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ABSTRACT

Polyurethanes are versatile materials used in the manufacture of diverse medical devices.
Monocytes attach to the material surface and differentiate to monocyte-derived
macrophages (MDM)s during the foreign body response. MDMs degrade polyurethanes
by releasing reactive oxygen species (ROS) and hydrolytic enzymes (cholesterol esterase
and monocyte-specific esterase (MSE)) by an unknown mechanism. To study this
mechanism, model polycarbonate-based polyurethanes (PCNU)s have been made with
hexane (HDI) or methylene bisphenyl diisocyanate (MDI) with poly (1,6-hexyl
carbonate) diol (PCN) and 1,4-butanediol (BD) in a 4:3:1 ratio of HDI:PCN:BD
(HDI431) or a 3:2:1 ratio of HDI:PCN:BD or MDI:PCN:BD (HDI321 or MDI321
respectively). HDI431 is the most degradable by MDM-» and esterase-mediated
degradation followed by HDI321 and MDI321. Manuscript#1 investigated the effects of
phorbol myristate acetate (PMA) on MDM-mediated degradation of model PCNUs. In
this study PMA inhibited the degradation of HDI PCNUs correlating with decreased
esterase activity and MSE, but had no effect on the degradation of MDI321.
Manuscript#2 suggested that H,O, treatment degraded PCNUs and affected subsequent
MDM-mediated degradation, esterase and acid phosphatase activity in a material surface
specific manner. In addition, this study found that material surface stimulated ROS
production in MDM. PMA affected ROS production in MDM differently based on
material surface. Manuscript#3 investigated the role of protein kinase C (PKC)
activation and the respiratory burst in MDM-mediated PCNU degradation. This study
showed that the PMA inhibition of MDM-mediated degradation of HDI PCNUs, esterase

activity and MSE protein were dependent on PKC activation. The activation marker high
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molecular weight group box 1 protein secretion was highest on HDI431 and was
prevented by PMA, matching the decreased degradation. A degradative pathway in
MDM on MDI321 was triggered with PKC inactive PMA, ROS scavengers or PMA with
a PKC inhibitor. This thesis proposes that material degradation by hydrolytic and
oxidative pathways are channeled by MDM in varying amounts depending on material
chemistry, supporting the theory that MDM respond to material chemistry first and then
to environmental factors. Therefore these studies suggest that each polyurethane be
tested under physiologically appropriate conditions in order to determine if it is suitable

for the desired application and implant location.
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1.0  INTRODUCTION

The human body is an amazing machine, but like any other machine it is subject to wear
and tear. When parts of the human body are damaged beyond repair, biomaterials are
used to repair or replace the ailing body part. Over the past fifty years of modern
biomaterials research there have been tremendous advances in terms of both material
design and methods of material evaluation (1-5). Among those advances was the
development of polyurethane biomaterials. It is impossible for any one material to have
the right properties for each application; however, polyurethanes as a group can satisfy
the demands for many medical devices since polyurethane chemistry can be easily
manipulated to change its physical properties. Polyurethanes have been used in the
generation of several stable implanted medical devices including: dental implants (6-8),
artificial heart bladders (9), artificial heart valves (10, 11), vascular grafts (12-14),
pacemaker leads (15), intervertebral discs (16), and bio-artificial liver support systems
(17). Biodegradable polyurethanes have become popular for use in drug delivery systems
and in tissue regeneration applications such as: drug-eluting stents (18-20); cartilage
(21), meniscus (22), and bone regeneration (21, 23, 24); skin regeneration (25); and other
tissue engineering applications (26-30). Therefore, it is necessary to address the human
body’s response to both degradable and more stable polyurethanes. In this thesis three
model polycarbonate-based polyurethanes (PCNU)s that vary in susceptibility to
degradation (31) will be assessed for the types of responses they will provoke in vivo by

testing them in vitro with human monocyte-derived macrophages (MDMs).



When the human body is faced with an assault, numerous immune system cells are called
upon to defend the body from attack. The immune system can be broken into two
functions: the adaptive immune response and the innate immune response. Adaptive
immune responses occur when the body produces antibodies against a specific antigen.
Innate immune responses are more general in that an unrecognized foreign body triggers
the inflammatory response. This is great for clearing pathogens, but not appropriate
when trying to integrate implants, such as a life-saving medical device, within the body.
Biomaterials, specifically polyurethanes, initiate the innate immune response following
implantation and this leads to a host of reactions that ultimately influence the

biocompatibility of the device.

Neutrophils, monocytes and MDMs are the most important cells involved in the innate
immune response to a polyurethane biomaterial. MDMs can be activated by the
polyurethane surface to fuse and form foreign body giant cells (FBGC)s (32-34) which
are thought to be responsible for the failure of implanted polyurethane medical devices
(35, 36). MDM and FBGC can cause material degradation through oxidative and
hydrolytic means. Oxidative degradation of polyurethanes is caused by reactive oxygen
species (ROS) and hydrolytic degradation occurs by the release of candidate esterases,
cholesterol esterase (CE) and monocyte-specific esterase (MSE) (37). Mechanisms of
esterase and ROS release from MDM are not fully understood. The initiating enzyme in
the respiratory burst, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
requires phosphorylation by protein kinase C (PKC) for activation (38, 39) and ROS

production, and therefore the PKC pathway is of interest.  This thesis will investigate



the role of PKC in the oxidative and hydrolytic pathways that determine the mode of

degradation of polyurethanes by MDM.

1.1 HYPOTHESIS
The material surface chemistry of PCNUs directs the activation of oxidative and
hydrolytic pathways in MDM that determine the mechanism(s) of subsequent material

degradation.

