples (Table 2-3).

Table 2-3. Adherent monocyte density (cell/mm?) on TCPS treated with various ligands and on
glutaraldehyde fixed gelatin at 2, 24, 96, and 168 h of culture.

Culture Time:

Surfaces/Ligand Treatment 2h 24 h 96 h 168 h
No Antibody Pretreatment
No Ligand Treatment 1536 + 242 809 + 85 562 + 43 21+ 10
GGG 2109 + 624 860 + 161 648 + 63 90 + 85
RGD 2627 + 546" 929 + 150 958 95"  184+98
PHSRN 2000 + 782 1047 + 261 721 +239 90 + 90
FN 2352 +238 864 + 106 728 + 150 42 +£26
Glutaraldehyde Fixed Gelatin Hydrogel 266 = 153' 415 +215° 304 + 14 278 £ 73"
Anti-Integrin Betal Pretreated
No Ligand Treatment 1380 + 44§ 137 + 35*§ 17 + 3* 6+ 2%
GGG 1489 + 67§ 283 + 63*§ 5+ 3% 8+ 0*
RGD 1491 + 76*§ 359 + 39%§ 10 + 2% 8 + 0%
PHSRN 1587 + 113* 467 + 112*§ 10 + 2% 7+ 2%
FN 1244 + 61* 346 + 74* 8+ 3* 7+ 2%
Glutaraldehyde Fixed Gelatin Hydrogel 228+ 101" 25+18 179 + 32" 92 + 22"
Anti-Integrin Beta3 Pretreated
No Ligand Treatment 774 £ 184* 25 +22* 6+ 2% 0+ 0*
GGG 1007 +£ 111* 155 £ 77* 15 + 2% 4+ 2%
RGD 1143 + 83* 293 + 43* 11+ 0* 6+ 3*
PHSRN 1203 + 60* 393 + 19* 19 + 6% 4+ 2%
FN 1235 + 68* 341 + 72% 22+ 3* 6 + 0*
Glutaraldehyde Fixed Gelatin Hydrogel 189 + 166 115+ 72" 122+ 70" 106+ 52"
Immunoglobulin G1 Pretreated
No Ligand Treatment 2545 + 289 285+50° 19+5° 00!
GGG 2178 +322 221 £ 991 15+ 31 00
RGD 2174 + 337 127 + 281 15+ 31 00!
PHSRN 2112+ 418 163 £ 731 13+3° 0+0'
FN 1940 + 324 187+ 62 15+31 0+0°

all values expressed as mean + s.e.m; n=3 (p < 0.05)
* significantly different from the corresponding TCPS surface without antibody or IgG1 treatment within time point
¥ significantly different from TCPS without ligand treatment

§ significantly different from (33 anti-integrin antibody treated monocytes within time point
! significantly different from corresponding TCPS surface without antibody or IgG1 pretreatment within time point at p<0.001
* significantly different from corresponding glutaraldehyde fixed gelatin surface without antibody treatment (within time point)
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To further probe the role of integrin B1 and B3 subunits in mediating monocyte adhesion
onto the sIPN, we investigated the cell adhesive activity of monocytes pretreated with or without
anti-integrin B1 or B3 antibody on sIPNs. Monocyte density on the sIPN was highly dependent
on the presencé of RGD. At 2 and 24 h, there were significantly higher monocyte cell densities
on sIPN grafted with RGD than other sIPNs, especially compared to MPEG grafted sIPN, where
cell density was the lowest among all sSIPN samples. At 96 h monocyte cell densities on sIPN
grafted with RGD was still significantly higher than sIPN grafted with MPEG or GGG but lower
than sIPN grafted with PHSRN. At 168 h the adherent monocyte numbers on all sIPNs were
comparable (Table 2-4). Compared to corresponding ligand-treated TCPS surfaces, the cell
density on each sIPN was lower at all time points, with the exception of sIPN grafted with RGD
at 24 h. Over the culture time a decrease in cell densities was observed at 96 h. Pretreatment of
monocytes with either anti-integrin $1 or B3 antibody had a similar effect on monocyte adherent
density in the presence of sIPNs. Pretreatment with antibody significantly decreased the
monocyte adhesive activity on sIPN conjugated with RGD or PHSRN, but this decrease was not
observed with sIPN grafted with MPEG. IgGl1 pretreatment did not affect the monocyte density
on RGD immobilized sIPN. Similar to monocytes without pretreatment of antibody, the samples

in the presence of RGD had a greater cell density than other sIPNs at all time points (Table 2-4).
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Table 2-4. Adherent monocyte density (cell/mm?®) on sIPN with various immobilized ligands at
2, 24, 96, and 168 h of culture.

Culture Time:

_Anti-Integrin Betal Pretreated

_Surfaces/Immobilized Ligand 2h 24h 96 h 168 h
No Antibody Pretreatment
Methoxy 99 36+ 10 83+ 55 66+ 5
GGG ’ 340 £ 133 320+ 106 114+ 51 74 + 40
RGD 1237 £470" 1398 + 504" 147 + 69 125+ 59
PHSRN 680 + 287 643 £ 264 332 +309 69 + 34

Methoxy 142 + 59 65 £ 20 51+26 7 + 4*
GGG 187 + 150 116 +41 54 +39 0+ 0%
RGD 151+ 39* 85+ 12% 32+ 12¢ 9+ 4*
PHSRN 151 + 44* 194 + 88* 14 + 3* 18 + 8*
Anti-Integrin Beta3 Pretreated
Methoxy 96 £+ 56 77+ 8 36£22 6+ 4*
GGG 117 &7 66 + 44 28+ 3 8+£0*
RGD 145 £ 75* 100 + 47* 64+ 17* 15 & 6*
PHSRN 229 + 163* 116 £13* 62 + 4* 943
- Immunoglobulin G1 Pretreated
Methoxy 49+ 10 84+ 19 90 £ 11 3011
GGG T2 T 178 £ 28 T2E07 517
RGD 1086 + 407" 622 + 38" 484 + 162" 59 + 44
PHSRN 418 £ 87 183 + 31 117+£8 24+9

all values expressed as mean + s.e.m.; n=3

T significantly different from methoxy-PEG grafted sIPN at p<0.05

* significantly different from corresponding sIPN surface without antibody or IgG1 pretreatment within time point
at p<0.05




54

2.3.2 Monocyte IL-1p protein and mRNA expression on sIPN: the role of p1
and B3 containing integrins

There was a difference in IL-1P in secretion pattern between monocytes on ligand
modified TCPS and on sIPN over time. IL-1 levels from modified TCPS samples were
comparable to those of sSIPN samples at 2 h, and concentrations decreased over time. IL-1
protein concentrations across different ligand treated TCPS surfaces were comparable at each
time point (Table 2-5). After pretreatment with anti-integrin B1 or B3 antibody or IgG1, IL-1B
levels were generally low compared to those without antibody pretreatment at 2 and 24 h. Ther;
was no detectable IL-1p protein at 168 h from the samples with antibody pretreatment. At 96 h,
however, there were higher IL-1p levels from monocytes pretreated with anti-integrin 1

antibody in the presence of PHSRN and FN modified TCPS compared to other ligand treated

TCPS surfaces. Increased IL-1p levels were also observed from samples pretreated with anti-

integrin B3 antibody on GGG and RGD modified TCPS (Table 2-5).
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Table 2-5. IL-1p protein levels in the supernatant of monocytes cultured in the presence of

ligand pre-adsorbed TCPS.

Antibody  Surface
Pretreatment = Ligands Culture Time (h)
2 24 96 168
None PBS 35+20015+£003] 39+2 [021+0.19] 224+£9 [0.27 £0.10] 13 + 7 [4.76 +2.54]
GGG 34+ 4011+002] 40+ 14 [033+0.16] 21+5 [0.22 + 0.06] 13 + 8 [2.03+2.24]
RGD 40+ 110100021 36+ 10 [0.26+0.08] 27+ 13  [0.19+0.08] 13 + 91(0.57+0.39]
PHSRN 39+ 00140051 36+4 [0.24%0.08] 20+ 6 [0.22+0.15] 13 £ 9 225+2381]
FN 35+27010+001] 40+ 190324017 23+ 11  [021£007] 12 + 7 244 +2.02]
IgG1 PBS 21 £21006+001] 22+ 11 [0.56+0.38] ND ND
RGD 19 £ 4 [0.06 +0.02] 14+ 5 [0.80+046] ND ND
FN 28 + 2[0.10 +0.04] 18 +£2 [0.70+0.29] ND ND
Anti- PBS 17+ 1 [0.08+001] 15+ 1 [0.76+0.18] ND ND
Integrin p1 GGG 17+ 0 [007£001] 18+ 1 [045+0.12) ND ND
RGD 18 £ 0 (0100021 21 +5 [0.08+0.00] 28 £ 35  [17.62+20.53] ND
PHSRN 22 +3 0090021 20%2 [029+006] 101 £26 [72.97+32.37] ND
FN 23 £2*0.12+002] 18 £ 3 [037x011] 142+ 32 [128.16+73.04] ND
Anti- PBS 18 £ 41017+008] 22+6 [9.83+7.58] ND ND
Integrin B3 GGG 21 £ 00140021 21 x4 [126+1.09] 44 + 10 [19.80+3.85] ND
RGD 17 + 3 [0.10£0.02] 19+ 5 [045+0.16] 58 £ 14 [35.00+8.37] ND
PHSRN 24 +3013+001] 25+ 3 [0430.07] ND ND
FN 21 £ 1011000 24+ 1 [048+0.07] ND ND

IL-1P protein concentration (pg/ml) is shown as mean + s.e.m, n=3. IL-1f protein amount per

cell (fg/cell) normalized to supernatant volume is expressed as mean + s.e.m, n=3, in brackets

“[ 1. Data was analyzed by two-way ANOVA.

* Significantly different compared to the same pretreatment PBS control within respective time

point (p < 0.05)

ND: not detectable (below 0.3 pg/ml)
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At 2 h, IL-1B levels from monocytes without antibody pretreatment were lower than
those from 24 and 96 h in the presence of sIPNs. IL-1p concentrations peaked at 24 h and
decreased over time after 24 h. Individual ligands did not affect IL-1f protein expression as IL-
1B levels from different sIPNs were comparable (Table 2-6). Pretreatment with anti-integrin 1
antibody strongly reduced IL-1p protein expression from monocytes on sIPNs at 24, 96 and 168
h compared to protein levels from sample without antibody pretreatment in the presence of sIPNs
(within respective ligand and time point). This decreasing trend was more surface rather than
ligand dependent as IL-1p levels from different SIPNs were still comparable at each time point.
In other words, monocyte IL-1 expression was similar across those in the presence of TCPS and
those in the presence of sIPNs, regardless of peptide adsorbed or ligand conjugated, respectively.
IL-1PB concentration also peaked at 24 h with anti-integrin B1 antibody pretreatment though the
concentrations were significantly lower than those without antibody pretreatment (Table 2-6).
Anti-integrin B3 antibody pretreatment more strongly inhibited IL-1p expression in monocytes in
the presence of all sSIPNs compared to anti-integrin f1 antibody pretreated samples. Pretreatment
with IgGl1 also inhibited IL-1B expression in monocyte on sIPNs. At 2 and 168 h the inhibition
was almost complete for each sample on sIPN. However, at 24 and 96 h the suppressive effect of
IgG1 was much less on IL-1p expression in monocytes on GGG and RGD grafted sIPNs (Table

2-6).
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Table 2-6. IL-1p protein levels in the supernatant of monocytes cultured in the presence of sIPN

with various covalently-immobilized ligands

Antibody Surface
Pretreatment Ligands Culture Time (h)
2 24 96 168
24+ 1 540 + 197 77 £ 18 10+£2
None MPEG  [428+0388] [15.65 % 0.88] [5.87 +2.76] [1.13%0.11]
60 + 23 816 £ 60 67 £ 15 12+£3
GGG [1.37+0.85] [17.96 + 4.52] [3.36+ 1.61] [1.38 % 0.66]
36 + 20 671 + 147 52+6 8+3
RGD [0.24 +0.22] [3.36+0.73] [2.14%0.17] [0.60 +0.31]
40+ 10 475+ 310 76 + 31 14+2
PHSRN [042+0.11] [3.53 + 3.08] [1.26 + 1.07] [1.40 £ 0.70]
64 + 79 6 £ 5=
IgG1 MPEG ND [5.63 + 7.08] [0.37 % 0.42] ND
0.4+0.2 282+ 162 50+ 32 0.7 £ 0.2%*
GGG [0.04  0.03] [60.56 + 75.62] [4.37 + 2.50] [0.10+0.04]
390 & 27*x 390+ 12
RGD ND [20.27 + 10.83] [0.55+0.05] ND
0.6+0.4 71+ 8
PHSRN  [0.01 +0.01] [4.01 £0.17] ND ND
3 : 40+ 20 129 + 108++ O + Dxx 2+1
Anti-Integrin f1  MPEG  [2968+1899]  [6.12+5.84] [38.33 £ 19.41] [55.14 % 38.61]
21 =10 133 &+ 134+« 1+ 1 1+0
GGG [60.62+2832]  [7.29+2.96] [478.12£466.94]  [57.14%41.23]
14+3 194 4+ 97« 16 £ 7= 1+£0
RGD [73.72£2923]  [3.98+3.20] [16.51 £9.91] [11.07 % 7.89]
48 £ 16 197 4 92« 12 £ 7= 1£0
PHSRN 21344383 [6.91 + 1.73] [11.07 + 7.89] [109.92 +22.21]
; : 6+5 8+ 7w 0 £ 0= 1+0
Anti-Integrin 3 MPEG  [056+043) [0.47 £ 0.60] [0.11 %0.12] [5.02 + 6.46]
4+2 9 + G’ 4+ 3w 1+2
GGG [0.16 £ 0.09] [0.48 % 0.59] [1.04 + 0.89] [1.13 + 1.40]
6+1 28 + 13 34 2 1+1
RGD [0.32+0.16] [2.0441.13 [0.35 + 0.24] [0.43 +0.34]
8+2 15+ 1% 4 + Dxx 1+£1
PHSRN 0371036 [0.85 +0.10] [0.44 + 0.34] [1.01% 1.17]

IL-1B protein concentration (pg/ml) is shown as mean + s.e.m, n=3. [L-1f protein amount per
cell (fg/cell) normalized to supernatant volume is expressed as mean + s.e.m, n=3, in brackets

“[ 1. Data was analyzed by two-way ANOVA.

= Significantly different from corresponding sIPN surface without antibody treatment within
respective time point: p < 0.001 :

' Significantly different from B1 pretreated antibody groups from the corresponding surface and
respective time point. p < 0.05

ND: not detectable (below 0.3 pg/ml)
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As the effects of ligands were more pronounced with sIPN than TCPS samples, the
transcriptional level of IL-1p in adherent monocytes on sIPN modified with various peptide
ligands were characterized with RT-PCR. For monocytes without antibody pretreatment, the
highest level of IL-1B mRNA was at 2 h and decreased through 24 h and 96h, and only a trace
amount of IL-1 mRNA was detected at 96 h. There were no significant differences in mRNA
expression across ligands within respective time points for samples without antibody
pretreatment and thus not marked on Figure 2-3. Similar trends were observed for IgG1
pretreated samples (i.e., decrease over time in IL-13 mRNA after 2 h). However, IL-13 mRNA

levels from MPEG grafted sIPN samples increased 4-fold at 24 h with IgG1 pretreatment (Figure

2-3A-D).
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Figure 2-3. IL-1 mRNA expression of cells on MPEG (A), GGG (B), RGD (C) and PHSRN

Culture time (h)

(D) modified sIPN without antibody pretreatment (open bars), with IgG1(hatched bars), or anti-
integrin 1 antibody (dotted bars), or with anti-integrin B3 antibody pretreatment (striped bars)

The expression levels of IL-1 mRNA were normalized to -actin.

The effect of antibody pretreatment on IL-13 mRNA expression in adherent monocytes
was different with the identity of the ligand grafted onto sIPNs. With anti-integrin 1 antibody
pretreatment, IL-1 mRNA from MPEG grafted sIPN samples increased from 2 to 24 h.
However, with GGG, RGD or PHSRN grafted sIPNs, there was a slight downregulation of IL-1

mRNA. Only a trace amount of IL-1 mRNA was detected by 96 h for all ligand-grafted sIPN
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samples. Pretreatment with anti-integrin B3 antibody also led to different IL-1f mRNA levels
according to ligand. All ligand-grafted sIPN samples yielded similar IL-1f mRNA levels at 2 h,
and a trace amount of mRNA at 96 h. However, at 24 h, for MPEG or PHSRN-grafted sIPNs, IL-
1 mRNA incréased while mRNA decreased at 24 h for GGG or RGD-grafted sIPNs.

IL-1B mRNA levels were plotted with IL-1f protein expression in Figure 2-4 for
comparison. Samples with no antibody pretreatment showed a gradual decrease in IL-1p mRNA
expression from 2 to 96 h, but showed increased IL-1p protein expression from 2 to 24 h,
followed by a decrease from 24 to 96 h. The change in IL-1p mRNA levels for anti-integrin p1

or B3 pretreated samples did not correlate with the changes in protein concentrations within the

same group and ligand.
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Figure 2-4. IL-1p mRNA and IL-1p protein expression in the presence of sIPNs (from samples
with different antibody pretreatments) plotted over time for comparison. IL-1p mRNA
expression of cells with anti-integrin 1 or B3 antibody pretreatment did not correlate with IL-1
protein levels. The expression levels of IL-18 mRNA were normalized to B-actin.

Open bars: MPEG modified sIPN; hatched bars: GGG modified sIPN; dotted bars;: RGD

modified sIPN; black bars: PHSRN modified sIPN.
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2.3.3 Monocyte MMP-2/-9 protein and mRNA expression on sIPN: the role of
B1 and B3 containing integrins
To characterize MMP-2/-9 protein secretion of monocytes, MMP-2/-9 concentrations
were measured via ELISA at 2, 24, 96 and 168 h from all TCPS, sIPN and glutaraldehyde fixed
gelatin hydrogel samples. From 2-168 h, MMP-2 was undetectable (below 140 pg/ml) from
TCPS and glutaraldehyde fixed gelatin hydrogel samples (Figure 2-5A-D). In the presence of all
TCPS surfaces and glutaraldehyde fixed gelatin hydrogel, MMP-9 protein concentration was
detected at a range of 1406 to 1926 pg/ml at 2 h, but from 24-168 h, concentrations from TCPS
samples were over the maximum detectable level (6000 pg/ml). MMP-2 concentrations in the
presence of glutaraldehyde fixed gelatin hydrogel were more comparable to that of TCPS
samples than sIPN samples. In various ligand-PEG grafted sIPN, high MMP-2 concentrations of
approximately 11,000 pg/ml were detected at 2 h, which were decreased 10-fold by 24 h and
concentrations did not significantly change by 96 h (Figure 2-5A,B,C). By 168 h, however,
MMP-2 concentrations were approximately 200 pg/ml (Figure 2-5C and D). MMP-2
concentrations from sIPN samples did not statistically differ across ligands within each time
point from 2-96 h. MMP-9 concentrations in the presence of all sIPN surfaces were over the
detectable limit at all time points except at 24 h, where concentrations in the range of 1133 to
2387 pg/ml were measured. At 24 h, MMP-9 was measured with the lowest MMP-9

concentration for GGG-PEG grafted sIPN compared to all other ligand-PEG grafted sIPN.
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Figure 2-5. MMP-2 (o ) and MMP-9 (m) expression levels in human monocytes without
antibody pretreatment adhered to various surfaces at 2 h (A), 24 h (B), 96 h (C) and 168 h (D)
(mean + s.e.m, n=3). Undetectable values are plotted as 140 pg/ml for under detectable limit ( Uy
or as 6000 pg/rﬁl for over the detection limit ( 1), shown for visual representation. +

Significantly different from methoxy-PEG grafted sIPN at p<0.001.