1.2 GLOBAL OBJECTIVE

The overall objective is to define how PCNU chemistry directs PKC activation of the
respiratory burst in human MDM and to provide evidence linking this pathway to the

biodegradation that occurs via hydrolytic or oxidative pathways.

1.2.1 SPECIFIC OBJECTIVES

1) Use phorbol myristate acetate (PMA) to activate PKC in MDM on different
PCNU surfaces that varied in hard segment molar content and chemistry
(aromatic versus linear hydrocarbon chain) in order to investigate the effects on
MDM-mediated material degradation, esterase activity and intracellular MSE

protein.

2) Determine if the PMA effects on MDM-mediated PCNU degradation and esterase

activity are dependent on PKC activation and/or ROS production.



3a)  Determine if PKC activation is required for ROS production in MDM cultured on
PCNUs since most in vitro assays of ROS production require exogenous

activation of PKC.

3b) Investigate the effects of oxidation of PCNUs on subsequent MDM-mediated
degradation since neutrophils, monocytes and MDM will release ROS altering the

surface chemistry and its susceptibility to further MDM-mediated degradation.

1.3 BACKGROUND

This background provides a general overview of polyurethanes, their use as medical
implanted materials, and a detailed review of MDM, including their function and
activation pathways related to enzymes and ROS within the cells. Section 1.3.1 will
include a discussion on polyurethane use and synthesis, followed by a detailed analysis of
the chemistry of the model PCNUs used in this thesis (subsection 1.3.1.1). This section
will describe, in more detail than the manuscripts, the material characteristics of different
polyurethanes and what makes a PCNU a better biomaterial than other polyurethanes. In
section 1.3.2 there will be an overview of the foreign body response and then more
specifically the foreign body response to a biomaterial. The foreign body response is a
more general inflammatory response triggered by any foreign invader (i.e. phagocytosis
of bacteria or a particle). However, the foreign body response to a biomaterial is the set
of reactions initiated when an MDM responds to an implanted material too large to
engulf. Section 1.3.3 will focus on MDM, the most important cells in the foreign body

response. MDM are the cells used in all the experiments described in this thesis and have



been found to be the primary cells responsible for polyurethane biodegradation. This
section will include enzymes expressed and/or secreted by MDM including acid
phosphatase (AP, subsection 1.3.3.1), high molecular weight group box 1 protein
(HMGBI, subsection 1.3.3.2), and esterases (subsection 1.3.3.3). AP, HMGBI1 and
esterases are possible markers of MDM activation, however esterases have also been
found to be candidate enzymes responsible for the degradation of polyurethanes by
MDM. The literature on the MDM-mediated biodegradation of polyurethanes will be
reviewed in section 1.3.4 as will the in viro esterase-mediated degradation of
polyurethanes in subsection 1.3.4.1. Section 1.3.5 will discuss the inflammatory
signaling pathways with potential implications in the foreign body response to materials.
Literature describing the importance of phospholipase A, (PLA;) signaling will be briefly
introduced along with a more thorough background of the cell signaling pathways that
can be initiated by PKC activation by PMA. Subsection 1.3.5.1 will review the PKC
family of serine/threonine kinases, and their substrates. Next, subsection 1.3.5.2 will
focus on how PKC initiates the respiratory burst in phagocytic cells and discuss the
impact of ROS production by monocytes, neutrophils and MDMs on both cell function

and material surface chemistry.

1.3.1 POLYURETHANE BIOMATERIALS
Polyurethane elastomers are segmented polymers that have a long history in the field of
biomaterials. There are three basic chemical components of polyurethanes (as previously

reviewed (1, 40)): the diisocyanate; the macrodiol, which can be either a high molecular



weight polyether, polyester or polycarbonate diol; and the chain extender, which can be a

low molecular weight diol or a diamine.

Polyurethanes can be synthesized by one-step, two-step or semi-continuous processes
depending on the reactivity of the monomers (41). The two-step process as described in
Figure 1.1 allows for a greater control of polymer structure and can be carried out in bulk
or in solution (i.e. solvents such as dimethylacetamide) (41). Step one involves reacting
the diisocyanate and polydiol to form the prepolymer. Step two requires the reaction of
the prepolymer with the chain extender in predetermined molar ratios to create
polyurethanes of desired polymer length. Diisocyanate and chain extender components
combine together to make the hard segment and the macrodiol is considered the soft
segment (See Figure 1.2). Phase separation of the polyurethane refers to the amount that

the hard and soft segments interact (41).

The earliest polyurethane materials used in medical devices were synthesized with
toluene diisocyanate (TDI) and methylene bisphenyl diisocyanate (MDI). Subsequently,
2,4-toluene diamine (TDA), a putative carcinogen, has been proposed as a byproduct of
TDI polyurethane foam degradation (42); whereas, other studies have shown TDA
derivatives to be degradation products of TDI polyurethanes but not TDA (43, 44).
Studies with methylene dianiline (MDA), the precursor of MDI, have shown that
ingestion or inhalation can cause serious complications such as retinopathy (45), acute
liver damage (46), or cancer (47). MDA has been shown to be a product of the CE-

mediated hydrolysis of an MDI-based polyurethane in vitro (48).



STEP 1: Prepolymer formation

| O=C=N-R1-N=C=0] + [HO-R2-OH
Diisocyanate ’ Macrodiol

| O=C=N-R1-N-CC—N-R1-N=C=O]

Prepolymer

STEP 2: +]1HO-R3-OH
Chain extending Low MW diol

H H H

H
| | |
TCNRING o-Rz-olcl;l-r'\J-m-rll-ﬁ- O-Ra-Of-
O Q Q Q

Polyure-thane

Figure 1.1: Two-step polyurethane synthesis. In step 1 the diisocyanate
(R;=aliphatic or aromatic) is reacted with a macrodiol (R,= a polyester,
polyether or polycarbonate) to make a macrodiol end-capped with
diisocyanate (prepolymer). This step may require the use of a solvent (i.e.
dimethylacetamide) and a catalyst (i.e. dibutyltin dilaurate). Step 2 is the
chain extension step where the prepolymers are reacted with a low
molecular weight (MW) diol (R;=short aliphatic chain such as butane).
This step may also require a catalyst, which needs to be washed out
following polymerization. If the chain extender is a low MW diamine
(H,N-R-NH,) the resulting polymer is a polyurethane-urea. (41, 63)



Because of the controversy surrounding the toxicity of the hydrolysis products of TDI
and MDI-based polyurethanes used for long term implants, the search was on for
alternative diisocyanates to make biodegradable hard segments that could be used in
drug-eluting stents or tissue engineering applications where degradation is desired. 1,6-
Hexane diisocyanate (HDI) (49), 1,4-diisocyanatobutane (26), lysine diisocyanate (LDI)
(25, 28, 30, 50-53), and 2,2,4-trimethyl-hexamethylene diisocyanate (50) are some of the
candidate diisocyanates for use in biodegradable polyurethanes. LDI-based
polyurethanes have gained in favour since the amino acid lysine is one of its degradation

products (25, 28, 53, 54).

Subtle changes in soft segment chemistry can also impart differences in the
polyurethane’s susceptibility to degradation. Polyurethanes with polyester soft segments
(PESU)s have been shown to be susceptible to hydrolytic degradation (40, 55) and so
have ceased to be used in implantable devices requiring long-term stability of physical
properties. Polyether soft segment polyurethanes (PEU)s are susceptible to degradation
by oxidation (56), but have been proven to be relatively resistant to hydrolytic
degradation (57). However, previously it was found that the processing method affected
the CE-mediated degradation of a PEU scaffold (58). One of the more promising
polyurethane families in terms of versatility and biocompatibility is the PCNU (1, 40, 59-
61). Biocompatibility does not mean non-degradable, but that the material chemistry can
be tailored for a desired application so that the material can perform the necessary in vivo

function and will not invoke an undesired response from the body.



1.3.1.1 POLYCARBONATE-BASED POLYURETHANES

The chemistry of the model PCNUs used in this thesis were previously described in detail
(62, 63). Either HDI or MDI diisocyanates were used while the soft segment (1,6-hexyl
carbonate diol) and chain extender (1,4-butanediol) remained constant (see Figure 1.2).
Table 1.1 reviews the literature available to date characterizing these three model

PCNUs.

Tang et al have previously shown that the stoichiometric ratio of hard segment to soft
segment significantly affects the material’s susceptibility to degradation by CE (63). In
one study, four polyurethanes were made with varying hard segment percentages (HDI
and 1,4-butanediol hard segment, a poly (1,6-hexyl 1,2-ethyl carbonate) diol soft
segment). It was found that the higher hard segment content polyurethanes had fewer
non-hydrogen bonded carbonate-linkages, more hydrogen bonding and consequently
were less degradable by CE (63). Hydrogen bonding is a strong dipole-dipole interaction
between hydrogen and oxygen or hydrogen and nitrogen when electron densities shift to
make hydrogen ator'nS positive and oxygen (nitrogen) negative. These forces are not
covalent bonds but they are strong enough to influence polymer organization,
crystallinity and resistance to degradation. This result suggested that the non-hydrogen

bonded carbonate linkages were the most susceptible to CE-mediated degradation (63).



Hard Segment

(a) 1,6-Hexane (b) Methylene bisphenyl
diisocyanate diisocyanate

8 Te ] R ve
[-C-N-(-CHz2-)6-N-C-H H[-C-N{O)}-CH2{OMN-C-]-
1,4-Butanediol
-[-O-(-C*H2-)4-0-]-

*14C-radiolabeled

Soft Segment

Poly (1,6-hexyl carbonate) diol

-O-(-CH2-)6-0-C-O~(-CHz2-)6-0-]-

Figure 1.2: Model polycarbonate-based polyurethane chemistry.
The three model PCNUs used in this study were synthesized with either
(a) 1,6-hexane (HDI) or (b) methylene bisphenyl diisocyanate (MDI).
All were synthesized with the same chain extender (1,4-butanediol, BD)
and macrodiol (poly (1,6-hexyl carbonate) diol, PCN). The four carbons
in BD were !“C-radiolabeled for biodegradation studies. PCNU are
named according to their diisocyanate and the ratio of
diisocyanate:PCN:BD. There are two HDI based PCNUs with differing
stoichiometric ratios 4:3:1 and 3:2:1 (HDI431 and HDI321
respectively). There is one MDI based PCNU with a 3:2:1 ratio of
diisocyanate:PCN:BD (MDI321) (62, 63).
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TABLE 1.1:
Review of the literature associated with the MDM response on the three model

PCNUs used in this thesis

Parameter HDI431 HDI321 MDI321
MDM-mediated degradation (31, 64) +++ ++ +
CE-mediated degradation (62, 63) +++ ++ +
CXE-mediated degradation (37, 65) +++ += +=
CE protein synthesis (66) +++ NA ++
MSE protein synthesis (66) +++ NA ++
Esterase activity- intracellular (31) +++ += +=
Esterase activity- released (31) +++ += +=
Response to MDA(67) -20% RLR No effect  -60% RLR
RLR
Acid phosphatase activity intracellular += += +=
G
Acid phosphatase activity-released (31) += += +=
DNA/cell attachment (31) += += 4=
Arachidonic acid release from MDM += += +=

(68)