Statistical analysis of MMP-2 protein concentrations from TCPS samples at 24 h, from
sIPN samples at 2, 24, and 96 h, and analysis of MMP-9 concentrations from TCPS samples at 2
h, and from sIPN samples at 24 h, suggested that MMP-2/-9 protein concentration in the
microenvironment may be influenced more by the substrate surface, in contrast to monocyte
adherent density in which ligand identity played a more significant role.

MMP-2/-9 protein concentrations from TCPS and sIPN samples were normalized to
adherent cell densities and presented in Tables 2-7 and 2-8, respectively. As MMP-2 protein
concentrations from all TCPS samples at all time points were under the detectable concentration
of 140 pg/ml, concentrations were not normalized to adherent cell density. In the presence of
TCPS, monocyte MMP-9 production from each ligand samples was similar from 2-96 h. In the
presence of sIPNs, monocytes in the presence of methoxy-, GGG-grafted sIPN samples appeared
to secrete more MMP-2 protein per cell compared to other ligand-grafted sIPNs at 2 and 24 h.
Correlating the MMP-2/-9 protein concentrations with normalized protein concentrations
suggested that MMP-2/-9 concentrations within the microenvironment was regulated at specific

levels as a function of time.
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Table 2-7. MMP-2 and MMP-9 protein concentrations over time normalized to a per cell basis in

the presence of TCPS.

: Culture Time (h):
Surfaces/Ligand Treatment 2 24 96 168
MMP-2 Concentration (pg/ml)* * * * *
MMP-2 Concentration (pg/cell)* * * * *

MMP-9 Concentration (pg/ml)

PBS 1571 £402 OD OD OD
GGG 1546 + 141 OD OD OD
RGD 1406 + 158 OD OD OD
PHSRN 1926 + 681 OD OD OD
FN 1706 + 476 OD OD OD
MMP-9/adherent cell (pg/cell)
PBS 0.7+0.1 >4.9 >7.1 >145
GGG 04+0 >4.6 >6.2 >37
RGD 03+0 >4.3 >4.2 >8.2
PHSRN 05+£02 >3.8 >5.5 82
FN 03+0.1 >2.2 >1.4 >11

*All samples from TCPS contained no detectable amount of MMP-2 and thus neither the concentration

nor the concentration normalized to adherent cell density is displayed.

OD = over the detection limit of the ELISA kit, 6000 pg/ml. OD was treated as 6000 pg/ml when
normalizing to adherent cell density and thus the concentrations for MMP-9/adherent cell (pg/cell) are

expressed as >value).
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Table 2-8. MMP-2 and MMP-9 protein concentrations over time normalized to a per cell basis in

the presence of sIPNs.

Culture Time (h):

Surfaces/Ligand Treatment 2 24 96 168
MMP-2 Concentration (pg/ml)
Methoxy 13905 + 588 1328 +£794 1441+ 879 544 + 700
GGG 12346 + 2387 1153+ 615  2244+1589 342 +350
RGD 10625 + 1938 1028+396 1787+ 1185 ND
PHSRN 11003 + 2307 650+ 129  1731+472 ND
MMP-2/adherent cell (pg/cell)
Methoxy 239+ 10 25£15 1247 67
GGG 24+5 241 13+9 3+3
RGD 5% 1 0.5+0.2 8+5 <1
PHSRN 11+2 0.7+0.1 3+1 <1
MMP-9 Concentration (pg/ml)
Methoxy OD 1935+ 173 OD OD
GGG OD 1133+ 119 OD OD
RGD OD 2023 £ 415 OD OD
PHSRN OD 2387 + 149 OD OD
MMP-9/adherent cell (pg/cell)
Methoxy >103 36+3 >48 >61
GGG >112 2402 >35 >54
RGD >3 1+£9.2 >27 >48
PHSRN >6 2201 >12 >59

ND = not detectable due to the sensitivity of the ELISA kit (below 140pg/ml). ND was treated as 140

pg/ml when normalizing to adherent and thus the concentrations for MMP-2/adherent cell (pg/cell) are

expressed as <value).

OD = over the detection limit of the ELISA kit, 6000 pg/ml. OD was treated as 6000 pg/ml when

normalizing to adherent cell density and thus the concentrations for MMP-9/adherent cell (pg/cell) are

expressed as >value).
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To explore the modulation of MMP-2/-9 protein expression by B1 containing integrin
receptors, monocytes were treated with anti-integrin f1 antibody prior to seeding onto sIPN and
TCPS surfaces and onto glutaraldehyde fixed gelatin hydrogel. MMP-2/-9 protein expressions in
these samples Were analyzed at each culture time point. As described above, MMP-2 protein
levels in TCPS samples without antibody pretreatment were undetectable at all time points. In
contrast, when monocytes were pretreated with anti-integrin 1 antibody and in the presence of

TCPS, MMP-2 concentrations were measured at steady concentration in the range of 1488-4004

pg/ml from 2-96 h, but undetectable by 168 h (Figure 2-6A-D).
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Figure 2-6. MMP-2 (g and MMP-9 ( @) expression levels in human monocytes with anti-
integrin 31 antibody pretreatment adhered to various surfaces at 2 h (A), 24 h (B), 96 h (C) and
168 h (D) (mean + s.e.m, n=3). Undetectable values are plotted as 140 pg/ml for under detectable
limit (U ) or asv6000 pg/ml for over the detection limit ( 1), shown for visual representation.

*Significantly different from TCPS control (PBS) at p<0.05.

MMP-2 protein concentrations from GGG-, FN-treated TCPS samples were significantly
lower than from non-ligand treated TCPS samples at 2 h. MMP-2 from RGD-, FN-treated TCPS
samples were significantly higher than from non-ligand treated TCPS samples at 96 h. At 2 h,
non-ligand, GGG-, FN- treated TCPS samples yielded MMP-9 concentrations above 6000 pg/ml
while those from RGD-, PHSRN-treated samples yielded MMP-9 at 3896 + 2404 and 4015 +
1247 pg/ml, respectively. The MMP-9 concentrations from the RGD-, PHSRN-treated TCPS
surfaces at 2 h were significantly higher than MMP-9 concentrations from TCPS samples
without antibody pretreatment at 2 h (Figure 2-5A). From 24-168 h, MMP-9 concentrations from
TCPS samples were generally detected between 2300 and 5100 pg/ml (Figure 2-5A-D). At 168
h, MMP-9 levels from FN-treated TCPS samples were significantly lower than concentrations
from all other ligand-treated TCPS except non-ligand treated TCPS samples, which had over the
detection limit concentrations and could not be statically compared. Anti-integrin f1 antibody
pretreatment led to elevated MMP-2 protein expressions but generally decreased MMP-9
expression on TCPS surfaces compared to TCPS samples with no antibody pretreatment from
24-168 h.

In contrast to monocytes without antibody pretreatment, anti-integrin 31 antibody

pretreated samples in the presence of sIPNs generally had no detectable MMP-2 (Figure 2-6A-
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D). While MMP-9 levels from non-antibody pretreated monocytes on sIPN samples decreased
from 2-24 h and increased from 24-96 h, MMP-9 levels from anti-integrin B1 antibody pretreated
samples in the presence of sIPNs were generally detected at a constant level of approximately
4800 pg/ml frofn 2 through 168 h. Comparing samples within detectable MMP-9 concentrations,
no statistical differences were observed across various ligand-grafted sIPNs at all time points.
MMP-2 from glutaraldehyde fixed gelatin hydrogel samples were detected at a constant level of
approximately 400 pg/ml from 2-168 h, while MMP-9 was over 6000 pg/ml from 2-96 h and
2654 + 992 pg/ml at 168 h.

To examine the effect of B3 containing integrin receptors in modulating MMP-2/-9
expression, monocytes were pretreated with anti-integrin 33 antibody prior to being seeded on
various surfaces. Anti-integrin 33 antibody pretreated monocytes on non-ligand and RGD-
treated TCPS, MMP-2 concentrations were detected approximately at 1000 pg/ml from 2-96 h
(Figure 2-7A-C). The MMP-2 expressions were similar to that of anti-integrin 1 antibody
pretreated monocytes in the presence of TCPS. However, concentrations from anti-integrin B3
treated monocytes were approximately half the concentration from 1 antibody treated samples.
At 96 h, significantly higher MMP-2 concentrations were detected from GGG-treated TCPS
sample compared to no ligand-treated TCPS samples. MMP-2 concentrations from PHSRN-,
FN-treated TCPS were similar in their two-fold increase in concentration from 2-24 h and three-

fold decrease in concentration by 96 h (Figure 2-7A-C).




b

With anti-integrin beta 3 Pretreatment
A-2h
8000 ~

4000 -

8000 ~
*
4000 -
JJ_ELJ
0
i i i 3
GGG RGD

PBS GGG RGD PHSRN FN Methoxy

MMP-2/-9 Protein Concentration (pg/ml)

4000 -

4000 - T
.I.
0 -
C-9h

PHSRN

Glutaraldehyde
Fixed Gelatin
Hydrogel

preadsorbed ligand on immobilized ligand on
TCPS sIPN




12

Figure 2-7. MMP-2 (O) and MMP-9 (m) expression levels in human monocytes with anti-integrin
B3 antibody pretreatment adhered to various surfaces at 2 h (A), 24 h (B), 96 h (C) and 168 h (D)
(mean + s.e.m, n=3). Undetectable values are plotted as 140 pg/ml for under detectable limit ( U)
or as 6000 pg/rﬁl for over the detection limit ( 1), shown for visual representation. *Significantly
different from TCPS control (PBS) at p<0.05. T Significantly different from methoxy-PEG

grafted sIPN at p<0.05.

Thus, in contrast to non-antibody pretreated monocytes on TCPS, anti-integrin 33
antibody pretreated monocytes expressed detectable MMP-2 at 2-96 h. However, MMP-2
concentrations were lower compared to anti-integrin 1 antibody pretreated monocytes on TCPS
at 2-96 h. For all three antibody pretreatment conditions, MMP-2 could not be detected at 168 h.
From either anti-integrin B1 or B3 treatments, MMP-9 from TCPS samples were detected at
concentrations approximately 5000-6000 pg/ml or above from 2-96 h. At 168 h, MMP-9
concentrations from FN-treated TCPS samples were lower than the no ligand treated TCPS
surface, similar to anti-integrin 1 antibody pretreated samples on FN-treated TCPS samples
(Figure 2-6D).

In the presence of sSIPNs, MMP-2 levels were not detected at 2 h, similar to anti-integrin
B1 antibody pretreated samples in the presence of sIPNs at 2 h. From 24-168 h, however, MMP-
2 concentrations similar to non-antibody pretreated monocytes on sIPNs were detected. At 24 h,
RGD-PEG grafted sIPNs expressed significantly higher MMP-2 compared to methoxy-PEG
grafted sIPN. At 168 h, MMP-2 concentrations were approximately 1000 pg/ml, significantly
higher from all sSIPN samples without antibody pretreatment or with anti-integrin f1 antibody

pretreatment. MMP-9 levels were comparable to that from anti-integrin B1 antibody pretreated
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samples on sIPNs from 2-96 h. At 168 h, MMP-9 concentrations were lower than that from anti-
integrin B1 antibody pretreated samples on sIPNs, particularly from RGD-, PHSRN-PEG grafted
sIPNs.

For cells pretreated with IgG1, MMP-2 protein levels in the presence of RGD-treated
TCPS surfaces were not detectable from 2-24 h, but 2238 + 1252 pg/ml at 96 h and in the
presence of methoxy-, RGD-grafted sIPN samples, not detectable from 2-96 h. Glutaraldehyde
fixed gelatin samples yielded non-detectable MMP-2 protein concentrations for IgG1 pretreated
monocytes from 2-24 h, but at 96 h, 4599 + 2491 pg/ml was measured. MMP-9 protein
concentrations were over the detectable concentration of 6000 pg/ml for RGD-treated TCPS,
methoxy-, RGD-grafted sIPN, and glutaraldehyde fixed gelatin hydrogel samples from 2-168 h.

In summary, from 2-96 h, anti-integrin 33 antibody pretreated monocytes expressed less
MMP-2 compared to anti-integrin B1 antibody pretreated monocytes in the presence of TCPS. In
the presence of sIPNs, however, anti-integrin 3 antibody pretreatment led to an increased
MMP-2 expression at times 24-168 h compared to anti-integrin 31 antibody pretreated
monocytes. In the presence of sIPNs anti-integrin B1 antibody pretreated monocytes expressed
similar MMP-9 concentrations to that of anti-integrin $3 antibody pretreated cells from 2-96 h.
However, at 168 h, B3 antibody pretreated monocytes expressed less MMP-9 than 1 antibody
pretreated monocytes. Both antibody treatments elicited a significantly lower MMP-9 expression
on FN-treated TCPS compared to the non-ligand treated TCPS surface at 168 h.

From glutaraldehyde fixed gelatin hydrogel samples, both MMP-2 and MMP-9
expression patterns from anti-integrin $1 antibody pretreated samples were similar to that of
anti-integrin B1 antibody pretreated samples on glutaraldehyde fixed gelatin hydrogels (Figure 2-

6A-D). To test the correlation between protein expression profiles and regulatory trends of those
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proteins at the genetic level, mRNA levels in monocytes with or without antibody pretreatment

conditions were characterized.

As the effects of ligands on cell adhesion and protein release were more pronounced with
sIPN than TCPSV samples and we focused on ligand identity and ligand mobility, transcript levels
of MMP-2/-9 in adherent monocytes in the presence of various modified sIPNs were
characterized with RT-PCR. MMP-2 mRNA analysis was carried for all SIPN samples under all
antibody pretreatment conditions from 2-96 h. However, as no visible bands could be detected in

any of the samples by the Scion imaging program, MMP-2 mRNA levels could not be measured

and thus the data is not shown.

With methoxy-PEG grafted sIPN samples, there was an upregulation of MMP-9 mRNA
over time for non-antibody pretreated and anti-integrin B1 antibody pretreated monocytes
(Figure 2-8). When pretreated with anti-integrin B3 antibody, adherent monocytes on methoxy-
PEG grafted sIPN showed similar MMP-9 mRNA as anti-integrin 1 antibody pretreated
samples at 2 h, but mRNA was barely detectable from 24-96 h. Monocytes under all three
pretreatment groups (i.e. no antibody, anti-integrin 31 or B3 antibody pretreated) from GGG-
PEG grafted sIPN appeared to exhibit an upregulation of MMP-9 mRNA from 2-24 h (Figure 2-
9). At 96 h, MMP-9 mRNA was downregulated for anti-integrin B1 pretreated monocytes by 7-
fold. Anti-integrin B3 antibody pretreated monocytes’ mRNA patterns deviated from the other
pretreatment groups, similar to that of methoxy-PEG grafted sIPN samples, and upregulated
MMP-9 mRNA by 3-fold. Adherent monocytes without antibody pretreatment from RGD-PEG

grafted sIPN samples showed a consistent increase in MMP-9 mRNA expression from 2-96 h

(Figure 2-10).
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Figure 2-8. MMP-9 mRNA expression in adherent monocytes on methoxy-PEG grafted sIPN at
2, 24, and 96 h, with no Ab pretreatment (—), with anti-integrin 31 Ab pretreatment (ezz ), or

with anti-integrin f3 Ab pretreatment (== ). mRNA MMP-9 levels were normalized to B-actin

(presented in mean + s.e.m, n=2 except no antibody pretreatment, n=1).
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Figure 2-9. MMP-9 mRNA expression in adherent monocytes on GGG-PEG grafted sIPN at 2,
24, and 96 h, with no antibody pretreatment (—), with anti-integrin f1 antibody pretreatment
(zza ), or with anti-integrin B3 antibody pretreatment (== ). mRNA MMP-9 levels were

normalized to B-actin (presented in mean + s.e.m, n=2 except no antibody pretreatment, n=1).
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Figure 2-10. MMP-9 mRNA expression in adherent monocytes on RGD-PEG grafted sIPN at 2,
24, and 96 h, with no antibody pretreatment (—=), with anti-integrin B1 antibody pretreatment
(zzz ), or with anti-integrin B3 antibody pretreatment (== ). mRNA MMP-9 levels were

normalized to B-actin (presented in mean + s.e.m, n=2 except no antibody pretreatment, n=1).

Samples from the anti-integrin 31 antibody pretreatment group also showed a 200-fold
increase in mRNA expression from 2 to 24 h and did not significantly change in expression by
96 h. Unlike the anti-integrin B1 antibody pretreatment group, anti-integrin 33 antibody
pretreated samples appeared to increase only at 96 h. In the presence of PHSRN-PEG grafted

sIPN, adherent monocytes from all three antibody pretreatment conditions showed a general

increase in MMP-9 mRNA over time (Figure 2-11).
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Figure 2-11. MMP-9 mRNA expression in adherent monocytes on PHSRN-PEG grafted sIPN at
2, 24, and 96 h, with no antibody pretreatment (—=), with anti-integrin f1 antibody pretreatment
(zza), or with anti-integrin B3 antibody pretreatment (—= ). nRNA MMP-9 levels were

normalized to B-actin (presented in mean + s.e.m, n=2 except no antibody pretreatment, n=1).

In summary, without antibody pretreatment, MMP-9 mRNA was generally upregulated
with time and downregulated less than 1-fold at 96 h only for GGG-, PHSRN-PEG grafted sIPN
samples. Ligand independent upregulation in MMP-9 mRNA at 24 and 96 h correlated with a
significant increase in ligand independent protein concentrations measured at 96 and 168 h,
respectively (Figure 2-5C). Anti-integrin 1 antibody pretreated cells upregulated MMP-9
mRNA over time, with the exception of RGD-grafted sIPN, where downregulation of mRNA
was observed from 24-96 h. Anti-integrin 3 antibody pretreated monocytes in the presence of

all sIPNs, except methoxy-grafted sIPN, increased MMP-9 mRNA production from 24-96 h.
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However, with anti-integrin 31 or B3 pretreated groups, neither up or downregulatory patterns of
mRNA from 2-96 h correlated with the protein expression patterns, which were relatively high

and consistent from 2-96 h (Figures 2-6A-C and 2-7A-C).

2.4 Discussion and Conclusions

Integrin mediated monocyte adhesion and subsequent protein and gene expression in the
presence of FN-derived peptides immobilized onto flexible PEG arms on sIPNs were examined
in this study. As monocytes play a crucial role in immune response and ECM turnover, which are
both critical in the normal progression of wound healing, understanding the intricate responses of
monocytes at the biomaterial-tissue interface is essential. Here, we characterized monocyte
adhesion and subsequent IL-13 and MMP-2/-9 protein and mRNA expression in the presence of
gelatin-based sIPNs.