RLR-radiolabel release

+++ Greatest stimulation

++ Second greatest stimulation
+ Least stimulated

+= Stimulation equal to stimulation on at least one other material surface

NA Data not available/unpublished
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Another study of PCNU stability by Tang et al showed that varying hard segment content
changed the hydrogen bonding of the carbonate and urethane groups (62). HDI, MDI and
4,4’-methylene biscyclohexyl diisocyanate (HMDI)-based PCNUs were compared in
terms of hydrogen bonding, phase separation and susceptibility to CE-mediated
degradation. The HDI based PCNU was found to be more phase separated than the MDI
or HMDI based PCNUs (62). There were significantly more hydrogen-bonded carbonate
linkages in the bulk MDI PCNU than the HDI PCNUs, however there were fewer
hydrogen-bonded urethane linkages (62). Subsurface analysis by attenuated total
reflectance Fourier transform infrared spectroscopy showed that MDI PCNUs had more
hydrogen-bonded amine and carbonate linkages at the subsurface than the HDI PCNUs
and a higher ratio of hydrogen bonded urethane linkages than the bulk polymer (62).
These results fit with the degradation data that showed MDI321 was the least susceptible

to CE-mediated degradation (62).

1.3.2 FOREIGN BODY RESPONSE TO A BIOMATERIAL

The ability of the human body to react to a foreign invader is critical. Many pathogens
can be destroyed due to this response. During the process of phagocytosis, neutrophils,
monocytes and MDMs engulf foreign pathogens into a vacuole and release degradative
activities from the lysosome into the vacuole to kill the invader. When a foreign body
such as a biomaterial is too large to engulf, a different mechanism of inflammation is
invoked called the foreign body reaction to a biomaterial, which previously has been

called frustrated phagocytosis (69-71). Although this has been extensively studied (1, 28,
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34-37, 44, 60, 64, 67, 72-75), there are still knowledge gaps in the mechanism of the

release of these activities.

The known steps in the inflammatory response to a biomaterial were delineated thanks in
part to the cage implant studies performed by Marchant and Anderson (33, 76, 77).
Implantation causes an injury or wound allowing blood to contact the material surface.
Extracellular matrix and blood proteins such as immunoglobulin G (IgG), fibronectin,
high molecular weight kininogen, factor VIII, Hageman factor, collagen, albumin, and
fibrinogen attach to the surface of the biomaterial (78, 79). Protein adsorption is an
important step affected by: protein concentration, affinity for the surface, protein
conformation (denaturation), and the Vroman Effect (78-82). The Vroman Effect has
established that high abundance low affinity proteins bind first (such as fibrinogen) and
are gradually replaced at the surface by lower concentration, high affinity proteins (high
molecular weight kininogen) (83); however, material chemistry can be the deciding factor
for protein binding to the surface. Previously, it has been shown that fibrinogen could
displace vitronectin for binding to polyethylene, silicone rubber, Teflon, and a
poly(tetramethylene oxide) urethane, but not to the hydrophilic poly(ethylene oxide)
urethane (84). Grafting of polyethylene oxide onto polyurethanes has been found to

decrease total protein adsorption (85).
The complement cascade, coagulation cascade, kinin system and fibrinolysis can be

activated during the foreign body response to a biomaterial. The classic role of the

complement system is to opsonize pathogens and induce an inflammatory response so
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that antibody responses mediated by the adaptive immune system are improved.
Phagocytes have complement receptors so that they may recognize these
pathogens/foreign bodies and initiate phagocytosis or the foreign body response. On
some biomaterial surfaces C3 complement fragment C3b adsorbs onto the surface
initiating the alternative complement pathway, thereby recruiting leukocytes to the
material surface (86). The coagulation cascade, kinin system and fibrinolysis are
involved in the formation, propagation, and control of blood clots. Injury associated with
the implantation of a medical device releases tissue factor from endothelial cells. Once
tissue factor comes into contact with blood, there is initiation of the coagulation cascade,
which can be propagated by the adsorbed proteins leading to platelet adhesion,
aggregation and blood clot formation. Platelet adhesion has been modestly correlated to
fibrinogen adhesion to the polyurethane surface (87) however platelet activation has been
related to fibrinogen adsorbing to the material surface in a specific conformation that
exposes the appropriate epitopes (88). Leukocytes such as neutrophils and monocytes
may aid in platelet recruitment, leading to thrombus formation in varying degrees

depending on the material surface (89).

The first phagocytic cell recruited to the site of the foreign body is the neutrophil.
Neutrophils are activated by the surface to express integrin receptor Mac-1 (89) and
release ROS (hypochlorous acid, HOCI), granulocyte elastase (89), lysosomal hydrolases
(72) and chemokines to help recruit monocytes to the surface. Previously, it was shown
that neutrophil binding to complement C5a can delay apoptosis (90) and be

chemoattractant to other neutrophils. Biodegradation by neutrophils is limited by both
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their short lifespan at the material surface and the type of degradative activities released
(serine proteases rather than esterases, (72, 74)). In vitro experiments incubating
neutrophils on polyurethanes showed that degradation continued for only up to 18 hours,
since past this time cell viability was greatly decreased (91). A previous study showed
that neutrophils and monocytes migrate into inflammatory sites simultaneously but
monocytes are the predominant cell type after 12 hours because of continued migration
(92). Monocytes can then differentiate to become MDMs. Activated MDM can fuse to
form FBGCs, large multinucleated cells with an increased capacity to secrete degradative
enzymes (32). FBGCs have been previously shown to remain adherent to the material
surface for the lifetime of the implanted device (93) and have an increased resistance to
apoptosis (94).  In vitro formation of FBGCs can be stimulated by the material surface
(66) or through the use of cytokines such as interleukin-4 (IL-4) (95, 96) and IL-13 (97),
which would be lymphocyte-derived in vivo. The monocyte differentiation to MDM and
fusion to form FBGC requires rearrangements in cytoskeletal structures including the
formation of the adhesive structures called podosomes (82). Podosomes have been found
in dendritic cells (98), eosinophils (99), osteoclasts (100), MDMs and FBGCs (82, 97).
These adhesive structures are thought to be important for cell motility and invasiveness

(97, 98, 100) and can be induced in MDM and FBGC on different biomaterials (82, 97).