Though monocyte adhesion and subsequent protein release to peptide adsorbed materials
are characterized in literature, not many reports on the monocyte behavior in response to peptide
grafted hydrogel surfaces currently exist, though rapidly growing. There is much literature on the
integrin-mediated interaction of cells with bioadhesive sequences presented onto a biomaterial
[52]. In 1992, McNally and Anderson demonstrated the critical role of B1 and 2 integrins in
mediating macrophage adhesion and foreign body giant cell formation onto a RGD adsorbed
TCPS surface. This important work explored monocyte adhesion and fusion as controlled by
RGD, and our work sheds light on human derived monocyte response to the RGD peptide as
presented on a biomaterial scaffold designed to be in contact with the human dermis rather than

adsorbed onto TCPS [12]. This work presents one of the first studies in which the molecular
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mechanisms behind human blood derived monocyte response to peptides covalently grafted and
presented by a linker is examined.

Higher adherent cell density on RGD modified TCPS and grafted sIPN indicates that
RGD was an iniportant factor in promoting monocyte adhesion on these surfaces. It is shown
above that monocyte adhesion on FN-derived peptides immobilized on flexible PEG arms is
mediated by B1 and B3 containing integrin receptors. Compared to corresponding peptide-treated
TCPS surfaces, adherent monocyte densities on sIPNs were generally lower. PEG, one of the
components of sIPN, may have contributed to the low cell density. This phenomenon suggests
that the physicochemical characteristics of the substratum modulate monocyte adhesion.
Monocyte adherent density was drastically higher for RGD-PEG grafted sIPN samples compared
to sIPNs with other ligands grafted onto the flexible PEG arm (Tables 2-3 and 2-4). When
monocytes were treated with anti-integrin 1 or 3 antibody, adherent cell density on RGD-,
PHSRN-PEG grafted sIPNs was greatly reduced, demonstrating that both 31 and 3 containing
integrins play a critical role in monocyte adhesion onto FN-derived peptides immobilized on
flexible PEG arm. This is consistent with other findings where integrin-mediated cell adhesion
was dependent on both ligand identity as well as ligand presentation [22,12,16].

Pretreatment with anti-integrin f1 or B3 antibody decreased monocyte cell densities on
TCPS at 2 h. The data demonstrate that 1 or B3 containing integrins are involved in mediating
monocyte adhesive activity on TCPS at earlier stages. After 2 h, adherent monocyte density on
TCPS was decreased further by incubation with either of the anti-integrin B antibodies or IgG1,
suggesting that non-specific IgG1 inhibits monocyte attachment on TCPS and this attachment
may not be specifically mediated by B1- or B3-containing integrins. Monocyte adhesion on RGD

immobilized sIPN is mediated by either B1- or B3-containing integrin as anti-integrin f1 or 33




81

antibody rather than IgG1 pretreatment affects the adherent monocyte densities. The binding of
anti-integrin B1 or B3 antibody to 1 or B3 integrins, respectively, disrupts the receptors’
dimerization, leading to a subsequent loss binding capability to the RGD grafted on the sIPN.
Thus, on sIPNs,‘both the ligand identity and the substrate are involved in mediating monocyte
adhesion. The integrin receptor can also bind other ligands besides the RGD motif, such as
collagen and the C-terminal heparin-binding domain of FN [4,53]. Moreover, the activation of
other adhesive molecules, such as 2 integrin, L-selectins ICAM, VCAM, also promotes cell
adhesion with varying circumstances [54-56]. In this study the antibody incubation also inhibited
monocyte adhesion on the surfaces that did not contain the RGD sequence suggesting that the
pretreatment with antibody also affected monocyte binding onto other ligands.

IL-1P plays a critical role in the inflammatory process. It has been reported that in
inflamed tissue the IL-1PB was increased compared to the normal tissue and [57]. In this study, the
decrease in IL-1P levels in each microenvironment in the presence of TCPS over time may have
been partly due to the low adherent cell numbers. IL-1B expression in monocytes from all sSIPN
samples at 24 and 96 h increased, but this increase did not occur in monocytes with modified
TCPS, suggesting that the substrate property is important in modifying cell behavior [58,59]. The
increase in IL-1p protein at 24 h in sIPN samples unlike the decreasing IL-1p protein over time
in the presence of TCPS suggests that the components in the sIPNs induce IL-1f in monocytes. It
has been reported that the ligand-integrin binding can modulate the efficiency of intracellular
signaling pathways, such as MAP kinase cascade, resulting in the change of gene and protein
expressions [60,61]. Monocytic IL-1p protein expression in the presence of sIPNs did not
correlate with adhesion cell density as the monocyte densities on each sIPNs were similar

between 2 and 24 h while the IL-1f concentration at 24 h was significantly higher than at 2 h.

— —— —— —
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Moreover, cell density was dependent on the presence of the RGD sequence, but monocytes on
RGD grafted sIPN did not express higher levels of IL-1p protein. The overall concentration of
IL-1p protein microenvironment may play a significant role in monocytic IL-1p protein and
mRNA expression. In a previous study, we described that in the presence of various ligand
grafted sIPN, IL-1B concentration in inflammatory exudates of subcutaneous cage implantation
decreased from day 4 to day 7 [62]. The concentration of IL-1p in this study had a similar trend
in sIPN samples from 24 h.

After antibody pretreatment, lower IL-1 protein levels from monocytes on TCPS may
have been partly the result of lower cell densities. At 96 h, however, there was an increase in IL-
1B protein expression in some of peptide modified TCPS samples, indicating that the binding of
anti-integrin B1 or B3 antibody increases IL-1B expression in monocytes from 24 to 96 h,
depending on the ligand identity. After antibody pretreatment a ligand-independent decrease in
IL-1B protein expression from sIPN samples at 24 h was observed compared to samples without
antibody pretreatment within 24 h. This decrease in IL-1f concentration suggests that the
blocking of integrin B1 or B3 subunit decreases the stimulating effect of integrin signaling
pathways, which can induce cells to express IL-1f. These results imply that either f1 or 3
integrin are involved in modulating IL-1 expression in monocytes on sIPNs. The pretreatment
with either of anti-integrin B1 or B3 antibody or IgG1 decreased IL-1 expre.ssion, but the
increased IL-1p protein expression on sIPNs at 24 h was still maintained in the samples treated
by anti-integrin B1 antibody or IgG1. These results show that 3 integrin involvement in IL-13
expression in monocytes plays a more significant role in the presence of sIPNs.

IL-1p mRNA expression in monocytes pretreated with antibody was influenced by the

peptide identity. At 24 h the pretreatment with anti-integrin f1 or B3 antibody changed IL-1j

B . 00
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mRNA expression in monocytes on sIPNs. The change in IL-1f mRNA, however, did not
accompany changes at the translation level, as low IL-1p protein levels for all SIPN samples at
96 h were observed. The results showed that the increase in IL-1 mRNA transcription was not
necessarily followed by the translation of IL-1f protein. Our results suggest that anti-integrin
antibody serves to regulate gene expression in the cell and the mRNA transcription in the
presence of the peptide-modified sIPN substrate is regulated by the activation of unique
signaling pathways modulated by peptide identity after integrin complexation with antibody [63].
As integrins may mediate monocyte attachment to ECM proteins and possibly the
localization of MMPs [33], we also characterized monocyte MMP-2/-9 protein regulation in the
presence ligand-PEG grafted sIPN. In contrast to monocyte adhesion, MMP-2/-9 protein and
mRNA expression was influenced by surface rather than ligand identity. MMP-2 protein was not
detected in the presence of TCPS or glutaraldehyde fixed gelatin hydrogels at any time.
However, in the presence of sIPNs, an initially high concentration of MMP-2 followed by a
gradual decrease in concentration over time was measured (Figure 2-5A-D). MMP-9 protein
expression trends were similar to MMP-2 trends from 2-96 h in the presence of sSIPNs. Both
MMP-2 and MMP-9 levels were normalized to adherent cell density and presented in Tables 2-7
and 2-8 and MMP-9 protein amount per cell did not differ across various ligand treated TCPS
surface at 2 h and possibly through 168 h. However, in the presence of methoxy-grafted sIPNs,
the data suggests that monocytes produced MMP-2 protein and possibly MMP-9 protein in
higher concentrations compared to GGG-, RGD-, or PHSRN-grafted sIPNs at 2 énd 24 h.
Comparing trends between not normalized MMP-2/-9 protein concentrations and normalized
concentrations (to adherent cell densities) as a function of time suggested that MMP-2/-9

concentrations in the microenvironment was regulated in the presence of different substrates.
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Representative MMP-2 and MMP-9 concentrations over time from sIPN groups without
antibody treatment are shown in Figure 2-12 and the data also suggests that the gelatinases may

be coordinated in their secretion into their microenvironment in the presence of sIPNs.
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Figure 2-12. Overlay of MMP-2 (A ) and MMP-9 ( Bl) profiles over time from monocytes
without antibody treatment adhered to GGG-PEG grafted sIPN. Curves are representative of

MMP-2/-9 expression patterns for sSIPNs grafted with other ligands.

Collagen type IV has been reported to expose a cryptic site when degraded to gelatin and
a VB3 integrin receptors can bind to this site [31,64]. The gelatin backbone of the sSIPNs may
allow a clearer exposure of this site than the rigid gelatin strands fixed by glutaraldehyde in the
gelatin hydrogels. Thus, not only is the presence of gelatin critical in inducing MMP-2

concentrations, but the physicochemical state of gelatin also plays an important role. Further
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examination of the activity of MMP-2/-9 proteins and the amount of active MMP-2/-9 proteins
present in the sIPN environment as a function of time may also allow investigation in design for
actuated drug delivery incorporating MMP sensitive sequences into tissue engineering scaffolds.

In the pfesence of TCPS and glutaraldehyde fixed gelatin hydrogels, MMP-2 protein
expression trends were similar between anti-integrin f1 and 3 antibody pretreated groups
(Figures 2-6 and 2-7), but with MMP-2 protein concentrations being higher in the presence of
anti-integrin B1 antibody pretreated monocytes. RGD-independent interactions between aV[33
integrin receptors and MMP-2 as demonstrated by Silletti and others [31] could explain these
findings. In the presence of sIPNs, protein expression was significantly different from the MMP-
2/-9 expression in the presence of TCPS. Anti-integrin $1 antibody pretreated monocytes did not
express detectable concentrations of MMP-2 protein, but when pretreated with anti-integrin 33
antibody, monocytes secreted increased concentrations of MMP-2 protein. Thus, in the presence
sIPNs, B1 containing integrins may have played a more significant role in the induction of MMP-
2 proteins, in contrast to the increased MMP-2 protein expression patterns with 33 containing
integrins in the presence of TCPS. MMP-9 protein expression, however, was influenced more by
B3 containing integrins, especially at 168 h, as RGD-, PHSRN-PEG grafted sIPN expression
significantly lower MMP-9 protein compared to that from methoxy-PEG grafted sIPN samples
(Figure 2-8).

With respect to gene regulation, as MMP-2 mRNA was not detectable at any time point,
the MMP-2 protein may be synthesized and stored in granules [65] and released over time in the
presence of sIPNs. Without antibody pretreatment, MMP-9 mRNA was generally upregulated
over time in the presence of sSIPNs. MMP-9 regulation may not be ligand specific as monocytes

in the presence of methoxy-, RGD-PEG grafted sIPN both appeared to upregulate MMP-9
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mRNA expression (Figure 2-8 and 2-10), but GGG-, PHSRN-PEG grafted sIPN may have
slightly downregulated mRNA expression from 24-96 h (Figure 2-9 and 2-11). When pretreated
with antibody, there was a lack of clear, consistent mRNA regulatory trends across ligands from
24-96 h, although there was an upregulation of MMP-9 mRNA from 2-24 h from either antibody
pretreated groups. RT-PCR data, however, was not statistically analyzed due to sampling
number.

By investigating the molecular mechanisms behind monocyte adhesion and subsequent
protein and mRNA regulation of MMP-2 and MMP-9 in the presence of tissue engineering
scaffolds, we can gain further insight not only into the intricate intracellular signaling processes
and cell response to biomaterials, but we can also elucidate important details involved in wound
healing inéluding ECM remodeling, biomaterial degradation, and neovascularization.

Primary monocyte adhesion was modulated by both the substrate surface and the identity
of the bioactive peptide. The expression of IL-1p protein in monocytes was affected
predominately by the biomaterial substrate. Blocking the B1 or B3 subunit of the integrin receptor
reduced both monocyte adhesive activity and IL-1p protein expression, particularly in the
presence of RGD grafted sIPN. Ligand identity influenced the regulation of mRNA transcription
in monocytes pretreated with anti-integrin f1 or B3 antibody. The results indicate that the
substrate, bioactive peptide, and either B1 or B3 containing integrins mediate cell adhesion and
IL-1B gene and protein expression in monocytes. Thus, we show in this work that both integrin
subunit $1 and B3 are involved in mediating monocyte adhesion, IL-1f protein and mRNA
expression in response to surfaces functionalized with fibronectin-derived peptides.

Monocyte adhesion is dependent on the identity of the bioactive peptide as well as the

peptide’s presentation on different substrates. RGD-PEG grafted sIPNs promoted monocyte
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adhesion via B1 and B3 containing integrin receptors. MMP-2/-9 protein and mRNA expressions
in the presence of sIPNs were not mediated by ligand identity, but by the presence of gelatin
based sIPN. sIPNs initially induced MMP-2 and MMP-9 protein expression and modulated the
expression over tiine. MMP-2 and MMP-9 were modulated in coordination at earlier stages of
the experiment. Monocyte adhesion and subsequent MMP-2/-9 protein and mRNA expression in
the presence of sIPNs provides an important insight into the matrix degrading activities. Though
the exact mechanisms involving B1 or B3 containing integrins in modulating MMP-2/-9 protein
and mRNA expression are to be further explored, elucidating these mechanisms will provide
critical insight into the monocyte response to biomaterials.

Though monocyte adhesion and subsequent protein release to peptide adsorbed materials
are characterized in literature, not many reports on the monocyte behavior in response to peptide
grafted hydrogel surfaces currently exist, though rapidly growing. There is much literature on the
integrin-mediated interaction of cells with bioadhesive sequences presented onto a biomaterial |
(Massia and Hubbell) In 1992, McNally and Anderson demonstrated the critical role of B1 and
B2 integrins in mediating macrophage adhesion and foreign body giant cell formation onto a
RGD adsorbed TCPS surface. This important work explored monocyte adhesion and fusion as
controlled by RGD, and our work sheds light on human derived monocyte response to the RGD
peptide as presented on a biomaterial scaffold designed to be in contact with the human dermis
rather than adsorbed onto TCPS [12]. This work presents one of the first studies in which the
molecular mechanisms behind human blood derived monocyte response to peptides covalently

grafted and presented by a linker is examined.
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Chapter 3. Monocyte Response to Varying Ligand
Concentration on ECM-derived sIPN Substrate:

Inflammatory and Matrix Remodeling Protein and mRNA

Regulation

3.1 Introduction

Monocytes are one of the early cells to appear at the site of injury and actively
respond to biomaterials including polymers, ceramics, and metals.[1-3] The highly
complex monocytic response to biomaterials involves cellular attachment, recognition
and secretion of a myriad of factors important in the wound healing process, such as
matrix remodeling proteins and inflammatory cytokines. Monocytes communicate with
the extracellular matrix (ECM) environment through various means, including through
cell adhesion receptors called integrins. Integrin complexation with the ECM modulates
cell adhesion, signaling, cytokine and gene expression and survival.[4] The cell adhesion
motif found in many adhesive proteins, arginine-glycine-aspartic acid (RGD), has been
utilized extensively to modify biomaterials to promote integrin-mediated cell attachment,
focal adhesion contact formation, motility and protein expression.[5-10]

In Chapter 2, the role of integrin mediated monocyte adhesion on materials
grafted with ECM-derived peptides and subsequent cell response was
demonstrated.[2,11,12] It was shown that adherent monocyte density was increased by
RGD tethered onto a flexible polyethylene glycol (PEG) linker on the gelatin based semi-
interpenetrating network (sIPN), and that subsequent protein and genetic regulation was

also influenced by sIPNs.[11,12] RGD-PEG grafted sIPNs also enhanced cellularity and
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organized ECM reconstruction over time in vivo in dermal wound healing models.[13]
These data are consistent with literature describing RGD influence on cell-biomaterial
interactions.[14,15] Cell-substratum interactions, specifically the effects of peptide
density on cell adhesion and migration, have been investigated using fibroblasts,
osteoblasts, and neurite cells.[6],[15-18] However, the effects of peptide density on
monocyte adhesion and subsequent behavior has received little attention. As we have
previously characterized integrin-mediated monocyte interaction with ECM-derived
peptide-PEG presented on the sIPN surface, in this study, monocyte response to varied
ECM-derived peptide amount presented on the sIPN surface was investigated.[11,12] The
amount of cell adhesion peptides on the sIPN surface was controlled by varying the wt%
ratio of ECM derived peptide-PEG grafted gelatin to polyethylene glycol diacrylate
(PEGdA) in the total network. We hypothesized that the increasing amount of bioactive
peptides would modulate monocyte adhesion, cytokine expression and gene regulation. In
addition to altering peptide amount, the wt% of ligand-PEG modified gelatin or of
PEGAA in the sIPN also affects structural properties such as crosslinking density,
elasticity, topography and other physical properties of the sSIPN. This may potentially
affect subsequent cell behavior.[19]

In this study we specifically examine monocyte release of matrix metalloproteases
type 2 and 9 (MMP-2 and MMP-9), which are also known as gelatinase A and B
respectively, in the gelatin based sIPN environment. In addition to matrix remodeling,
MMPs are also involved in cell signaling via cytokine regulation.[20] The interactions

between MMP-2/-9 and other cytokines, including a major inflammatory cytokine

interleukin-1B (IL-1B), have been described in literature.[21,22] IL-1p release in
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response to biomaterials has been a reliable marker of macrophage activation and allows
prediction of potential in vivo immune reactions.[23] Inflammation is also influenced by
the presence of MMPs during tissue remodeling and wound healing. In this study,

monocyte eﬁ(pression of IL-1B and MMP-2/-9 and the relationship among these proteins

in the context of ECM-derived peptide grafted sIPN were investigated.[24]

3.2 Methods and Materials

3.2.1 sIPNs with varied ligand concentration: formulation and

characterization

Synthesis and characterization of ligand-PEG grafted gelatin is outlined in detail
in Chapter 2, section 2.2.1. sIPN discs were made in three different formulations, based
on the modified gelatin:PEGdA wt% ratio. 26:74, 35:65 and 41:59 wt% ratio sIPNs were
made, noted as 3:7, 4:6, and 5:5 sIPN, respectively, in this paper. Between 3:7 and 4:6
sIPNs, there was a 9% increase in gelatin content from but between 4:6 and 5:5 sIPNs,
there was a 6% increase in gelatin wt%. Beyond the 5:5 wt% ratio, increased gelatin
content compromised the robustness of the sIPN to withstand handling. The schematics
of the 3:7 and 5:5 sIPN are outlined in Figure 3-1. sIPNs were placed in 48-well tissue

culture polystyrene (TCPS; BD Falcon) plates and incubated with RPMI 1640 at 37°C

and 5% CO2 for 24 h prior to monocyte seeding.




97

3:7 sIPN 5:5 sIPN
Covalently Linked Ligands

(Methoxy terminated control,
GGG, RGD, PHSRN)

Gelatin
Backbone

PEG Linkers

PEG-diacrylate

Figure 3-1. Schematic representation of the semi-interpenetrating network (sIPN) with

varied ligand-PEG grafted gelatin:PEG wt%.