Similar to the normal wound healing response, a fibrous capsule of varying thickness
surrounds the MDMs and FBGCs during the foreign body reaction. The fibrous tissue
generation is caused by fibroblasts being stimulated by MDM to deposit collagen.

Initially type III collagen forms the capsule and in later stages if the capsule reaches a
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steady state it can be replaced by type I collagen representing a transition from
inflammation to repair (101, 102). As this transition occurs, there is a decrease in the
pro-inflammatory cytokine tumor necrosis factor-oo (TNF-a) and an increase in IL-10
production (102). Previously it has been found that material surface (102-107) and
implant location (108) affect capsule formation. Capsule formation can be problematic
for many implants, especially breast augmentation implants. In breast implants there has
been much investigation into using materials such as silicone or polyurethanes to try to
prevent capsule contraction, which can distort or destroy the implant (103, 104, 106).
Although the formation of the capsule cannot be stopped, the use of more biocompatible
surface coatings such as certain polyurethanes or silicone can lead to a thinner capsule
forming around the implant (104). The MDMs and FBGCs remain in the layer between
the material and the fibrous capsule. One study found that the degree of FBGC multi-
nucleation varied depending on the material surface, with PEU surface Estane® causing
greater multi-nucleation and fibrous encapsulation than the silicone derived Silastic®
(108). Therefore in the foreign body response MDM and FBGC activation leads to

material degradation and fibrous capsule formation.

1.3.3 MONOCYTE-DERIVED MACROPHAGES

The differentiation of a monocyte to an inflammatory MDM can take two pathways:
classical (inflammatory) or alternative (wound healing) (109). A classical activation state
is stimulated by opsonized particles, hypoxia, bacterial lipoproteins, bacterial
deoxyribonucleic acid (DNA), abnormal extracellular matrix or interferon-y (pro-

inflammatory cytokines) (109). Previously it has been found that the proteins adsorbed to
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the material surface affect subsequent cytokine release. Bonfield and Anderson found
that materials preadsorbed with fibronectin or fibrinogen had more IL-1B
(proinflammatory cytokine (110)) activity than those preadsorbed with IgG or no protein
at all, however quantitative secretion levels of IL-1 showed the opposite trend (111).
IL-1, TNF-a, and IL-6 have also been found to be stimulated in MDM in response to
polyethylene particulates such as wear debris from an orthopedic implant (112).
Modulating PKC in cells has been shown to affect monocyte-to-MDM cellular
differentiation (113-115); however, material surface has also been shown to affect
monocyte differentiation (67, 116). The alternative activation state leads to a more
wound healing phenotype for the MDM. Alternative activation of MDM can be
stimulated by IL-4, IL-10, IL-13, glucocorticoids, and transforming growth factor-beta
(TGF-B) (109). Alternatively stimulated MDM can generate anti-inflammatory cytokines
(such as IL-10) and have suppressed synthesis of pro-inflammatory cytokines (such as

IL-1B and TNFa), making them resistant to classical activation (109).

1.3.3.1 ACID PHOSPHATASE (AP)

AP is a lysosome-localized protein found in oestoclasts, dendritic cells, MDM and other
cells of the monohistiocytic lineage (117). Previously, a mouse study found that AP was
necessary for proper immune functioning in vivo (118). MDM-derived multi-nucleated
giant cells have more AP activity per cell than MDM (119), which also suggests a role
for AP in the foreign body response. Several studies on MDM-biomaterial or
polyurethane interactions have used AP activity as an indicator of MDM activation (31,

33, 120-123). Investigation into the role of AP in the foreign body reaction has led to
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some interesting results. Previously it was found that uniaxial and biaxial mechanical
strain could stimulate intracellular and released AP activity in differing amounts based on
the extracellular matrix coating of siloxane (124). Recently, it was found that the
release of AP (activity and protein) was stimulated more from MDM on

polydimethylsiloxane compared to MDM on polystyrene or PCNUs (31).

1.3.3.2 HIGH MOLECULAR WEIGHT GROUP BOX 1 PROTEIN (HMGBI)

Another proposed marker of material surface activation of the MDM has been HMGB1
(see section 4.0). HMGBI is a non-histone nuclear-localized DNA binding protein found
in most eukaryotic cells. When located intracellularlyy, HMGB1 has a role in
transcriptional regulation. Recently, it has been shown to be an inflammatory protein
since when it is released from MDM it acts as a pro-inflammatory cytokine causing the
secretion of other pro-inflammatory cytokines (IL-1 and TNFa), which further stimulate
MDM. Many diseases linked to inflammation have shown the release of HMGB1 and its
interaction with the receptor for acetylated glycolation end-products (RAGE) (125).
HMGBI can bind to other receptors such as Toll-like receptor 2 (TLR-2), however a
recent study found that when HMGB1 binds RAGE in mouse macrophages there was an
increase in pro-inflammatory cytokines TNFa, IL-1P, and IL-6 that was not seen when
HMGB1 was bound to TLR-2 (126). Previously, HMGB1 has been found in
atherosclerotic lesions (127) suggesting a role in cardiovascular diseases (128). In
addition, HMGB1 has been suggested to have a role in arthritis (129), cancers (130, 131),
and diabetes (125). HMGBI1 release from monocytes and MDM can be stimulated by

pro-inflammatory cytokines (127), lipopolysaccharide (132), or hydrogen peroxide
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(H20,) (133). It has been suggested that HMGBI as a late inflammatory mediator can
suppress anti-inflammatory cytokines such as IL-10 and TGF-B1 (132). Inhibiting PKC
inhibits cytokine-induced HMGBI1 secretion in MDM (134). Few studies have looked
into the stimulation of HMGB1 in MDM by material surfaces. However, one recent
study has identified HMGB1 as a tyrosine-phosphorylated protein in monocytes that has
altered levels of phosphorylation based on the peptide adsorbed to the polystyrene surface

(135).