The RGD concentration on the surface of the sIPN discs was characterized via a
previously reported indirect enzyme linked immunosorbent assay (ELISA).[28] sIPNs
were equilibrated overnight in sterile PBS then incubated at room temperature for two
hours in blocking solution containing 1% bovine serum albumin (BSA) in PBS. sIPNs
were washed five times with wash buffer containing 1% Tween-20 in sterile PBS and
incubated for 2 h at room temperature with RGD directed primary antibody (polyclonal
rabbit anti-RGD domain antibody, EMD Biosciences), diluted 1:1000 in 1% BSA.
Surfaces were then rinsed five times with wash buffer after incubation to remove non-

adhered primary antibody. Secondary antibody (horseradish peroxidase-conjugated goat

IgG fraction to rabbit whole IgG, MP Biomedicals) was diluted 1:20000 in 1% BSA then
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added to the sIPN surfaces for a two hour incubation. After incubation with secondary
antibody, substrate solution (TMB-ELISA, Pierce) was added and then inactivated after
30 min with 2 M sulfuric acid in order to measure HRP concentration. Absorbance was
measured uéing a 450 nm plate reader (BIO-TEK) and converted to surface RGD density
from a second order polynomial standard curve (y = -0.0003x2 + 0.0068x + 0.0416, =
0.9926). The curve was generated by adsorbing known amounts of RGD peptide, ranging
from 0 to 5 pumole/ml, onto untreated polystyrene plates (Falcon). However, as 100%
adsorption of the RGD peptide onto the polystyrene plates was assumed, the RGD
concentrations on sIPNs presented in Figure 3-2 are expected to be lower than what was

calculated using the standard curve above.

3.2.2 Monocyte adhesion and protein measurement assay

Human peripheral blood monocytes were isolated from citrated whole blood of a
healthy adult volunteer using a density-gradient, non-adhesion method previously
described in detaii.[29] The same donor was used throughout the experiment for
adhesion, cytokine and gene expression assays to minimize donor-centered variability. To
verify that the cytokines observed after seeding were not a result of the isolation
procedure, cell lysates collected by sonication (5 pulses) as well as the media containing
the freshly isolated monocytes prior to sonication were immediately saved then analyzed
for MMP-2 and MMP-9 using ELISA. The data from these samples are noted as “0 h”
(i.e. immediately upon isolation and prior to seeding on surface). Freshly isolated

monocytes were seeded onto various ligand-PEG grafted sIPN at a concentration of 106

cells/ml in RPMI 1640 culture medium and 10% autologous serum at 37°C and 5%
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CO2.[2] At 2, 24, 96 and 168 h, supernatant was collected and analyzed with commercial
ELISA kits (Raybiotech, Inc., Norcross, GA). Three 100 ul aliquots were obtained from
each well in the experiment to test a variety of conditions, and these aliquots were used
for the testihg MMP-2/-9 and IL-1P concentrations with ELISA. The sensitivity of the
kits ranged from 140-18,000 pg/ml for MMP-2, 8.2-6000 pg/ml for MMP-9 and 0.3-1000
pg/ml for IL-1P. ELISA was carried out according to manufécturer’s instructions. After
the supernatants were collected at 2, 24, 96 and 168 h, at each time point, all samples
were washed twice with RPMI medium to remove nonadherent cells. Samples were
resupplied with 10% autologous serum in RPMI and allowed to incubate further. At 2,
24,96 and 168 h, sIPN samples were stained with Wright’s stain. Adherent monocytes on
all surfaces were imaged using a computer-assisted video analysis system (Metamorph
v4.1) coupled to an inverted microscope (Nikon, Eclipse TE 300). The adherent cells

were quantified and expressed as number of cells/mm?2 surface area.

3.2.3 mRNA characterization with RT-PCR

All reagents employed in RT-PCR assays were purchased from Bio-Rad, USA,
unless indicated otherwise. Adherent cells were lysed with TRIzol® reagent
(InvitrogenTM, CA) for RT-PCR analysis. A modification of the Chomczynski and
Sacchi method using TRIzol® reagent was carried out to isolate total RNA from adherent
monocytes.[30] The quality of the purified RNA was tested by 1.5% agarose
gel/ethidium-bromide staining with a 260/280 nm absorbance ratio. At the cDNA

synthesis step, RNAse-free DNAse (Sigma, MO) was used to treat the RNA before being

reverse transcribed with Moloney Murine Leukemia Virus (M-MLV) reverse
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transcriptase (InvitrogenTM, CA). Oligonucleotide primers for MMP-2/-9, IL-1B and
internal standards B-actin, and glyceraldehydes-3-phosphate-dehydrogenase (GAPDH)
were obtained using the DNA sequence database from NCBI (Bethesda, MD). The
primer sequénces, of which the reproducibility has been previously demonstrated, are
described in Table 2-1 in Chapter 2.[31,12] Primers3 Output computer program
(Whitehead Institute for Biomedical Research, Cambridge, MA) which bases selection on
G/C content, PCR product size, and melting temperature, was used to design primer sets.
The specificity of the primer sequences was verified by the NCBI BLAST program. The
primer sequences and product size are outlined in Chapter 2, Table 2-2. In addition,
GAPDH was employed as a housekeeping gene due to the growing controversy over 3-
actin’s reliability as a stable housekeeping agent. The GAPDH primer sequences were
5’- CATCATCCCTGCCTCTACTG-3’ AND 3’- GGTGGTCCAGGGGTCTTACT-5’
and the product size was 409.

cDNA was amplified in a 25 pul PCR mixture containing 1x reaction buffer
(Sigma, MO, USA), 0.24 uM of each primer, 0.2 mM of dANTP (InvitrogenTM, CA), and
0.75 U RedTaq DNA polymerase (Sigma, MO). The PCR reaction was started at 94°C
for 3 min, after which followed 35 cycles for MMP-2, MMP-9, IL-18, B-actin, and
GAPDH. A denaturation step (at 94°C for 30 sec), an annealing step (at 56°C for 45 sec)
and an extension step (at 72°C for 1 min), and a final elongation step (at 72°C for 7 min)
took place at each cycle. The reaction was performed with iCycler thermal cycler. 15 pl
of the amplified products were run under electrophoresis through a 1.5% agarose gel

containing ethidium-bromide (0.5 pg/ml) and visualized under ultraviolet light.

Contamination from genomic DNA was checked for with RT-PCR containing RNA but
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not M-MLYV reverse transcriptase. The band densities in gels were quantified using the
Scion imaging program (Frederick, MD). PCR analysis was carried out for sIPN samples
at 2, 24, and 96 h for MMP-2/-9 and IL-1p. B-actin, a function of cell motility, and
GAPDH, a function of cell metabolism, was observed for comparison as internal
controls. Due to the unresolved issue over the consistency and the choice of
housekeeping genes, MMP-2/-9, and IL-1f were normalized to B-actin as well as
GAPDH.[32] mRNA levels in primary monocytes on different sSIPNs were compared

within each time point and within material formulation.

3.2.4 Statistical Analysis

All data, including surface RGD concentration, adherent cell density, cytokine
concentration and transcriptional levels, were analyzed by two-way analysis of variance
and Tukey post testing (SigmaStat, v2.03) and expressed as mean * standard deviation
(n=3). p-values of less than 0.001 were considered statistically significant for adherent
cell density and protein concentrations and less than 0.05 for all other data.
Transcriptional levels are expressed as arbitrary units (AU) as levels were normalized to
either B-actin or GAPDH. Due to the semi-quantitative nature of RT-PCR, statistical

comparisons were reserved within each RT-PCR runs, and thus were reserved within

time points and within sIPN formulation groups.
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3.3 Results

3.3.1 Accessible RGD concentration on sIPNs

Accessible RGD concentration (umole/ml) on the sIPN surface is shown in Figure
3-2. Unmodified sIPNs showed significantly (p<0.05) less RGD concentration compared
to RGD-PEG grafted sIPNs for 3:7 and 4:6 but not for 5:5 sIPN. Unmodified 3:7 sIPN
also exhibited significantly (p<0.05) less RGD on the surface compared to unmodified
4:6 and 5:5 sIPNs. Comparing across RGD-PEG grafted sIPN, 3:7 sIPN showed
significantly (p<0.05) less RGD on the surface compared to 4:6 sIPN. Significant
differences were not observed between RGD-PEG grafted 4:6 and 5:5 sIPN and this may
be due to the less incremental increase in RGD-PEG grafted gelatin content wt% from
4:6 to 5:5 sIPN compared to the gelatin content increase from 3:7 to 4:6 sIPN. The

adherent concentration of RGD on unmodified sIPNs increases with increasing gelatin

due to the endogenous RGD on the gelatin backbone.
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Figure 3-2. RGD concentration (umole/ml) on unmodified (L1) or RGD-PEG grafted
gelatin () combined with varying wt % ratios of gelatin:PEGdA in the sIPN. Data

expressed as mean * s.d. *Significantly different (p<0.05) from respective unmodified

sIPN. §’Signiﬁcantly different (p<0.05) from unmodified 4:6 sIPN. *Significantly different

(»<0.05) from unmodified 5:5 sIPN. TSigniﬁcantly different (p<0.05) from RGD-PEG

grafted 4:6 sIPN.

3.3.2 Adherent monocyte density on sIPN with varied ligand

concentration
Adherent cell density was dependent on ligand identity and concentration. RGD-

PEG grafted 4:6 and 5:5 sIPNs exhibited significantly (p<0.001) greater adherent cell

density as compared to all other ligand-PEG grafted respective sIPNs from 2 to 96 h

(Table 3-1).
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Table 3-1. Adherent monocyte density (cell/mm2) on sIPNs with varying ligand-PEG grafted

gelatin:PEGdA wt% ratio.

Culture Time:

Ligand-PEG grafted

gelatin:

PEGdA wt% sIPN surface 2h 24 h 96 h 168 h
3:7 sIPN

Methoxy 71 £ 14* 73 £24 57 £26 33+6
GGG 155+ 38B,C 108+ 14B,C 46 + 7B,C 32+ 8C
RGD 327+ 76B,C 166+ 60B,C 88 + 8B,C 66 + 6B,C
PHSRN 172 + 69B 180 + 33B 105+ 15 87+9
4:6 sIPN

Methoxy 145 + 18* 233+ 14* 106 £+ 2* 95+ 12
GGG 328 £ 69A* 444 + 16A* 207 £ 52A%* 74 + 40
RGD 1321 + 74A 1071 £ 190A 350 £ 42A 157 + 8A
PHSRN 442 + 26A* 399 + 49A* 154 £ 41* 84+ 14
5:5 sIPN

Methoxy 113 4 55% 102 £ 51* 67 + 22" 87+8
GGG 448 + 189A* 407 £ 195A* 118+ 14A* 135+31A
RGD 1192 £ 384A 1133 £ 320A 434+ 77A 173 £ 41A
PHSRN 314 + 65* 381 £ 91* 169 + 64* 101 + 35

A Significantly different from 3:7 sIPN (within each ligand and within each time

point) p<0.001

B Significantly different from 4:6 sIPN (within each ligand and within each time point) p<0.001
C Significantly different from 5:5 sIPN (within each ligand and within each time point) p<0.001

* Significantly different from RGD-PEG grafted sIPN (within ligand-grafted gelatin:PEGdA wt% ratio and
within each time point ) p<0.001

Adherent density of RGD-PEG grafted 3:7 sIPN was higher only compared to
methoxy-PEG grafted sIPNs at 2 h. Comparing across RGD-PEG grafted sIPN
formulations, significantly (p<0.001) lower adherent cell density was observed on 3:7 as
compared to 4:6 and 5:5 sIPNs at all time points. Adherent cell density between RGD-
PEG grafted 4:6 and 5:5 sIPN did not significantly differ over time and this may be

contributed to the lack of significant differences in RGD concentration between these two
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formulations. Methoxy-PEG grafted sIPN did not show significant differences in
adherent cell density across all formulations and time points. Comparing across GGG-
PEG grafted sIPNs, 3:7 sIPNs showed significantly (p<0.001) less adherent cell density
compared to both 4:6 and 5:5 sIPNs from 2vto 96 h, but at 168 h, only 5:5 sIPN had a
higher density than 3:7 sIPN. Adherent cell density on PHSRN-PEG grafted 3:7 sIPN

was significantly (p<0.001) lower than PHSRN-PEG grafted 4:6 sIPNs at 2 and 24 h.

3.3.3 Monocyte MMP-2/-9 and IL-1p protein concentration

MMP-2 concentration over time was influenced by ligand identity as well as by
concentration, though the impact of ligand concentration was greater at later time points
(Fig. 3-3). Both the cell lysate and the media yielded non-detectable MMP-2
concentrations (0 £ 0 pg/ml) immediately after isolation. From 0 to 2 h, a dramatic
increase in MMP-2 secretion was observed for 4:6 and 5:5 but not for 3:7 sIPN. All
except methoxy-PEG grafted 4:6 sIPNs showed significantly (»p<0.001) higher MMP-2
concentrations than 5:5 sIPN, and methoxy-PEG grafted 5:5 sIPNs showed significantly
(<0.001) higher concentrations than RGD-, and PHSRN-PEG grafted 5:5 sIPN. From 24
to 168 h, MMP-2 concentrations for 3:7 sIPN gradually increased, but did not exceed
2000 pg/ml. At 24 and 96 h, all 4:6 sIPNs had significantly (p<0.001) higher
concentrations compared to respective 3:7 and 5:5 sIPNs except versus GGG-PEG

grafted 5:5 sIPN at 96 h. At 168 h, all 3:7 sIPNs showed significantly (»p<0.001) higher

concentrations than respective 5:5 sIPNs but lower than respective 4:6 sIPNs.
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Figure 3-3. MMP-2 concentrations (pg/ml) over time from human monocytes in the

presence of sIPNs with various wt% ratios of ligand-PEG grafted gelatin:PEGdA: 3:7

SIPN (—*7),4:6 sSIPN ("~ ®*"*), or 5:5 sIPN (+). Data are shown per ligand group
and are expressed as mean + s.d. Comparing within each time point and each ligand
identity at p<0.001: i.) at 2 h, all ligand-PEG grafted 3:7 sIPNs showed a significantly
lower concentration compared to that of 4:6 and 5:5 sIPNs and all except methoxy-PEG
grafted 4:6 sIPNs showed significantly higher concentrations compared to 5:5 sIPNs

while within 5:5 sIPNs, RGD-, PHSRN-PEG grafted sIPNs were significantly lower than

methoxy-PEG grafted sIPNs; ii.) from 24 to 96 h, concentrations from all ligand-PEG
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grafted 4:6 sIPNs were significantly higher than all 3:7 sIPN and 5:5 sIPN samples
except versus GGG-PEG grafted 5:5 sIPN at 96 h; iii.) at 168 h, all 4:6 sIPN samples
showed significantly higher concentrations than all 3:7 and 5:5 sIPNs and all 3:7 sIPN

samples were significantly higher than all 5:5 sIPN samples.

Similar to MMP-2 protein concentrations at earlier time periods, MMP-9 was
non-detectable (0 + 0 pg/ml) at 0 h, but a sharp increase in MMP-9 from 0 to 2 h was
observed for all ligand type and material formulation (Figure 3-4). The increase in protein
concentration from O to 2 h was followed by a drastic decrease from 2 to 24 h for all
ligand-PEG grafted sIPN. At 2 h, methoxy- and RGD-PEG grafted 3:7 sIPN had

| significantly (p<0.001) higher concentrations than respective 4:6 sIPN. From 24 to 96 h,
MMP-9 concentrations increased for all sIPNs, but to varying degrees depending on
ligand type and concentration. For example, all methoxy-PEG grafted sIPN at 96 h were
statistically similar while both GGG- and PHSRN-PEG grafted 4:6 sIPNs exhibited
significantly (»<0.001) higher values compared to that of respective 3:7 and 5:5 sIPNs.
RGD-PEG grafted 4:6 sIPN at 96 h had significantly (p<0.001) higher concentrations
than that of 3:7 sIPN but significantly (p<0.001) lower than 5:5 sIPN. At 168 h,
concentrations from methoxy-PEG grafted 4:6 sIPN were significantly higher than 3:7
but significantly lower than 5:5 sIPN. GGG-, PHSRN-PEG grafted 4:6 sIPN continued to
show significantly (p<0.001) higher values than 3:7 and 5:5 sIPNs. RGD-PEG grafted

4:6 and 5:5 sIPNs displayed significantly (p<0.001) higher concentrations than 3:7 sIPN.
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Figure 3-4. MMP-9 concentrations (ng/ml) over time from human monocytes in the

presence of sIPNs with various wt% ratios of ligand-PEG grafted gelatin:PEGdA: 3:7

SIPN (—*7), 4:6 sSIPN (=" ®*"*), or 5:5 sIPN ( +). Data are shown per ligand group
and are expressed as mean + s.d. Comparing within each time point and each ligand
identity at p<0.001: i.) at 2 h, methoxy-, RGD-PEG grafted 3:7 sIPNs had significantly
higher values than 4:6 sIPNs; ii.) at 96 h, both GGG- and PHSRN-PEG grafted 4:6 sIPNs
exhibited significantly higher values compared to that of 3:7 and 5:5 sIPNs while for

RGD-PEG grafted sIPN, 4:6 sIPNs had significantly higher values than that of 3:7 but
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lower than 5:5 sIPNs; iii.) at 168 h, GGG-, PHSRN-PEG grafted 4:6 sIPN had
significantly higher values than 3:7 and 5:5 sIPNs while values for methoxy-PEG grafted
4:6 sIPN were significantly higher than those of 3:7 but significantly lower than those of
5:5 sIPNs, and RGD-PEG grafted 4:6 and 5:5 sIPN had significantly higher values than

3:7 sIPN.

IL-1P protein concentrations were modulated by both ligand identity and
concentration (Fig. 3-5). For 3:7 sIPN at 2 h and for 4:6 and 5:5 sIPNs, IL-1B was
detected at concentrations below 200 pg/ml. At 2 h, PHSRN-PEG grafted 5:5 sIPNs had
significantly (p<0.001) higher concentrations than PHSRN-PEG grafted 3:7 and 4:6
sIPNs. At 24 h, all 3:7 sIPN showed significantly (p<0.001) less IL-1p concentrations
than respective 4:6 and 5:5 sIPN. Within 4:6 sIPNs at 24 h, RGD-, PHSRN-PEG grafted
sIPN had significantly (p<0.001) lower concentrations than methoxy- and GGG-PEG
grafted sIPN. At 24 and 96 h, no significant differences were observed between 4:6 and
5:5 sIPN. All 3:7 sIPNs continued to show significantly (p<0.001) less IL-1p
concentrations compared to 4:6 and 5:5 sIPNs at 96 h. RGD-PEG grafted 4:6 sIPN

exhibited significantly (p<0.001) higher concentrations than all other ligand-PEG grafted

4:6 sIPN at 96 h.
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Figure 3-5. IL-1p concentrations (pg/ml) over time from human monocytes in the

presence of SIPNs with various wt% ratios of ligand-PEG grafted gelatin:PEGdA: 3:7

SIPN (—*—),4:6sIPN ("~ ®"), or 5:5 SIPN (+). Data are shown per ligand group
and are expressed as mean + s.d. Comparing within each time point and each ligand
identity at p<0.001: i.) at 2 h, PHSRN-PEG grafted 5:5 sIPNs had significantly higher
concentrations than 3:7 and 4:6 sIPNs; ii.) at 24 h, all 4:6 and 5:5 sIPNs showed higher

values than 3:7 sIPN, and within 4:6 sSIPNs, RGD-, PHSRN-PEG grafted sIPNs had
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lower concentrations than methoxy- and GGG-PEG grafted sIPNss; iii.) at 96 h, all 4:6
and 5:5 sIPNs showed higher values than 3:7 sIPN, and within 4:6 sIPNs, only RGD-
PEG grafted sIPNs exhibited higher concentrations than all other ligand-PEG grafted

sIPN.

3.3.4 Monocyte MMP-2/-9 and IL-1p mRNA expression

mRNA levels were investigated for all samples from 2 to 96 h, but not for 168 h,
due to the low density of adherent cells from which mRNA was extracted. MMP-2
mRNA was not detectable (i.e. 0 £ 0 AU) for all sIPN at all time points. For all sIPN,
MMP-9 mRNA levels were undetectable at 2 h, but generally increased over time
(Figures 3-6 and 3-7). At 24 h, MMP-9/B-actin levels for RGD-PEG grafted 3:7 sIPN
were significantly (p<0.05) higher than methoxy- and PHSRN-PEG grafted sIPN. RGD-
and PHSRN-PEG grafted 4:6 sIPNs showed significantly (p<0.05) higher values than
methoxy-PEG grafted sIPN at 24 h. At 96 h, GGG-PEG grafted 3:7 sIPN showed
significantly (p<0.05) higher levels of MMP-9/B-actin than all other ligand-PEG grafted
3:7 sIPN. RGD-PEG grafted samples within 4:6 sIPN showed significantly higher
transcriptional levels than all other ligand-PEG grafted 4:6 sIPNs at 96 h. When
normalized to GAPDH, MMP-9 mRNA levels from PHSRN-PEG grafted 4:6 sIPN
samples were significantly (p<0.05) higher than all other ligand-PEG grafted 4:6 sIPNs at
24 h (Fig. 3-7). At 96 h, MMP-9/GAPDH levels for GGG-PEG grafted 3:7 and 5:5 sIPN
were significantly (p<0.05) higher than methoxy-, and PHSRN-PEG grafted sIPNs.

GGG-PEG grafted 4:6 sIPNs were also significantly higher than methoxy-, and RGD-

PEG grafted 4:6 sIPN at 96 h.
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Figure 3-6. RT-PCR analysis for MMP-9/ B-actin mRNA levels from adherent
monocytes in the presence of 3:7, 4:6 and 5:5 wt% ratio of ligand-grafted gelatin:PEGdA
sIPNs: methoxy-(—), GGG-(e==), RGD-(emmm), and PHSRN-PEG grafted sIPN (z==3).

k
Data are expressed as mean + s.d. Significantly different (p<0.05) from RGD-PEG

grafted sIPN (within sIPN group and time point). TSigniﬁcantly different (p<0.05) from

PHSRN-PEG grafted sIPN (within sIPN group and time point). iSigniﬁcantly different

(»<0.05) from all other ligand-PEG grafted sIPN (within sIPN group and time point).
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Figure 3-7. RT-PCR analysis for MMP-9/GAPDH mRNA levels from adherent
monocytes in the presence of 3:7, 4:6 and 5:5 wt% ratio of ligand-PEG grafted
gelatin:PEGdA sIPNs: methoxy-(—), GGG-(e==1), RGD-(e=m), and PHSRN-PEG

grafted sIPN (z==). Data are expressed as mean + s.d. §Signiﬁcantly different (p<0.05)
from GGG-PEG grafted sIPN (within sIPN group and time point). iSigniﬁcantly

different (»p<0.05) from all other ligand-PEG grafted sIPN (within sIPN group and time

point).
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While MMP-9 mRNA levels increased over time in general, IL-1p mRNA levels
generally decreased over time. IL-1p levels were also normalized to B-actin (Fig. 3-8) or
to GAPDH (Fig. 3-9). At 2 h, PHSRN-PEG grafted 4:6 sIPNs showed significantly
(»<0.05) lower levels as compared to GGG-, and RGD-PEG grafted 4:6 sIPNs. RGD-
PEG grafted 4:6 sIPN showed significantly (p<0.05) higher IL-1B/B-actin levels
compared to all other ligand-PEG grafted 4:6 sIPN at 24 h. Only a trace amount or no IL-
1B/B-actin was detected by 96 h for all sIPN. A decrease in IL-1 mRNA over time was
also observed when normalized to GAPDH (Fig. 3-9). At 2 h, both PHSRN-PEG grafted
3:7 and 4:6 sIPN samples showed significantly (p<0.05) lower IL-1/GAPDH mRNA
expression than the respective RGD-PEG grafted sIPN. PHSRN-PEG grafted 5:5 sIPNs
also showed significantly (p<0.05) lower IL-13/GAPDH levels compared to methoxy-
PEG grafted sIPN at 2 h. At 24 h, IL-1B/GAPDH levels from methoxy- and GGG-PEG
grafted 5:5 sIPN were significantly (p<0.05) higher than RGD-, and PHSRN-PEG grafted

5:5 sIPN. At 96 h, GGG-PEG grafted 4:6 sIPNs showed significantly (p<0.05) higher IL-

1B/GAPDH levels compared to all other ligand-PEG grafted 4:6 sIPNs.
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Figure 3-8. RT-PCR analysis for IL-1B/B-actin mRNA levels from adherent monocytes
in the presence of 3:7, 4:6 and 5:5 wt% ratio of ligand-PEG grafted gelatin:PEGdA
sIPNs: methoxy-(—=), GGG-(===), RGD-(e=m), and PHSRN-PEG grafted sIPN (z===).

Data are expressed as mean + s.d. §Signiﬁcantly different (p<0.05) from GGG-PEG
*
grafted sIPN (within sIPN group and time point). Significantly different (p<0.05) from

RGD-PEG grafted sIPN (within sIPN group and time point). iSigniﬁcantly different

(p<0.05) from all other ligand-PEG grafted sIPN (within sIPN group and time point).
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Figure 3-9. RT-PCR analysis for IL-13/GAPDH mRNA levels from adherent monocytes
in the presence of 3:7, 4:6 and 5:5 wt% ratios of ligand-PEG grafted gelatin:PEGdA
sIPNs: methoxy-(—=), GGG-(==a), RGD-(emmm), and PHSRN-PEG grafted sIPN (z=z=).
Data are expressed as mean + s.d. *Significantly different (p<0.05) from methoxy-PEG

grafted sIPN (within sIPN group and time point). *Signiﬁcantly different (»<0.05) from
RGD-PEG grafted sIPN (within sIPN group and time point). TSigniﬁcantly different
(»<0.05) from PHSRN-PEG grafted sIPN (within sIPN group and time point).
3:Signiﬁcantly different (»p<0.05) from all other ligand-PEG grafted sIPN (within sIPN

group and time point).
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3.4 Discussion and Conclusion

This study has shown that human monocyte adhesion, MMP-2/-9 and IL-1
protein and MMP-9 and IL-1 mRNA expression were influenced by ligand identity and
concentration. Increasing the wt% of RGD-PEG grafted gelatin in the sIPN increased
accéssible RGD concentration on the sIPN surface, but not beyond the 4:6 wt%. The lack
of significant difference in accessible RGD between RGD-PEG grafted 4:6 and 5:5 sIPNs
could be due to the less incremental wt% increase in RGD-PEG grafted gelatin content
between 5:5 and 4:6 sIPNs compared to that between 3:7 and 4:6 sIPNs. There may also
be a plateau after which RGD accessibility on the sIPN surface is limited and the ligand
effects are diminished. Similar to this, no significant differences were observed in
adherent cell density between 4:6 and 5:5 RGD-PEG grafted sIPNs. In addition, the
physical properties of the sIPN play a role in the monocyte response. As the accessible
ligand concentration was varied in the sIPN by increasing or decreasing the ligand-PEG
modified gelatin wt % in the sIPN construct, the change in gelatin as well as the ligand-
PEG that was conjugated on the gelatin backbone was also changed. Furthermore, the
endogenous RGD in the gelatin backbone was also changed, and the Young’s modulus
and topography of the sIPN construct. Thus, conclusions on the monocyte adherent
density as well as the IL-18 and MMP-2/-9 expression must be made with the accessible
RGD concentration as examined by RGD targeted antibody (Figure 3-2) in mind. The
effectiveness of the RGD concentration, in this case, then, should be taken in the context
of the nature of the background substrate. The data may also suggest that the minimum

concentration required for the effectiveness of the RGD peptide on monocyte adhesion

and protein expression is also dependent on the nature of the background substrate.
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As shown in our previous work, initial monocyte adhesion was regulated by 1
and B3 containing integrin complexation onto RGD presented on the sIPN surface.
However, other cell-material interaction involving various gelatin domains in the sIPN is
likely to influence cell adhesion and subsequent behavior. For example, cells can adhere
to gelatin via aVB3-RGD complexation as well as a5B1-fibronectin bridge.[33,34] The
mannose receptor expressed on the macrophage surface also specifically binds to
gelatin.[35] Further, monocyte interactions with the sIPN are not limited to gelatin but
also involve interactions with PEG. In another study, human monocytes are shown to
adhere comparable to TCPS and respond to PEG-only hydrogels.[36]

Clear differences in MMP-2 and IL-1p protein release profiles over time were
observed at initial time points from 3:7 sIPN as compared to those from 4:6 and 5:5 sIPN.
Although this could be a result of the more significant incremental increase in gelatin
wt% from 3:7 to 4:6 sIPNs compared to that between 4:6 and 5:5 sIPNs, a “threshold
effect” of gelatin or PEG content at which MMP-2 and IL-1p release is suppressed may
also exist. Though the kinetic pattern of MMP-2 protein release over time between 4:6
and 5:5 sIPN was similar, MMP-2 concentrations were generally higher for 4:6 compared
to that of 5:5 sIPN. Even with the initial burst of MMP-2 protein release at 2 h for 4:6 and
5:5 sIPNs, MMP-2 mRNA was not observed from any sample at any time point.
However, the disconnect between MMP-2 protein and mRNA expression has been
reported by others.[20,38] The MMP-2 gene, containing few conserved cis-elements in

the promoter region, has been speculated to transcribe MMP-2 protein, then to store the

protein in the matrix until activation.[39, 40]
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MMP-9 protein release was modulated by ligand identity, material formulation
and time. Increasing MMP-9 protein concentration was consistent with generally
increasing MMP-9/ B-actin and MMP-9/GAPDH over time. Ligand specific expression
of MMP-9 protein and MMP-9/GAPDH mRNA was observed. For example, GGG-, and
PHSRN-PEG grafted 4:6 sIPN showed a drastic increase in MMP-9 protein concentration
from 24 to 96 h. This correlates with higher MMP-9/GAPDH mRNA levels at 96 h for
GGG-, and PHSRN-PEG grafted 4:6 sIPNs, though the MMP-9/GAPDH level for
PHSRN-PEG grafted 4:6 sIPN was not statistically significant.

Decreasing IL-1p protein concentrations were paralleled by decreasing IL-18
mRNA levels over time. At 24 h, RGD-PEG grafted 4:6 sIPNs showed higher IL-15/B-
actin mRNA levels compared to all other ligand-PEG grafted 4:6 sIPN. This was partly a
result of low B-actin levels, perhaps due to specific receptor-ligand interactions and/or
perhaps to the lack of cytoskeletal rearrangement on the sIPN surface. Ligand specific
expression of IL-1P protein and mRNA expression was also observed. For example,
relatively low IL-1B mRNA levels were observed for PHSRN-PEG grafted 4:6 sIPNs at 2
h and this correlated with significantly lower IL-1p protein concentrations for PHSRN-
PEG grafted 4:6 sIPN as compared to methoxy-, and GGG-PEG grafted 4:6 sIPNs at 24
h. Only a trace amount or no IL-1B/B-actin and IL-1B/GAPDH mRNA were detected by
96 h, consistent with the decrease in IL-1f protein concentration at 96 h and beyond. The
decrease in IL-1p protein levels was observed with an increase in MMP-9. The increase
in MMP-9 protein from 24 to 96 h following the increase in IL-1p from 2 to 24 h
correlates well with previous findings on IL-1p induction of MMP-9.[22] MMP-9 has

also been shown to degrade IL-1, and the decrease in IL-1p protein from 24 to 96 h
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could correspond with an increase in MMP-9 concentrations from 24 to 96 h.[21] Thus,
in the context of sIPNs, monocyte expression of MMP-9 and IL-1f showed a potential
autocrine regulation.

Thué, we have demonstrated that human monocyte adhesion, MMP-2/-9 and IL-
1B protein and MMP-9 and IL-13 mRNA expression were influenced by ligand identity

and concentration. These interrelationships are not always a positive correlation but a

complex, time-dependent phenomenon.
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Chapter 4. Fibroblasts Regulate Monocyte Response to
ECM-derived Matrix: The Effects on Monocyte Adhesion and

the Production of Inflammatory, Matrix Remodeling and Growth

Factor Proteins

4.1 Introduction

As displayed in Figures 1-1 and 1-2 in Chapter 1, fibroblasts and collagen have been
found in close proximity to inflammatory cells such as monocytes at the wound bed during
repair, we examined monocyte adhesion and subsequent protein expression on the ECM-derived
sIPN in the presence of fibroblasts. RGD has been utilized extensively to modify biomaterials to
promote integrin-mediated cell attachment and we have previously demonstrated that RGD
grafted onto an ECM-based sIPN enhances cell adhesion and modulates signaling, and cytokine
and gene expression [1-4]. We demonstrated in Chapter 2 that adherent monocyte density was
increased by RGD tethered onto a PEG linker on the gelatin based sIPN, and that subsequent
protein and genetic regulation of IL-18 and MMP-2/-9 was increased in response to sIPN.
RGD-PEG grafted sIPNs also enhanced cellularity and organized ECM reconstruction over time
in vivo in dermal wound healing models [5].

As inflammation and matrix remodeling are complex interweaving event with
monocytes/macrophages and fibroblasts playing key roles in the progression of wound healing,
we hypothesized that monocytes and fibroblasts in the context of the ECM analog sIPN would
provide a more accurate analysis of the temporal wound healing proteins compared to
monoculture investiéations. Thus, a monocyte-fibroblast co-culture system in the presence of the

sIPN was constructed as shown in Figure 4-1.
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In this study, we sought to

k ; . Primary Monoevtes
investigate the influence of ;

fibroblasts on monocyte response

to this ECM mimic. Both
Fibroblast

/

Figure 4-1 Monocyte/fibroblast co-culture set up

fibroblasts and monocytes are
present during the granulation
stage of wound healing and they
coordinate a highly controlled sét of inflammatory, ECM production and breakdown events
during wound healing [6,7]. An understanding of the endothelial cell/blood/biomaterial
interactions is central to advancing the field of bioengineering and drug delivery. As a highly
controlled set of inflammatory, ECM production and breakdown events exists in wound healing,
examining the monocyte-fibroblast protein-mediated communication in the context of the ECM-
mimic sIPN will provide crucial insight into the sIPN’s role in wound healing facilitation.
However there are few studies investigating the role of fibroblasts in directly regulating human
monocyte response to ECM components [8-10]. As current reports of a monocyte-fibroblast co-
culture system in an ECM-derived scaffold setting nearly absent, this work sheds critical insight
into the intermolecular péracrine communication between monocytes and fibroblasts as well as
into the sIPN’s role in wound healing facilitation. Key wound healing factors in inflammation,
matrix remodeling and regeneration were analyzed to gain insight into the interrelated role of

regulation in fibroblast-monocyte interaction.
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4.2 Methods and Materials

4.2.1 Preparation of sIPN cast polycarbonate transwell

Ligand-modified gelatin preparation for the sIPN is described extensively in Chapter 2,
section 2.2.1. sIPNs were cast and polymerized directly onto the polycarbonate transwells. The
mPEG-gelatin, GGG-PEG-gelatin, RGD-PEG-gelatin, PHSRN-PEG-gelatin, or unmodified
gelatin was dissolved in ddH,O (10% w/v) by heating at 60°C. The gelatin solution was added to
PEG diacrylate (PEGdA, M, = 575 Da) to form a 4:6 gelatin:PEGdA weight ratio. 20 ul of 2,2-
dimethoxy-2-phenyl-acetophenone (DMPA) initiator solution (0.02 g DMPA in 0.5g PEGdA)
was added to the gelatin/PEGdA mixture, vortexed, and 175 pl was transferred to the
polycarbonate transwell insert (3.0 um pore size, d = 12 mm, Corning Inc., Corning, NY) and
polymerized directly in the insert via exposure to light emitting diode (Amax = 365 nm at 10 cm)
for 5 min. The resultant sSIPNs were dipped into a 70% ethanol solution for 30 min for
sterilization, rinsed three times with 1 x PBS and transferred to 12 well plates to equilibrate for 3
days in 1 x PBS all under 4°C. Density of peptide-PEG-sIPN was previously analyzed on RGD-
PEG grafted sIPNs via ELISA using RGD directed antibody [11]. We found that accessible RGD
concentration (umole/ml) on the unmodified sIPN surface was significantly (p<0.05) lower
compared to that of RGD-PEG grafted sIPN [12]. sIPN containing transwells and polycarbonate
transwells were equilibrated in RPMI 1640 at 37°C and 5% CO; for 2 h prior to monocyte

seeding.
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4.2.2 Protein diffusion through the sIPN

The diffusion of three proteins of varying molecular weights through the sIPN from one
chamber to another were examined: rhGM-CSF (ProSpec-Tany TechnoGene Ltd., Rehovot, Israel),
BSA-FITC (Sigﬁla, St. Louis, MO) and MMP-2 (EMD Chemicals, Inc., San Diego, CA), of 14.5
kDa, 65 kDa, and 72 kDa, repectively. As the highest concentration from the in vitro assays were
observed approximately at 20 ng/ml, that concentration of each protein was added to either chamber
A or B and the diffusion into the other chamber was observed over 2, 24, and 96 h. rhGM-CSF or
rhMMP-2 was added to either chamber A or B and the diffusion into the other chamber was
measured via ELISA (R&D Systems, Minneapolis, MN and EMD Chemicals, Inc., San Diego, CA,
respectively). Quantification of BSA-FITC was carried out with a spectrofluorometer (Thermo-
Spectronic AB/2 luminescence spectrometer) with excitation and emission wavelength of 495 and
520 nm, respectively.