1.3.3.3 ESTERASES

When studying biodegradation, esterolytic activity has been shown to be the most
destructive (see subsection 1.3.4.1). Esterases such as CE and MSE have been proposed
to be markers of MDM activation since their release can be triggered in varying amounts
based on the material surface or stimulus (31, 66, 121, 124). CE is an important enzyme
for cholesterol metabolism, however it is not known how it is secreted from MDM or its
role when it is secreted (136). There is a lysosomal acid CE and a neutral CE (neutral
cholesteryl ester hydrolase), which was previously found in the cytoplasm of various
tissue macrophages (137). Wolman disease and cholesteryl ester storage disease (CESD)
are two diseases of varying phenotype and severity where there is a loss or decrease in
lysosomal acid CE activity (138). Patients with Wolman disease have a more severe
phenotype, with diarrhea and problems with lipid absorption that may lead to death in

infancy; however CESD patients are normally asymptomatic (138).
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There has been research into MSE as a marker protein in monocytes for inflammation
and disease however it has no known physiological function. In the non-activated MDM
cellular localization of MSE has not been confirmed. However, MSE has been proposed
to be a soluble intracellular protein that may be found in the endoplasmic reticulum (ER)
since it has a C-terminal ER localization domain (139, 140). Variations in MSE
expression have been used to classify monocyte maturation in leukemias (141, 142).
MSE deficiency is an inheritable genetic abnormality that can be increased in patients
with lymphoproliferative or gastrointestinal malignant neoplastic diseases (143). One
hypothesis for its regulated release is by being enveloped into a vacuole and released by
the fusion of the vacuole with a lysosome and then the plasma membrane, a process
previously described in host-parasite relations as the cytoplasm to vacuole pathway (144-
146). Recently CE and MSE have been found to be candidate enzymes in MDM

responsible for polyurethane degradation (see subsection 1.3.4.1).

1.3.4 BIODEGRADATION OF POLYURETHANES

Polyurethane degradation can occur by either hydrolytic or oxidative means of
degradation or a combination of both in varying amounts. For instance, the ester bond in
a polyester-polyurethane is very susceptible to hydrolysis (40). Since the human body is
composed of over 70% water, it makes the polyester-polyurethane a poor choice for a
stable implanted device. Polyether polyurethanes are resistant to hydrolysis but
susceptible to oxidative degradation. During the respiratory burst (see subsection
1.3.5.2), ROS such as hydroxyl radicals, superoxide anion and H;O, produced by

neutrophils, monocytes, MDM and FBGC are released onto the surface of the device
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where they can initiate auto-oxidation of the polyurethane by hydrogen proton extraction
or chain cleavage (40). This reaction is propagated by the degradation of hydroperoxide
groups and then terminated by the creation of non-reactive products (40). Metal ion
oxidation (MIO) is an important phenomenon associated with polyurethanes in contact
with metallic corrosion products such as a polyurethane pacemaker lead (15). H,O, and
metal alloys together can accelerate auto-oxidation in vitro (147-149). Cobalt species
have been proposed to be responsible for the MIO occurring in PEU pacemaker leads
(150). Environmental stress cracking (ESC), one of the causes of material failure (40), is
the phenomenon that involves deep surface cracking due to various types of material
strains. This includes mechanical strain due to device function, material strain due to the
manufacturing process, and indirect material strain in vivo due to the foreign body
response. MIO and ESC are not interchangeable. MIO is not dependent on residual
material stress and can occur in locations where there is no foreign body response or
fibrotic encapsulation, whereas both are requirements for ESC (40). ESC can be
decreased by decreasing the ether soft segment content (40), whereas there have been

promising results using PCNUs under ESC and MIO conditions (40, 147, 148, 151).

There have been several model systems developed to evaluate the degradation of
polyurethanes and PCNUs in vivo and in vitro. The cage implant studies have been
essential studies in delineating the foreign body response to a biomaterial (33, 76, 77). In
the cage implant system, the biomaterial surrounded by a cage is surgically implanted
into the animal so that the polymer may be analyzed and removed without sacrificing the

animal (76). Cage implant analysis has shown that PCNUs undergo a similar foreign
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body response to a PEU with monocytes adhering and differentiating to MDM and
FBGCs (60). However, a 10-week cage implant study with different polyurethanes
showed that in vivo degradation of the PCNU was significantly less than the PEU (34).
The minimal PCNU degradation seen after 10 weeks in vivo was attributed to hydrolysis

of the soft segment polycarbonate bond (34).