In separate experiments, small molecule diffusion across the sIPN was also examined
with fluorescein (332.31 g/mol, Sigma, St. Louis, MO) at 67 pg/ml in PBS where 0.5 ml of this
solution was place in chamber A and 1.5 ml of PBS without the dye molecule was placed in
chamber B and absorbance was measured at 469 nm at 5, 30, 60 and 120 min, all under ambient
temperature. Diffusion across chambers was observed as early as 5 min, and by 120 min both
chambers had equilibrated with 16.4 pg/ml in chamber A and 13.4 pg/ml in chamber B. A
portion of the fluorescein was entrapped within the sIPN thus absorbance readings in both
chambers did not reflect the total concentration throughout 120 min. We also observed
previously that time to maximum percent released of basic fibroblast growth factor out of the

sIPN was 2 h [15].
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4.2.3 Monocyte/fibroblast monoculture and co-culture

Neonatal human dermal fibroblasts (NHDF) (Lonza Group Ltd, Switzerland) between
passages 4 through 7 were seeded in a 12-well TCPS plate (Corning Inc., Corning, CA) and
cultured to a nionolayer confluency (approx > 90%) in fibroblast growth media (FGM) plus 5%
FBS as previously described [13]. Once fibroblasts reached confluency, the media was removed
and replaced with RPMI 1640 (GIBCO, Carlsbad, CA) containing 10% human serum for 3 days
prior to the experiment. Effects of the media transition were optimized prior to the experiment
and fibroblast confluency/cell density, morphology and viability on TCPS were monitored at 48
and 168 h. Confluency was unaffected by RPMI with 10% human serum through 168 h and
LIVE/DEAD assay (Invitrogen, Carlsbad, CA) confirmed > 95% fibroblast viability was also
maintained by this media, as observed with FGM supplemented with 5% FBS (n = 3).
Morphological observations also revealed that the characteristic spindle shape (shown in
Appendix, Figure i) was unaltered by RPMI supplemented with 10% human serum. This
indicates that the culture medium employed in the co-culture sets in the current study did not
adversely affect the behavior of fibroblasts.

Human peripheral blood monocytes were isolated from citrated whole blood of a healthy,
medication-refrained adult volunteer using a density-gradient, non-adhesion method previously
described in detail [14]. Briefly, citrated blood (100~150 ml) was diluted 1:2 with PBS/5mM
EDTA (PBSE), layered onto Ficoll-Paque (GE Healthcare, Uppsala, Sweden), and centrifuged at
400 x g for 30 min (no brake). The resultant mononuclear cells were serially washed three times
with 50 volumes of PBSE by centrifugation at 350, 200 and 150 x g for 10 min each. Cells were
resuspended in 2~3 ml of PBSE, layered onto two 10-ml columns of FBS, and centrifuged at 120

x g for 10 min. The same procedure was repeated, after which cells were resuspended in 3.5 ml

- e——— “
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of PBSE, added to 6.7 ml of Percoll (Sigma, St. Louis, MO), mixed and centrifuged at 2000 x g
for 25 min (no brake). The resultant topmost cell layer (1 ml) was washed twice with 50 volumes
of cold RPMI 1640 medium resuspended in cold RPMI 1640, and seeded immediately.
Co-culture set up: Freshly isolated cells were seeded onto each surface on the transwell
insert (i.e. polycarbonate transwell or ligand-PEG grafted sIPN surface) at a concentration of 10°
cells/ml in RPMI 1640 culture medium and 10% autologous serum at 37°C and 5% CO, and
cultured up to 96 h. Once the monocytes were seeded onto the transwell insert with or without
sIPN, it was immediately but gently placed into the well with a confluent layer of fibroblasts.
Figure 4-2 outlines the monocyte and fibroblast co-culture schematic in the presence of the sIPN.
Chamber A refers to the upper chamber where monocytes were seeded and chamber B refers to

the bottom chamber where a

PEG Linkers

confluent layer of fibroblasts PEG diacrylate

were cultured. Monocultures Gelatin
Ligands

were constructed in the same set (Methoxy, GGG, RGD, PHSRN)

up as co-cultures, but with only e A
amber A",

\

Adherent Monocytes
monocytes in chamber A for Polycarbonate Transwell

Confluent Fibroblasts on TCPS

monocyte monocultures
and only fibroblasts in Figure 4-2. Monocyte/fibroblast co-culture setup with the sIPN.
chamber B for fibroblast monocultures. While monocytes in monocultures were in direct contact
with sIPNs or polycarbonate transwell, a confluent layer of fibroblasts on TCPS in chamber B in
fibroblast monocultures were in the presence of, but were not in direct contact with the various

surfaces. Supernatants were collected from both chamber A and B at all time points and all

monocultures and co-cultures.
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4.2.4 Cell based assays: LIVE/DEAD, ELISA, microsphere-based multiplex

protein assay and immunoblotting

At 2, 24, and 96 h, all surfaces were rinsed with D-PBS and stained with LIVE/DEAD
(Invitrogen, Carlsbad, CA). Working dilutions of calcein-AM (2 uM) and ethidium homodimer-1
(4 uM) were made in D-PBS immediately before use. For each sample well in chamber A, a
minimum of two different areas at 0.55 mm? each were imaged using an inverted microscope.
Confluent fibroblasts in chamber B were not quantified but LIVE/DEAD assay was still carried
out for verification of fibroblast viability. Supernatants were collected from both chamber A and
B at 2, 24, and 96 h. With the supernatant collected at 2, 24 and 96 h, all proteins were analyzed
with the microsphere-based multiplex protein assay (Linco Research, St. Charles, MO), except
MMP-2 and MMP-9, where the ELISA (Raybiotech Inc., Norcross, GA) method was used. The
ELISA and the microsphere-based multiplex protein assays were carried out according to
manufacturers’ instructions. The protein concentrations reported contain the concentrations in
addition to the protein concentrations from the 10% autologous serum in the media.

Immunoblotting procedures were carried out by collecting the adhered cells with trypsin
and lysing the cells in mammalian protein extraction reagent (Thermo Scientific, Rockford, IL).
Cell lysate was incubated with a 10% protease inhibitor cocktail in M-PER at 4°C for 15 min
then briefly sonicated. The cell lysate solution was centrifuged to rid of cell debris and the
solution was analyzed for total protein concentration with the bicinchoninic acid (BCA) protein
assay then 0.142 pg of protein was resolved by 12% SDS-PAGE. Resolved proteins were
transferred to a nitrocellulose blotting membrane and incubated overnight in blocking solution,
5% milk in phosphate buffer saline tween-20 (PBST), at 4°C. Samples were incubated with anti-

human vinculin monoclonal antibody (hVIN-1) (Sigma, St. Louis, MO) overnight, then washed
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with washing buffer (1%PBST) then incubated with horse radish peroxidase (HRP) conjugated
an anti-mouse polyclonal antibody (Cell Signaling Technology, Inc., Danvers, MA) for 1 h. The
resulting samples were washed twice with PBST, rinsed with PBS and developed via
chemiluminescence. Tubulin protein expression was used as a positive control for all

immunoblots.

4.2.5 Statistical analysis

Cell adhesion and ELISA data were expressed as the mean of triplicate wells + standard
deviation (n = 3). Adherent live cell density data and protein concentrations were analyzed by

unpaired Student #-test where p < 0.05 was considered statistically significant.

4.3 Results

4.3.1 Protein diffusion through the co-culture system

The diffusion of three proteins of varying molecular weights hGM-CSF (14.5 kDa), BSA-
FITC (66 kDa) and thMMP-2 (72 kDa) through the sIPN from one chamber to another were
examined. Protein was added to either chamber A or B and the diffusion into the other chamber
through the sIPN was observed over 2, 24, and 96 h.

Diffusion of GM-CSF from chamber A to B through the polycarbonate transwell insert
without sIPN was observed as early as 2 h (Figure 4-3) and for all surfaces, the total concentration of

both chambers does not yield the original concentration of 20 ng/ml at any time point.
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GM-CSF Diffusion from Chamber A to B
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Figure 4-3. GM-CSF concentrations over time in chamber A and B in the presence of various

surfaces. GM-CSF diffusion was from chamber A to chamber B.

However, concentrations decreased to nondetectable levels by 96 h, possibly due to
adsorption of proteins onto the transwell insert and/or the TCPS surface in chamber B. With sIPNs
cast transwell inserts, diffused GM-CSF concentrations in chamber B were npt detected until 24 h,
due to the protein interaction with the sIPN. By 96 h, GM-CSF levels were comparable in
unmodified sIPN samples, but concentrations in chamber B in the presence of GGG and RGD-PEG
grafted sIPNs were not as high as that from unmodified sIPN samples. This phenomenon is likely
due to the ligand-PEG grafting onto the gelatin backbone theoretically decreasing the sIPN’s pore
size and making the diffusive path more tortuous for the proteins compared to the unmodified sIPN.
The highest concentration at 2 h was 9300 pg/ml in the presence of unmodified sIPN, and by 96 h,

the GM-CSF concentration from chamber A and B together is 6096 pg/ml. GM-CSF could be
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adsorbing onto the polycarbonate insert, the sIPN cast on the insert, and/or the TCPS surface on the
bottom.

GM-CSF diffusion from chamber B to A was similar to that of GM-CSF diffusion from
chamber A to B in that concentrations in chamber B decreased while concentrations in chamber A
increased over time (Figure 4-4). As expected, GM-CSF diffused into chamber A at a greater
concentration in the presence of the polycarbonate transwell compared to concentrations from those
in the presence of sIPNs. However, as observed with GM-CSF diffusion from chamber A to B, GM-
CSF concentrations were not detectable in either chamber by 96 h, suggesting adsorption of GM-
CSF on the polycarbonate transwell and/or the TCPS surface in chamber B. Concentrations at 2 h in
the presence of polycarbonate transwell also suggests GM-CSF adsorption onto the insert and/or

TCPS.

GM-CSF Diffusion from Chamber B to A
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Figure 4-4. GM-CSF concentrations over time in chamber A and B in the presence of various

surfaces. GM-CSF diffusion was from chamber B to chamber A.
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For example, total GM-CSF concentration at 2 h in the presence of the polycarbonate
transwell was 4195 pg/ml while those in the presence of sIPN cast transwell yielded an average GM-
CSF concentration of 8537 pg/ml. GM-CSF adsorption onto the polycarbonate transwell is likely the
dominant factor in the undetectable levels of GM-CSF by 96 h, observed in either direction (i.e.
from chamber A to B, from chamber B to A) of GM-CSF diffusion. Concentrations in the presence
of sIPNs were similar over time and while GM-CSF diffusion from chamber A to B was not
observed until 24 h, GM-CSF had diffused to chamber A from B by 2 h in the presence of all sIPNs.
By 96 h, concentrations in both chambers in the presence of sIPNs were comparable, except for that
from unmodified sIPN, where concentrations from chamber A were higher than that from chamber
B.

BSA-FITC diffusion was similar to GM-CSF diffusion through the sIPN over time, but
adsorption of the protein on to the polycarbonate transwell and/or the TCPS surface was also
significant (Figure 4-5). Diffusion of BSA-FITC through the sIPN, was observed beginning at 24 h
and through 96 h. The diffused BSA-FITC molecule through the sIPN was observed starting at 24 h,
similar to GM-CSF, but the diffused. BSA-FITC concentrations were less than that compared to the
diffused GM-CSF concentration at the same time points. The diffusion of BSA-FITC was predicted

to be delayed compared to GM-CSF due to the larger molecular weight and larger hydrodynamic

radius of BSA-FITC (~36.5 A) compared to GM-CSF.
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BSA-FITC Diffusion from Chamber A to B
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Figure 4-5. BSA-FITC concentrations over time in chamber A and B in the presence of various

surfaces. BSA-FITC diffusion was from chamber A to chamber B.

BSA-FITC diffusion from chamber B to A was similar to that of BSA-FITC diffusion from
chamber A to B in that diffusion through the sIPN into the other chamber was observed beginning at
24 h and through 96 h (Figure 4-6). Similar to the diffusion from chamber A to B, BSA-FITC
concentrations were undetectable by 24 h in chamber B, likely due to the adsorption of the protein
onto the polycarbonate transwell and/or the TCPS surface. The BSA-FITC concentration of 20 ng/ml
was not detected at any time point, due to the protein’s interaction with the polycarbonate transwell,

the sIPN, and/or the TCPS surface.
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BSA-FITC Diffusion from Chamber B to A
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Figure 4-6. BSA-FITC concentrations over time in chamber A and B in the presence of various

surfaces. BSA-FITC diffusion was from chamber B to chamber A.

MMP-2 diffusion from chamber A to B was observed starting from 2 h in the presence of
polycarbonate transwell without sIPN and by 96 h, concentrations between chamber A and chamber
B were comparable (Figure 4-7). MMP-2 also adsorbed to the transwell insert and/or the TCPS
surface in chamber B as the starting MMP-2 concentration of 20 ng/ml was decreased to
approximately 7 ng/ml by 96 h. In the presence of sIPNs, MMP-2 diffusion was not observed from 2
through 96 h, likely due to the large molecular weight of the enzyme. However, MMP-2
concentrations in chamber A decreased over time, suggesting that the MMP-2 is interacting with the
gelatin of the sIPN. Ionic interactions and the activity of the MMP-2 gelatinase may play an

important role in this phenomenon. If the MMP-2 enzymes are bound to the gelatin substrate in the

sIPN diffusional effects would be masked.
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MNMP-2 Diffusion from Chamber A to B
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Figure 4-7. MMP-2 concentrations over time in chamber A and B in the presence of various

surfaces. MMP-2 diffusion was from chamber A to chamber B.

MMP-2 diffusion from chamber A to B was observed only at 2 h in chamber B for all
surfaces and not observed at any other time point in the presence of all surfa{ces. (Figure 4-8). MMP-
2 is either too large to diffuse through and remaining in chamber B then adsorbing onto the TCPS
surface or MMP-2 is diffusing through but remains bound to the gelatin substrate present in the

sIPN. MMP-2 may have a much higher affinity toward the TCPS surface compared to GM-CSF.




141

MNMP-2 Diffusion from Chamber B to A
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Figure 4-8. MMP-2 concentrations over time in chamber A and B in the presence of various

surfaces. MMP-2 diffusion was from chamber B to chamber A.

For MMP-2 diffusion from chamber B to A, diffusion through the sIPN and PC transwell
was not observed as MMP-2 concentrations were observed only at 2 h at ~1.5 ng/ml in chamber B
and not detectable beyond 2 h for all surfaces. Both the polycarbonate transwell and the TCPS
surface are hydrophobic and given the plasma treatment of both surfaces, there are likely strong
adsorptive interactions, particularly with MMP-2, that are driving the adhesion of proteins onto the
surfaces and leading to nondetectable protein levels. With proteins observed in the co-culture
system, a confluent layer of fibroblasts covers the TCPS surface and thus will reduce adsorption.

However, the protease and fibroblast processing of the proteins will add more dynamic components

to the detection of proteins.
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4.3.2 Decreased monocyte adhesion onto RGD-PEG grafted sIPN in the

presence of fibroblasts

The presence of fibroblasts decreased initial monocyte adhesion on RGD-PEG grafted
sIPN. At 2 h, adherent monocyte density in monocyte monoculture and co-culture was
significantly higher on RGD-PEG grafted sIPNs when compared to that on all other surfaces
with the exception of unmodified sIPN in co-culture (Table 4-1). Furthermore, adherent
monocyte density on RGD-PEG grafted sIPN was approximately 2 fold less in co-culture
compared to that in monocyte monoculture at 2 h. On other surfaces, there were no significant
differences in adherent monocyte density when comparing between monocyte monoculture and
co-culture at 2 and 24 h. Our previous studies had shown that monocytes adhered at significantly
low levels on methoxy-/GGG-PEG grafted sIPN when compared to tissue culture polystyrene
(TCPS) and PEG-only hydrogels [16]. RGD-PEG grafted sIPN mediated enhanced monocyte
adhesion in a ligand-integrin dependent fashion and that subunit $1- and B3-containing integrins
were critical in mediating this observation. Although enhanced monocyte adhesion on RGD

grafted surfaces is consistent with others” findings, fibroblasts inhibiting this enhanced monocyte

adhesion is unexpected.
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Table 4-1. Adherent live monocyte density (cell/mm?) on various surfaces at 2, 24, and 96 h

under monocyte monoculture or monocyte/fibroblast co-culture conditions.

Culture Time (h):
Surface/Ligand-PEG grafted sIPN 2 24 96
Polycarbonate Transwell 62 + 25 27 £ T 18 + 5
Unmodified Gelatin 138 + 15 72 + 20%F 85 + 31™P
Monocyte ~ Methoxy-PEG 156 + 74 125 + 47 30 £ 5
Monoculture GGG-PEG 158 + 38 142 =+ 18 53 + 21
RGD-PEG 609 + 90% 206 + 43t 174 + 27%
PHSRN-PEG 121 + 35 126 + 12 76 + 228
Polycarbonate Transwell 39 + 7 48 + 20 27 £ 4
Unmodified Gelatin 225 + 58 111 + 31 7 T
Monocyte/  \fethoxy-PEG 92 + 2 126 + 14 54 = 20
Fibroblast
Co-Culture OGG-PEG 95 + 23 114 + 11 504 13
RGD-PEG 273 + 24 340 = 48" 99 + 1gtme
PHSRN-PEG 116 + 23 141 + 35 24 + 9

All values expressed as the mean of triplicate wells + standard deviation (n=3). Significantly different within time
point and surface (p < 0.05): *Higher than those under co-culture conditions. Significantly different within time point
and culture condition (p < 0.05): "Lower than all surfaces, "higher than all surfaces, “higher than all surfaces except
RGD-PEG grafted sIPN, =I=higher than all surfaces except unmodified gelatin sIPN, ‘higher than polycarbonate
transwell surface, ™lower than methoxy-PEG grafted sIPN, ®lower than GGG-PEG grafted sIPN, Plower than

PHSRN-PEG grafted sIPN.

Another data set on monocyte adhesion on sIPNs with or without fibroblasts is shown in Table
2 to display the decreased monocyte adhesion onto RGD-PEG grafted sIPN in the presence of
fibroblasts. The adhered but dead monocyte density on the polycarbonate transwell surface is
also shown. From the low dead adhered monocyte number on the polycarbonate transwell

surface in both monocyte monoculture and monocyte fibroblast co-culture, dead monocytes do

not appear to remain adhered on the surface but detach.

4-
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Table 4-2. Adherent live monocyte density (cell/mm?) on various surfaces at 2, 4, and 24 h
under monocyte monoculture or monocyte/fibroblast co-culture conditions, with dead adherent

monocyte density on polycarbonate transwell inserts.

Culture Time (h):
Surface/Ligand-PEG grafted sIPN 2 4 24
Polycarbonate Transwell (Live) 140 + 197 146 + 6 122 £ B
Polycarbonate Transwell (Dead) 22 % 5 16 =+ 12 = 8
Ml‘:l‘l’:c"lflytffre Unmodified Gelatin 263 £ 20 167 + 14 148 & 2
GGG-PEG 297 # 42 163 = 22 73 £ 14
RGD-PEG 560 + 59" 329 + 14" 119 = 6
Polycarbonate Transwell (Live) 111 + 3° 139 = 19 1 + 7
Monocyte/ Polycarbonate Transwell (Dead) 29 % 7 14 £ 6 9 % 3
Fibroblast Unmodified Gelatin 206 £ 31 279 &+ 37 139 £ 19
GO - Caiic W3+ 76 W o+ 4 8B x B
RGD-PEG 280 # 46 194 = 10 135 = I3

All values expressed as the mean of triplicate wells + standard deviation (n=3). Significantly different within time point
and surface (p < 0.05): *Higher than those under co-culture conditions. Significantly different within time point and
culture condition (p < 0.05): "Lower than all surfaces, "higher than all surfaces, *higher than all surfaces except RGD-
PEG grafted sIPN

4.3.3 Nonadherent monocyte analysis: viability and vinculin regulation in the

presence of fibroblasts in co-culture

There was an unexpected nonspecific interaction between the sIPN and the ethidium
homodimer-1 that stains for damaged DNA of dead cells. Thus, the nonadhered cells were analyzed
| via the LIVE/DEAD assay to examine how much of the nonadhered monocytes were dead.

Nonadhered monocyte analysis was carried out at 2, 4, and 24 h. Table 4-3 below shows the ratio of

live to dead nonadhered monocytes with or without the presence of fibroblasts.
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Table 4-3. Ratio of nonadherent live to nonadherent dead monocytes from various surfaces at 2,

4, and 24 h under monocyte monoculture or monocyte/fibroblast co-culture conditions.

Culture Time (h):
Surface/Ligand-PEG grafted sIPN 2 4 24
Polycarbonate Transwell 20 £ 8 46 = 14 g =%
Monocyte Unmodified Gelatin 12 + 4 5 %= 2 1 3
Monoculture GGG-PEG 19 = 7 4 = 46 = 13
RGD-PEG 7 & 4 g & 1 3 £ 3
Polycarbonate Transwell 3£ 9 20 £ 10 47 = 15
Monocyte/Fibroblast Unmodified Gelatin 26 & 13 10 & 20 =+ §
Co-Culture GGG-PEG § = 1. 6 & 48 = 11
RGD-PEG 8 £ 4 6 = 0% S8 & 29

All values expressed as the mean of triplicate wells + standard deviation (n=3). Significantly different within time point and

surface (p < 0.05): “Compared to that under monoculture conditions.

Thus, from table 4-3, the ratio of live to dead nonadhered monocytes do not appear to
significantly differ between those under monoculture and those under co-culture conditions
within surface, especially at the initial 2 h. At 4 h, the ratio of live to dead monocytes detached
from RGD-PEG grafted sIPN appear to be significantly higher under co-culture conditions, and
from the raw detached monocyte count (shown in Appendix, Table i), there are more detached
live monocytes in co-culture versus detached live monocyte count in monoculture. In other
words, the significantly higher ratio observed at 4 h is a result of higher live detached monocytes
in co-culture. Thus, at 4 h, the increased detachment of monocytes from RGD-PEG grafted sIPN
could be due to an effect related to adhesive molecular mechanisms rather than to viability. In
other words, rather than monocytes detaching because their viability is decreased by fibroblasts,
monocytes are detaching likely due to an effect related to an adhesive molecular mechanism such

as the downregulation of focal adhesion proteins.

—
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Thus, the regulation of the monocyte focal adhesion protein vinculin was analyzed over
time to gain insight on the molecular mechanism related decreased monocyte adhesion onto
RGD-PEG grafted sIPN. Monocytes on the polycarbonate transwell or RGD-PEG grafted sIPN
was investigatéd. The limiting factor for monocyte vinculin regulation over time was the limited
protein amount. Though faint bands at ~72 kDa could be observed as a possible fragment of the
vinculin protein [38], the expected band at 116 kDa was not observed from the monocyte lysates
(Appendix, Figure ii). The expected 116 kDa bands were faintly visible from the fibroblast
lysates. Due to limited protein source from the primary monocyte, definitive conclusions on
monocyte vinculin regulation on RGD-PEG grafted sIPNs as modulated by fibroblasts cannot be
made. Immunoblot analysis of several focal adhesion proteins (i.e. not just limited to vincuin)
and at more time points at the initial stages of co-culture will yield definitive conclusions. For
example, vincluin binds to talin that binds to tensin and a-actinin. Fak also binds to paxillin
which binds to vinculin. Thus, observing the expression and regulation of these proteins over
time on RGD-PEG grafted sIPNs in the presence of fibroblasts should provide a more
comprehensive and detailed insight into the modulation of focal adhesion proteins on the ECM-

derived scaffold by fibroblasts.

4.3.4 Monocyte-fibroblast protein regulation: attenuated inflammatory and

upregulated growth and matrix remodeling factors
To gain insight into monocyte-fibroblast regulated proteins in the presence of the ECM-
derived matrix as a communication conduit, we quantified several growth factors and

inflammatory and remodeling proteins. We found that monocytes and fibroblasts in co-culture
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resulted in increased GM-CSF concentrations in chambers A and B at 24 and 96 h, except with
RGD- and PHSRN-PEG grafted sIPN at 96 h (Figure 4-9).

Under monoculture conditions, GM-CSF was expressed by both monocytes and
fibroblasts; however only low levels were expressed in our fibroblast monocultures. Under
monocyte monocultures in the presence of the RGD- and PHSRN-grafted sIPN, a significant
increase in GM-CSF concentration was observed from 2 to 24 h as observed with other surfaces,
but by 96 h, levels were significantly decreased. It has been reported that the integrin B5 subunit
mRNA is downregulated by GM-CSF in a dose dependent manner [17]. In this study, we
observed dfastically increased GM-CSF levels from 2 to 24 h along with decreased monocyte
adhesion on RGD-PEG grafted sIPN at 2 and 96 h in co-culture compared to monoculture.
Hence, our results suggest that the decreased monocyte adhesion on RGD-PEG grafted sIPN in
the presence of fibroblasts may be a result of a monocyte-fibroblast regulation that has been

indicated in wound healing and likely the downregulation of monocyte integrin by the increased

GM-CSF levels up until 24 h.
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Figure 4-9. GM-CSF concentrations (pg/ml) over time from the upper chamber (A) and the
bottom chamber (B) under various culture conditions and substrates. All values expressed the
mean of triplicate wells + standard deviation (n = 3). Significantly different (p < 0.05) within
time, surface, and chamber: *from monocyte monoculture, “from fibroblast monoculture, *from
all other surfaces, ‘from polycarbonate transwell surface, “different from unmodified sIPN, ™from
methoxy-PEG grafted sIPN, #from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,

Pfrom PHSRN-PEG grafted sIPN.
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Inflammatory factors were also directed by the present of fibroblasts. In monocyte
monocultures, high IL-1a (Figure 4-10) and TGF-a (Figure 4-11) concentrations were observed
in chambers A and B at 2 h in the presence of polycarbonate, but the presence of fibroblasts
significantly decreased those concentrations in co-culture.

Monocytes also attenuated initial fibroblast IL-10 and TGF-a expression. For example,
IL-1a concentrations in chambers A and B from fibroblast monoculture were generally
significantly higher at 2 h compared to that from co-culture at 2 h, in the presence of all surfaces.
Although IL-1a and TGF-a were expressed more in monocytes/macrophages, our results indicate

that significant expression was also observed in our fibroblast monocultures that was initially

decreased in co-cultures.
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Figure 4-10. IL-1a concentrations (pg/ml) over time from the upper chamber (A) and the bottom

chamber (B) under various culture conditions and substrates. All values expressed as the mean of

3). Significantly different (p < 0.05) within time,

triplicate wells + standard deviation (n

surface, and chamber: *from monocyte monoculture, from fibroblast monoculture, *from all

other surfaces, ‘from polycarbonate transwell surface, ™from methoxy-PEG grafted sIPN, #from

GGG-PEG grafted sIPN, 'from RGD-PEG grafted sIPN, Pfrom PHSRN-PEG grafted sIPN.
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TGF-a concentrations (pg/ml) over time from the upper chamber (A) and the

-11.

Figure 4

bottom chamber (B) under various culture conditions and substrates. All values expressed as the

3). Significantly different (p < 0.05) within

mean of triplicate wells + standard deviation (n

time, surface, and chamber: Sfrom monocyte monoculture, *from fibroblast monoculture, *from

all other surfaces, 'from polycarbonate transwell surface, "different from unmodified sIPN, "from

methoxy-PEG grafted sIPN, ®from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,

Pfrom PHSRN-PEG grafted sIPN.
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In addition to inflammatory and growth factors, we characterized matrix remodeling
factors critical in the proliferation and remodeling phase of wound healing. Monocytes induced
fibroblast expression of MMP-2 (Figure 4-12).

For exé,mple, MMP-2 levels from chamber B in fibroblast monocultures were generally
consistent from 2 to 96 h. In monocyte monocultures, subtle increases in MMP-2 levels were
observed from 2 to 96 h. However, in co-cultures versus monocultures, MMP-2 concentrations
from chamber B were drastically increased at 96 h to concentrations beyond the detection limit
(>18000 pg/ml). This high concentration was also observed in chamber A only on polycarbonate

and sIPN éontaining unmodified gelatin at 96 h, indicating different protein transport properties

between the unmodified and ligand grafted sIPNs.
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Figure 4-12. MMP-2 concentrations (pg/ml) over time from the upper chamber (A) and the

bottom chamber (B) under various culture conditions and substrates. All values expressed as the

3). Significantly different (p < 0.05) within

mean of triplicate wells + standard deviation (n

time, surface, and chamber: *from monocyte monoculture, “from fibroblast monoculture, “from

all other surfaces, 'from polycarbonate transwell surface, "different from unmodified sIPN, "from

methoxy-PEG grafted sIPN, 8from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,

Pfrom PHSRN-PEG grafted sIPN. #Over the detection limit of 18000 pg/ml.
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While both fibroblasts and monocytes express MMP-2, our data indicate that the
presence of both cell types enhanced fibroblast MMP-2 expression at 96 h especially with
ligand-immobilized.sIPN suggesting the synergistic interaction between fibroblasts and
monocytes duﬁng the matrix remodeling process. While MMP-2 possesses important
implications in tissue remodeling, angiogenesis and foreign body giant reaction, GM-CSF also
plays an important role in these processes and a closely regulated relationship between growth
factors and matrix metalloproteases exists [18,19]. GM-CSF has been reported to induce MMP-2
expression and our data shows drastically increased GM-CSF levels at 24 h and MMP-2
concentrations at 96 h only in co-cultures and not in monocultures [20]. This suggests a
monocyte-fibroblast paracrine mediated MMP-2 induction by GM-CSF in co-culture.
Inflammatory proteins can also induce growth factors and matrix remodeling agents as these
factors are also closely intertwined players in a;ctivation and regulation of the inflammatory
phase that eventually progress through the proliferative and remodeling stage [21]. Our data
suggest that though initial fibroblast inflammatory factors could be attenuated, these
inflammatory factors increased in concentration with time and they could upregulate growth and

matrix remodeling factors.

4.3.5 ECM-derived matrix mediated monocyte-fibroblast protein regulation:
expression and transport are dependent on sIPN and ligand immobilization of

the sIPN

Though culture condition (i.e. co-culture versus monoculture) mediated IL-1a, TGF-a,
GM-CSF and MMP-2 expression, the ECM-based sIPN predominantly mediated the expression

of other monocyte inflammatory and remodeling proteins such as IL-1, TNF-a, MIP-1p and
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MMP-9. In both monocyte monoculture and co-culture, the presence of sIPNs significantly
elevated IL-1B (Figure 4-13), TNF-a (Figure 4-14), and MIP-1p (Figure 4-15) concentrations

from 2 to 24 h in chamber A when compared with the polycarbonate controls.
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Figure 4-13. IL-1f concentrations (pg/ml) over time from the upper chamber (A) and the bottom
chamber (B) under various culture conditions and substrates.. All values expressed as the mean
of triplicate wells + standard deviation (n = 3). Significantly different (p < 0.05) within time,
surface, and chamber: *from monocyte monoculture, “from fibroblast monoculture, *from all
other surfaces, 'from polycarbonate transwell surface, "different from unmodified sIPN, "from
methoxy-PEG grafted sIPN, 8from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,
Pfrom PHSRN-PEG grafted sIPN.
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Figure 4-14. TNF-a concentrations (pg/ml) over time from the upper chamber (A) and the
bottom chamber (B) under various culture conditions and substrates. All values expressed as the
mean of triplicate wells + standard deviation (n = 3). Significantly different (p < 0.05) within
time, surface, and chamber: *from monocyte monoculture, “from fibroblast monoculture, *from
all other surfaces, ‘from polycarbonate transwell surface, "different from unmodified sIPN, ™from
methoxy-PEG grafted sIPN, from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,
Pfrom PHSRN-PEG grafted sIPN.
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Figure 4-15. MIP-1f concentrations (pg/ml) over time from the upper chamber (A) and the

bottom chamber (B) under various culture conditions and substrates. All values expressed as the

mean of triplicate wells + standard deviation (n = 3). Significantly different (p < 0.05) within

time, surface, and chamber: *from monocyte monoculture, *from fibroblast monoculture, *from

all other surfaces, 'from polycarbonate transwell surface, "different from unmodified sIPN, ™from
methoxy-PEG grafted sIPN, *from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,
Pfrom PHSRN-PEG grafted sIPN.

———
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MCP-1 concentrations in chamber A also increased in monocyte monocultures and co-
cultures in the presence of all sIPNs at 24 and 96 h when compared with the polycarbonate
controls (Figure 4-16). As inflammatory factors such as TNF-a and IL-1p have been reported to
stimulate MCP-1 levels in various cell types, the sIPN substrata’s modulation of these
inflammatory proteins may hold a critical role in activation of a cascade of events crucial to
wound healing [22,23]. Furthermore, MMP-9 levels at 96 h in chamber A were significantly
elevated in the presence of sIPNs and not the polycarbonate controls in both co-cultures and
monocyte monocultures (Figure 4-17).

These results are consistent with others’ findings that the ECM substratum can play a
critical role in increasing MMP-9 levels over time [24,25]. GM-CSF levels at 24 h were also
increased in response to the ECM-derived matrix, but in co-cultures, this increase was amplified
by the presence of fibroblasts. Additionally, TNF-a and IL-13 have been shown in literature to
be common inducers of matrix remodeling and growth factors such as MMP-9 and GM-CSF [26-
28]. The inflammatory proteins and the ECM-derived sIPN are likely to have a cooperative

enhancement effect on GM-CSF and MMP-9 expression.
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Figure 4-16. MCP-1 concentrations (pg/ml) over time from the upper chamber (A) and the
bottom chamber (B) under various culture conditions and substrates. All values expressed as the
mean of triplicate wells + standard deviation (n = 3). Significantly different (p < 0.05) within
time, surface, and chamber: Yfrom monocyte monoculture, *from fibroblast monoculture, *from
all other surfaces, 'from polycarbonate transwell surface, "different from unmodified sIPN, "from
methoxy-PEG grafted sIPN, #from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,
Pfrom PHSRN-PEG grafted sIPN.
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Figure 4-17. MMP-9 concentrations (pg/ml) over time from the upper chamber (A) and the
bottom chamber (B) under various culture conditions and substrates. All values expressed as the
mean of triplicate wells + standard deviation (n = 3). Significantly different (p < 0.05) within
time, surface, and chamber: Yfrom monocyte monoculture, “from fibroblast monoculture, *from
all other surfaces, ‘from polycarbonate transwell surface, "different from unmodified sIPN, ™from
methoxy-PEG grafted sIPN, ®from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,
Pfrom PHSRN-PEG grafted sIPN.
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In addition to sIPN mediated effects, ligand immobilization on the sIPNs led to varied
protein expression and transport compared to unmodified sIPN. In the presence of unmodified
sIPN, TGF-a concentrations in chambers A and B were generally significantly lower at 24 h and
significantly h'igher at 2 and 24 h in monocyte and fibroblast monocultures, respectively, when
compared with sIPN immobilized with ligand. IL-1p concentrations in chambers A and B at 24 h
were significantly higher with unmodified sIPN when compared with ligand-grafted sIPN in
monocyte and fibroblast monocultures. In fibroblast monoculture, IL-1f in chambers A and B
were significantly higher with unmodified sIPNs versus ligand-grafted sIPN at 2 h as well, and
MIP-1a (Figure 4-18) and MIP-18 also showed higher concentrations at 2 h in the presence of
unmodified sIPN compared to ligand-grafted sIPN.

The increase inflammatory agents IL-1f, MIP-1a and MIP-1f could be the result of the
greater rate of gelatin dissolution from the unmodified sIPN versus the ligand-PEG grafted sIPN
that we have observed previously and in separate experiments [29]. Taken together, the
immobilization of the ligand-PEG on the sIPN appears to downregulate certain key pro-
inflammatory mediators such as IL-1f, MIP-1a and MIP-1p in fibroblast monocultures.
Additionally, the matrix also regulated the transport of these proteins, depending on ligand
immobilization on the sIPN. For TNF-o (Figure 4-15), we observed concentrations at 24 h in
chamber B that were significantly higher in the presence of unmodified gelatin compared to all
other ligand immobilized sIPN in monocyte monocultures, though concentrations in chamber A
at 24 h did not differ in the presence of unmodified sIPN compared to other ligand immobilized

sIPN.
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Figure 4-18. MIP-1a concentrations (pg/ml) over time from the upper chamber (A) and the

bottom chamber (B) under various culture conditions and substrates. All values expressed as the

~ mean of triplicate wells + standard deviation (n = 3). Significantly different (p < 0.05) within
time, surface, and chamber: *from monocyte monoculture, “from fibroblast monoculture, “from
all other surfaces, ‘from polycarbonate transwell surface, "different from unmodified sIPN, ™from
methoxy-PEG grafted sIPN, #from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,
Pfrom PHSRN-PEG grafted sIPN.
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Similarly, MMP-2 concentrations in chamber B at 96 h were over the detection limit of
18000 pg/ml in the presence of all surfaces while, in chamber A at 96 h, only those in the
presence of polycarbonate and unmodified sIPN reflected the concentrations over the detection
limit. These résults indicate a selective transport property for TNF-a and MMP-2 across the
peptide-modified sIPN and that this selectivity is less observed in unmodified sIPN. Although
sIPN with or without grafted peptides enhanced the expression of monocyte pro-inflammatory
and matrix remodeling regulator, the effect of these proteins on an effector cell would be
decreased by the inhibited transport of these proteins through the SIPN ECM mimics. These
sIPNs are rather porous hydrogels and the mesh structure would restrict diffusive movement of a
solute and the addition of polymer chains would cause an increase in diffusion path length
[30,31]. Furthermore, diffusive passage of proteins through the sIPNs as well as other hydrogel
systems depends on the protein’s molecular weight, hydrodynamic radius and ionic interactions

with other solutes, properties that remain incompletely understood [31,32].