Rigorous in vitro testing provides invaluable degradation and toxicology data prior to in
vivo animal testing. Although neutrophils can cause polyurethane degradation (72, 73,
91, 152), most studies focus on the role of the MDM since both in vitro and in vivo MDM
have a longer lifespan and capability to degrade than the neutrophil. As a result, there
have been several model systems of the foreign body response developed that use
primary monocytes and MDMs. Isolated human peripheral blood monocytes can be
induced to differentiate to different cells depending on the exogenous agents applied. For
instance, monocytes can differentiate to dendritic cells when treated in culture with IL-4
and granulocyte-macrophage colony stimulating factor (GM-CSF) (153). GM-CSF
(153), IL-4, and IL-13 have previously been used to differentiate monocytes to MDM
(154). The model system used in previous studies by the Labow and Santerre groups and
in this thesis requires freshly isolated monocytes to be seeded onto polystyrene and
incubated at 37°C in 10% fetal bovine serum in RPMI (Roswell Park Memorial Institute)
medium for 14 days prior to trypsinization and re-seeding onto the desired material
surface (91). This model system has been able to distinguish between material surfaces
with respect to FBGC formation (66), esterase activity (66), as well as illustrate different

degrees of biodegradation of PEU (91) and PCNU material surfaces (37, 64).
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Although primary cells and human monocytes are the most physiologically relevant,
many in vitro models to assess biocompatibility and biodegradation involve the use of
human or animal cell lines in order to expedite research. Commonly used cell lines for
these purposes are: the U937 human pro-monocytic cell line (155), THP-1 human acute
leukemic monocytic cell line (9), and J774 mouse tumour macrophage cell line (50, 156).
Cell lines are attractive alternatives to primary cells since they can be grown in
continuous culture and then differentiated to MDM-like cells in a relatively short period
of time. For instance U937 cells can be differentiated from pro-monocytic cells in
suspension into adherent MDM-like cells by seeding cells in 100nM PMA for 72 hours
(157, 158). These MDM-like PMA-differentiated U937 cells have been previously
validated as a model cell system for the MDM-mediated degradation of polyurethanes
(155). Using this U937 cell model system it was found that of the three model PCNUs
used in this study HDI431 was the most susceptible to MDM-mediated degradation
followed by HDI321, with MDI321 being the most stable (31). However this model
system did not show the same effects when studying PMA activation of PKC as primary
human MDM (data not shown). Therefore, in this thesis the use of primary cells was
necessary in order to elucidate PKC effects on the MDM-mediated biodegradation of

polyurethanes.

Cell-free models of material degradation are also popular methods to show the effects of
long-term in vivo degradation in a shorter time frame. A classic cell-free model to assess
the susceptibility of a material to ESC is the human plasma/0.01M cobalt chloride/10%

H,0, model system developed by Zhao et a/ (159). This model of oxidation was used to
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confirm PCNUs are more stable to oxidative degradation than PEUs (151). Wiggins et al
used a variation of this model with biaxial strain to show that PEUs were more
susceptible to ESC than PCNUs (160). Tanzi et al showed the greater in vitro stability
of PCNUs versus PEUs under acid (HNOs) and alkaline (NaClO) oxidative conditions
and constant strain to mimic ESC (161). Another study treated a PEU with 25% H,0O; at
100°C to mimic ESC in vitro (162). These methods show an accelerated version of ESC
from long-term implantation. However, none take into account hydrolytic degradation by

enzymes released by MDM (see subsection 1.3.4.1).

1.3.4.1 ESTERASE-MEDIATED PCNU DEGRADATION

Although ESC has been attributed to oxidative damage, the release of hydrolytic
esterases by MDM has also been shown to degrade polyurethanes (37, 66). CE and MSE
are the two candidate hydrolytic enzymes previously shown to be synthesized by MDM
(136, 142) that have been used in various in vitro models of polyurethane/biomaterial
degradation. Compelling evidence indicates that they contribute to PCNU surface
biodegradation (37). Immunoblotting of MDM after PCNU incubation showed both CE
and MSE were present in the cell supernatant and cell lysate (66). The esterase activity
(163) as well as the de novo esterase synthesis and amount of CE and MSE in MDM
were higher on HDI431 than the less degradable MDI321 (66). The incubation of MDM
on polyurethanes in the presence of phenylmethylsulfonylfluoride, an esterase inhibitor,
significantly decreased MDM-mediated polyurethane and PCNU degradation (37, 64,

65). In vitro testing where CE and carboxyl esterase ((CXE) commercially available

24



esterase with the same specificity as MSE) were incubated on polyurethanes showed that

both esterases elicited polyurethane degradation (37).

Recent studies have evaluated the susceptibility of polyurethanes to CE versus MSE/CXE
degradation (37, 65, 164). It has been found that the degradation of PCNU by CE has a
dose dependent effect, whereby the increase in biodegradation did not increase linearly
with increasing CE concentration, but could sharply increase at high CE doses (63). Asa
result, in vitro tests with esterases such as CE and CXE require a dose response curve
with the esterase substrate p-nitrophenylbutyrate (PNB, hydrolyzed to p-nitrophenol) to
find the pseudosaturation value for each enzyme/polyurethane combination (37, 65).
CE in vitro could stimulate more HDI431 radiolabel release and required less units of
esterase activity than CXE (37). Maximal degradation of MDI321 by CE required 60
times more PNB units than maximal degradation of HDI321 (65). The number of PNB
units for maximal CXE degradation was less for HDI321 and MDI321 (65) than for
HDI431 (37). In order to determine the importance of CE and MSE in MDM-mediated
degradation, sodium fluoride (NaF, inhibitor of CXE) and sodium taurocholate (NaT,
stimulator of CE) were added to cells cultured on the three model PCNUs (37, 65).
Results suggested that CXE activity (resembling MSE in MDM) was more involved in
the MDM-mediated degradation of HDI-based PCNUs (37, 65) and CE activity was more
involved in the MDM-mediated degradation of MDI321 (65). The active site of MSE,
CXE and CE contain the catalytic triad histidine-serine-aspartate; however, CE and
MSE/CXE have different substrate specificities. Although both CE and MSE/CXE are

capable of hydrolyzing PCNUs and PNB, the preferred in vivo substrates for CE are long

25



chain fatty acid esters of cholesterol. The in vivo substrates of MSE are unknown. In
vitro CXE cannot hydrolyze cholesterol esters but cleaves short chain (acetate and
butyrate) fatty acid esters of toxic materials such as drugs and organophosphates (165)
and are sensitive to organophosphate inhibitors such as diisopropylfluorophosphate (166,

167).