4.3.6 ECM-derived matrix mediated monocyte-fibroblast protein regulation:

expression is mediated by identity of peptide grafted on the sIPN

We have observed that ligand immobilized sIPN induced varied protein expression and
transport from unmodified sIPN. In addition to these findings, we observed that the identity of
grafted peptides also induced peptide specific protein expression. We identified decreased GM-
CSF levels in the presence of RGD and PHSRN grafted sIPN as described above. We also
measured elevated TGF-a concentrations at 24 h in co-cultures in the presence of RGD and

PHSRN grafted sIPN compared with other ligand grafted sIPN. Also in co-cultures, we observed

increased concentrations of MIP-1p at 96 h and VEGF (Figure 4-19) at 24 h and in the presence
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of grafted RGD but not PHSRN and RGD and PHSRN, respectively, when compared with other

sIPN.
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Figure 4-19. VEGF concentrations (pg/ml) over from the upper chamber (A) and the bottom

chamber (B) under various culture conditions and substrates. All values expressed as the mean of

3). Significantly different (p < 0.05) within time,

triplicate wells + standard deviation (n

surface, and chamber: Yfrom monocyte monoculture, “from fibroblast monoculture, *from all

other surfaces, 'from polycarbonate transwell surface, “different from unmodified sIPN, "from
methoxy-PEG grafted sIPN, 8from GGG-PEG grafted sIPN, "from RGD-PEG grafted sIPN,

Pfrom PHSRN-PEG grafted sIPN.
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It has been reported that integrin av33 mediates and activates various intracellular
signaling pathways involved in proliferation and differentiation secondary to multiple growth
factor receptors such as VEGF [33]. Furthermore, the presence of monocytes and sIPN enhanced
fibroblast matrix remodeling expression in terms of elevated GM-CSF and MMP-2. Post-ligation
signaling and phenotypic expression modulated by RGD and PHSRN in monocyte and
fibroblasts are unclear at the moment. However, these data indicate divergent downstream effects
of these ligands in monocytes and fibroblasts, perhaps in response to other stimuli as a part of
signal proofreading and cooperative regulation. Recognition and signaling activities can be
mediated solely by integrins (private functions), but integrins can also have public activities in
which they interact physically with other plasma membrane receptors to elicit cellular responses
to ligands that do not bind directly to integrins. In monocytes, this relationship has been
established for several systems: (i) monocyte 04B1 integrin is activated through the G protein-
coupled receptor binding of MCP-1 and MIP-1 chemokines; (ii) integrin (avp3, a5B1, avps, f1
superfamily) crosstalk with growth factor receptors (i.e., platelet derived growth factor, basic
fibroblast growth factor, epithelial growth factor, VEGF) has been implicated in the cooperative
regulation of 100-120 monocyte genes when adhered to fibronectin [34-37]. For the latter, these
cross-talks occur in several fashions including shared signaling molecules and co-clustering of
receptors in the formation of focal adhesion. Thus fibroblasts in co-culture with monocytes can

mediate physical and intermolecular monocyte interactions with the sIPN.

—
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4.4 Discussion and conclusions

This monocyte-fibroblast co-culture investigation has shown that fibroblasts decrease
monocyte adhe;sion onto RGD-PEG grafted sIPN. However, when the viability of the detached
monocytes was examined, the live to dead nonadhered monocyte ratio was not significantly
different between monoculture and co-culture conditions initially, but more live monocytes
detached at 4 h, indicating detachment through an active molecular mechanism rather than a
passive detachment through cell death. Observing the expression and regulation of several focal
adhesion proteins over time on RGD-PEG grafted sIPNs in the presence of fibroblasts should
provide a more comprehensive and detailed insight into the modulation of focal adhesion
proteins on the ECM-derived scaffold by fibroblasts.

From the diffusion of proteins without the presence of cells or serum, it was observed that
proteins up to approximately 65 kDa in molecular weight (~ 36.5 ' hydrodynamic radius) can
diffuse through the sIPN cast polycarbonate transwell barrier within 24 h. Thus, proteins under
65 kDa are likely to diffuse through and serve to mediate the communication between monocytes
and fibroblasts approximately at 24 h and through 96 h. Thus, the drastic increases in GM-CSF
and MMP-2 at 96 h observed in co-culture (Figures 4-9 and 4-12, respectively) can thus be
attributed to monocyte-fibroblast protein mediated communication at a time before 96 h. It is
difficult to speculate whether proteins approximately 72 kDa are able to diffuse through, as the
MMP-2 interacted heavily with the sIPN, the transwell, and/or the TCPS surface. Larger proteins
such as MMP-9, a 92 kDa protein may not be diffusing through the sIPN within 96 h, as
observed in Figure 4-11, and coupled with the MMP-2 diffusion data (Figures 4-7 and 4-8),

MMP-9 from chamber A observed at 96 h may be interacting with the sSIPN and not diffusing

through.
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With cells and serum in the actually experimental environment, the sIPN’s degradation
rate is likely increased, perhaps allowing for increased diffusive pathways for proteins. There are
various factors in the dynamic co-culture system influencing protein diffusion through chambers:
1.) the presenée of serum that contain proteases and degradative agents that can process other
proteins and degrade the sIPN scaffold, ii.) enzymes and degradative agents that the cells express
and secrete into the environment, iii.) monocytes’ direct contact with the sIPN that influence
sIPN degradation, and iv.) the cells’ own ECM deposition on the sIPN. Hence, the diffusion data
(Figures 4-3 through 4-8) yield insight into the correlation between molecular weight and
hydrodynamic radius as it relates to diffusion rate, but in the co-culture system with cells and
serum, dynamic factors will influence the diffusion of the protein through chambers. The
presence of fibroblasts increased monocyte GM-CSF except on RGD and PHSRN grafted sIPNs
at 96 h. The presence of monocytes decreased initial fibroblast IL-10, TGF-a and VEGF, but
increased MMP-2 and GM-CSF at later time points. Furthermore, the ECM-derived sIPNs led to
increased monocyte IL-1B, TNF-o, MIP-18, MCP-1, MMP-9 and GM-CSF expression. Ligand
immobilization of the sIPNs led to a downregulation of fibroblast IL-18, MIP-1a, MIP-1f3
compared to unmodified sSIPN. When the ligand immobilized on the sIPN was RGD, increased
TGF-a, MIP-1B and VEGF but decreased GM-CSF expression at selected time points was

observed. Figure 4-20 summarizes the effects of a secondary cell type and of the sIPN substrata

on monocyte and fibroblast protein expression.
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Figure 4-20. Monocyte response to the ECM-derived sIPNs (A) and monocyte response to
RGD-PEG grafted sIPN (B). Monocyte interaction with sIPN led to increased IL-1pB, TNF-a,
MIP-1B, MCP-1, MMP-9 and GM-CSF concentrations over time. Elevated levels of monocyte
GM-CSF as a result of interaction with the sIPN were amplified by the presence of fibroblasts.
Monocytes attenuated fibroblast TGF-a, IL-1a and VEGF at selected time points but drastically

increased fibroblast GM-CSF and MMP-2 release. On RGD-PEG grafted sIPN at selected time

points, monocyte TGF-a, MIP-1B and VEGF were increased, but GM-CSF was decreased.
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The first co-culture study dates back to 1983, highlighting human monocyte regulation
fibroblast collagen production. Since then, there has been less than a dozen reports on monocyte-
fibroblast co-culture findings, and the existing literature is mainly on lung cells (e.g., alveolar
macrophages; lung fibroblasts) [8-10,22,39-43]. In 1993, Janusz and Hare reported the effects of
cartilage degradation in a macrophage-fibroblast co-culture system, but both the macrophage and
fibroblasts were cell lines, J774A.1 and 10ME HD A.DR.1, respectively [41]. In 2005, another
macrophage-fibroblast co-culture system was reported by Kashchak and others, but this study
too, was carried out using murine cell lines, J774A.1 and 1929 fibroblasts [40]. Neither the
report by Janusz and others nor the work by Kashchak and others involved biomaterials in the
co-culture system. The work by Bonfield and others reported in 1991 human blood derived
monocytes and fibroblasts in the context of a polydimethylsiloxane is the most “similar” co-
culture system thusfar, because of the use of primary monocytes derived from human blood [8].
However, rather than a “true” co-culture system with both cell types present in the same
microenvironment, the effects of monocyte enriched media on fibroblasts was examined. Thus,
this work presents a novel and important work in which monocyte interaction with the sIPN
scaffold is examined in the presence of fibroblasts. The results described in this chapter shed
light into the dynamic monocyte adhesion, and inflammatory, matrix remodeling and growth

factor response to the ECM mimic in the presence of fibroblasts in wound healing.

R
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Chapter 5. Concluding Remarks and Suggested Future Studies

This work has outlined several critical and novel findings in monocyte response to the
gelatin and PEG based sIPN: i.) beta 1 and 3 containing integrins modulate monocyte adhesion
and subsequeﬁt protein release onto the sIPN, ii.) ligand density of the SIPN modulates monocyte
adhesion and subsequent protein release and iii.) monocyte-fibroblast co-culture system with the
sIPN reveals dynamic monocyte response to selected ECM components in the presence of
fibroblasts.

Of particular importance is the monocyte-fibroblast co-culture study that highlights
monocyte interactions with the sIPN as perturbed by fibroblasts as a closer mimic of the
physiological environment. As described in Section 4.4 in the discussion section, since the first
report of a monocyte-fibroblast co-culture study in 1983, there have only been less than a dozen
monocyte-fibroblast co-culture studies, and the majority of them focus on alveolar macrophages
and lung fibroblasts and employ cell lines with inherent deviations. In addition, the majority of
the studies do not include a biomaterial in the co-culture system. Thus, this work presents a novel
and important findings in which monocyte interaction with the sIPN scaffold as modulated by
the presence of the fibroblasts is examined.

Co-culture analysis of cell-material interaction in the context of a biomaterial over time can
be carried out but controls must be carefully and thoroughly prepared in order to maintain the
ability to isolate the source of an effect or phenomenon. The core principles of the dynamic co-
culture technique include the following parameters:

1.) Media optimization

For example, media used in the ultimate design of the co-culture system was optimized

prior to the experiments, as described in Section 4.2.3. The effects of media transition on
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fibroblast confluency/cell density, morphology and viability were all monitored so that
the phenomenon observed in the co-culture study was not an artifact of the media
conditions.

2)) Monoéulture conditions as controls
In the monocyte adhesion data shown in Table 4-1 and the protein expression data,
particularly in 4-9 (GM-CSF) and 4-12 (MMP-2), the effects of a co-culture condition
where the two cells are in communication can be unsubtly observed. By having monocyte
monoculture and fibroblast monoculture conditions in the design of the study, the effects
of the co-culture versus monoculture conditions can clearly be distinguished. In addition,
as both chambers were analyzed for protein concentration, even in monoculture
conditions, insight into the diffusion of the proteins over time in this dynamic system
could also be acquired.

3.) Verification of communication between the cell types through the biomaterial.
Section 4.3.1 describes the diffusion of proteins of varying molecular weight through the
polycarbonate transwell network with or without the sIPN cast on the membrane. Three
proteins of varying molecular weight were tested to verify the communication of cells in
the co-culture system, and solute transport through the chambers should be verified in

future works as well.

These guiding principles in the co-culture study design allow more control for a clearer
analysis of data, but additional studies can also be carried out to parse out the precise details of
the molecular mechanisms by studying cell-cell contact or cell response in “enriched media.”

The co-culture study outlined in this thesis describes a system in which the two cell types are not

D TR
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in contact but are communicating via molecules diffusing through the matrix barrier. Monocyte-
fibroblast cell contact may lead to altered response and as a result cell contact may lead to a
decreased or increased expression of cytokines, growth factors or enzymes. However, with cell
contact, it becbmes difficult to isolate the origin of an effect. In other words, if there is an
upregulation of a protein observed, it will be difficult to ascertain from which cell type this
upregulated expression is being observed. With thorough controls, perhaps through single cell
assays, it may provide powerful information. Alternatively, monocyte or fibroblast enriched
media‘ can be tested on fibroblasts or monocytes, respectively. While cell contact assays will
describe two cell types that communicate directly to and with each other, the work described in
this thesis describes two cells communicating through molecules in solution. Enriched media
assays can provide information on the paracrine mechanisms between the two cell types, even in
the absence of the one cell type.

The project that has been outlined in this thesis, particularly Chapter 2, has probed the
molecular mechanisms behind the cell-material interaction. However, the mechanisms behind the
decreased monocyte adherent density on RGD-PEG grafted sIPN in the presence of fibroblasts
described in Chapter 4 needs to be further investigated. Though fibroblasts did not decrease
monocyte adherence onto RGD-PEG grafted sIPN by affecting their viability, this is not a direct
confirmation of monocyte function, and though they may be viable, their adherent function may
not be preserved. Plating the nonadhered monocytes onto other adhesive substrates such as
collagen or fibronectin coated TCPS surfaces can provide information about their functionality
as perturbed by fibroblasts. If the adhesive functionality but not the viability of the monocytes
are affected by fibroblasts, that can provide a broader picture into the adherent mechanism, and

immunoblotting for specific focal adhesion proteins can identify the key molecular players
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behind this phenomenon. Immunoblotting should be targeted toward several focal adhesion
proteins (i.e. not just limited to vinculin). For example, vinclulin binds to talin that binds to
tensin and a-actinin. Fak also binds to paxillin which binds to vinculin. Thus, observing the
expression and regulation of these proteins over time on RGD-PEG grafted sIPNs in the presence
of fibroblasts should provide a more comprehensive and detailed insight into the modulation of
focal adhesion proteins on the ECM-derived scaffold by firboblasts. In addition, the investigation
should include more time points at the initial stages of co-culture. The western blot analysis of
vinculin and other proteins, coupled with RT-PCR, can also provide a much more
comprehensive analysis of monocyte focal adhesion on the RGD-PEG grafted sIPN as
modulated by fibroblasts.

With regard to monocyte protein response to the sSIPNs, as MMPs in the wound and the
ECM-derived matrix scaffold have demonstrated a dynamic interaction, and taking advantage of
these complex interactions and guiding the degradation of the wound healing scaffold through
cells will be a possible route of therapy. Chemically introducing MMP cleavable sequences in
the PEG tether that presents the ligands on the scaffold will be able to control not only the
release of the ligands but also the subsequent infiltration of the surround cells into the matrix
scaffold and lead to the degradation of the material. Not only is the evaluation of the MMPs
imperative for the design of this degradation directed material, but the analysis of the matrix
metalloproteinase inhibitors, tissue inhibitor matrix metalloproteinase, will also provide a critical
insight into the wound environment as degradative environment to which the material is
introduced. Once the inhibitors and activators of MMPs are evaluated in the wound site in which
the sIPN will be placed, the host site may provide an environment where different PEG tether

lengths can be used in the sIPN. In other words, one drug or agent of interest can be conjugated
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onto a longer PEG tether with the cleavable sequence and can “mask” the shorter chain lengths
with another drug entity conjugated onto the tether, outlined in Figure 5-1. With this design,
actuated drug delivery through the sIPN matrix may be achieved taking advantage of the host
environment.

Molecule of
interest 1

MNP
Cleavable
Sequence

Molecule of
interest 2

PEG linker

Figure 5-1. Schematic of a sIPN scaffold with two different molecules conjugated to PEG tethers
of varying chain lengths.

Dovetailing the control over mechanical properties and the biofunctional characteristics
of the sIPN material (i.e. RGD presentation, concentration, spacing) along with a thorough
investigation of the wound healing environment to which the sIPN scaffold will be placed will
prove crucial in the successful integration and in the assistance of the wound healing progression
by the sIPN in the host tissue.

In addition, analysis of the infiltration of the surrounding wound healing cells into the
sIPN as well as ECM deposition onto the material will also provide insight into short term
inflammatory response and long term biocompatibility. Thus, comprehensive yet detailed cell-
material interaction investigations will ultimately play critical roles in the successful integration

of this biodegradative and compatible wound healing scaffold in the wound site.
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Peptide conjugated polymer systems are a newly emerging class of biomaterials that can
combine select advantages from biological and synthetic components to create a uniquely
functionalized material. Advances in peptide conjugated materials have been exponential and a
wealth of knowledge has been gained about the effect of peptide conjugated materials on the host
response. Peptides offer stability and specific induction of cell events, but there remains much to
be understood about the impact of these peptides’ selectivity and presentation on the biomaterial
surface and how that impacts cell behavior. For example, while some report the importance of
avP3 integrin-mediated fibroblast focal adhesion and stress fiber formation in fibroblasts to a
RGD presenting surface, others have demonstrated the key role of 2 containing integrins on
monocyte adhesion onto a RGD presenting surface [1-3]. It is also becoming clearer that the
density of peptides on the material plays a critical role in host response. For example, while
Massia and Hubbell reported that a RGD density of 1 fmol/cm? grafted on a glass surface
induced maximal fibroblast adhesion and spreading while Rowley and Mooney showed a 30
fmol/cm® RGD density on an alginate surface induced maximum myoblast adhesion and
proliferation [1,4]. In addition, Sawyer and others have demonstrated a threshold for RGD
density’s impact on mesenchymal stem cells (MSC), where a high RGD concentration coated on
the hydroxyapatite surface actually deterred MSC binding and spreading [5]. However, these
studies report in vitro findings and the impact of the complex and dynamic interaction between
blood proteins and a variety of host cells on the RGD presenting surface is even less understood.
Even in in vitro systems the cause and effect based mechanisms behind cell-material interaction
(i.e. enhance adhesion, proliferation and ECM production, etc.) are yet to be clearly deciphered

and remain critical to the ultimate goal of directed host response.
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And though peptides are more stable than the whole protein, they are not exempt from
thermal instability and hydrolysis and are thus subject to short shelf lives. Peptides can also be
costly to synthesize and may be impractical for large scale treatments, but with rapid
developmenfs in recombinant DNA technologies that allows the synthesis of these sequences, the
overcoming the hurdle of high scale up cost is becoming more plausible. The biggest challenge
will still be controlling the dynamic and spatial arrangement of multiple signals and ultimately
translating this to a controlled surface into directed host response.

With current developments in our increasingly sophisticated understanding of protein
structure-function through technologies such as crystallography, the trend in peptide conjugated
systems is shifting toward peptide conjugated natural polymers. Natural biopolymers such as
chitosan, collagen and hyaluronic acid have gained much interest, and the literature on peptide
conjugated natural polymers is growing at a faster rate than peptide conjugated synthetic
polymer systems. However, synthetic polymers are more robust than natural polymers and
continue to be a more prevalent application in the clinical setting, and thus the endeavor to
impart biological activity onto polymer surfaces to create uniquely advantageous biomaterials

will continue.
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Appendix

Figure i. Confluent fibroblast morphology and viability incubated in FGM or RPMI with human
serum for 3 days after reaching confluency (100x).

RPMI 1640 + 10% hSerum

Figure ii. Inmunoblot of monocyte and fibroblast vinculin on the polycarbonate transwell or
RGD-PEG grafted sIPN at 2 h. *Fibroblasts are adhered on the TCPS surface and in the presence
of the polycarbonate transwell or RGD-PEG grafted sIPN.
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Table i. Nonadherent live and dead monocyte number from various surfaces at 2, 4, and 24 h under

monocyte monoculture or monocyte/fibroblast co-culture conditions.

Culture Time (h):
Surface/Ligand-PEG grafted sIPN 4 24
Polycarbonate 67917 + 4161 33854 = 12756 22188 <+ 14221
Transwell
Live  Unmodified Gelatin 26146 4126 14063 + 2049 21458 + 3341
(%]
T
E GGG-PEG 36771 8067 10938 & 313 34479 + 4701
— ]
(2]
S RGD-PEG 11979 2658 9792 + 2387 128125 + 28566
(=]
b=
g Polycarbonate 3854 1477 833 % Alpe 208 '+ 651
2 Transwell
=]
é Dead Unmodified Gelatin 2188 541 2188 + 1740 2292 + 1301
GGG-PEG 1458 786 2B13 = d4ERL A8l -+ 156
RGD-PEG 1980 786 5208 + 1443 3958 + 1263
Polycarbonate 77188 12204 29583 + 15437 40833 =+ 6062
Transwell
@
g Live  Unmodified Gelatin 25938 3172 18958 + 7244 35104 =+ 10506
-
Ué GGG-PEG 21771 5316 21875 + 5303 52917 + 6920
o
Z RGD-PEG 31250 2480 25000 + 2210 162292 + 6913
=
(=]
= Polycarbonate 2708 477 1458 + 180 938 = 313
= Transwell
S
;i; Deaq  Unmodified Gelatin 1164 449 2188 + 1250 1875 =+ 1362
=
s GGG-PEG 2563 410 3721 + 239 ilae = 351
RGD-PEG 4792 2009 3792 + 697 | 4063 = 2188
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