In addition to the substrate specificity of MSE/CXE versus CE, the susceptibility of
PCNUs to esterase-mediated degradation can be explained by differences in material
surface chemistry. As described in subsection 1.3.1.1, HDI and MDI based PCNUs have
different material chemistries and as a result have different bonds that are susceptible to
cleavage by esterases. Figure 1.3 shows the bonds that can be cleaved by CE for HDI
and MDI PCNUs based on a previous study analyzing the products of CE-mediated
PCNU degradation (48). A recent study of CE induced degradation of HDI and MDI
polymers suggested that increased hydrogen bonding in MDI polymers due to phase
mixing and larger aromatic diisocyanate shielding the susceptible carbonate bonds,
decreased biodegradation when compared to the phase separated HDI based
polyurethanes (62). The reasoning for this observation is that phase mixing allows for
hydrogen bonding which protects the carbonate bond from cleavage by CE, leaving only
the stable urethane linkages (75, 168). CE will attack the non-hydrogen bonded
carbonate preferentially in HDI PCNUs, causing fewer urethane bonds to be cleaved (48).
Another recent study showed that HDI polymers with a higher ratio of diisocyanate to

polydiol segment showed less degradation when incubated with CE (168).
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Figure 1.3: PCNU sites susceptible to hydrolytic cleavage by
MSE/CXE or CE. Each arrow represents a potential site of cleavage on
either (a) an MDI-based PCNU or (b) an HDI-based PCNU. (a) MDI
PCNUs are the most susceptible to cleavage of the 1) urethane bond
(40%) compared to the 2i) soft segment carbonate or 2ii) the carbonate
bond attached to the urethane linkage (both 30%). (b) HDI PCNUs are
susceptible to cleavage of the 1) soft segment carbonate bond (44-50%),
then 2) the carbonate adjacent to the urethane bond (38.9%) and the least
susceptible at 3) the urethane bond (11-16%) (48).
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Since increasing hard segment content decreases the number of total carbonate bonds

available for cleavage, overall degradation is inhibited.

1.3.5 INFLAMMATORY SIGNALING PATHWAYS

Investigation of key players in cell signaling pathways hopefully will help elucidate the
mechanism of MDM-mediated biodegradation of biomaterials and polyurethanes in
particular. One of the signaling pathways of interest has been the PLA; pathway. PLA,;
enzymes hydrolyze the sn-2 ester bond of cell membrane glycerophospholipids to release
arachidonic acid (169), a precursor for pro-inflammatory molecules. Asbestos has been
shown to induce arachidonic acid release and prostaglandin synthesis in P388D1
macrophage-like cells (170). Recently a role for the PLA, pathway in the macrophage-
mediated degradation of polyurethanes (68, 73, 155, 171-173) was established.
Previously, it has been shown that inhibiting PLA, with aristolochic acid or quinacrine
could decrease neutrophil (73) and MDM-mediated (155) polyurethane degradation.
PKC has previously been found to be involved in the activation of the PLA, pathway
(174-179). Mouse macrophage studies have found that activating specific PKC isoforms
with zymosan or PMA stimulated arachidonic acid production (174, 175, 177).
Arachidonic acid release in MDM has been shown to stimulate NADPH oxidase and the
respiratory burst through PKC activation (180-184). This along with the fact that PKC
activation had been shown to affect neutrophil-mediated polyurethane degradation (73)
made PKCs useful targets in the further study of the foreign body response to a

biomaterial.
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1.3.5.1 PROTEIN KINASE C

The PKC family of serine/threonine kinases mediate various cellular processes associated
with cell growth, mRNA stabilization (185), differentiation (157, 186), and cell death via
apoptosis (186-189). There are three main types of PKCs: conventional PKCs, novel
PKCs, and atypical PKCs (190). Conventional PKC isoforms (PKC-a., -BI, -BIL, -y) are
activated by phosphatidylserine, diacylglycerol (DAG), and phorbol esters in a calcium-
dependent manner. Novel PKC isoforms (PKC-g, -n, -6, and -0) are activated by
phosphatidylserine, DAG and phorbol esters but do not require calcium for activation
(deemed calcium-independent). Atypical PKC isoforms (PKC-1, -y, and -£) are calcium-
independent and do not respond to DAG or phorbol ester activation. In conventional and

novel PKCs, phorbol esters compete for the DAG binding site.

DAG is a lipid second messenger produced by lipid biosynthesis and lipid turnover. Both
DAG and phorbol esters recruit PKC to the membrane where it can associate with
phosphatidylserine and become an active kinase (191). Previously it has been shown that
PKC isozymes -a, —B, -0, —¢€, —0, —1, —C, and —A are present in human MDM but not
PKC-y, -1, or —u (192). Phorbol esters like PMA with the C-4 hydroxy! in the  position
(4-B phorbol esters) are diterpene esters of plant origin that override the DAG second
messenger system and activate PKC; however, those phorbol esters with the C-4
hydroxyl in the a-position do not activate PKC (4-a. phorbol esters, i.e. 4ocPMA) (193).
Some studies use 4-a phorbol esters as a negative control for the 4- phorbol esters to
prove that PKC is involved in diverse cellular processes such as actin assembly in

neutrophils and monocyte attachment to endothelium (194, 195).
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Since there are many isoforms of PKC, there are different inhibitors of PKC that target
these PKC isoforms, specific types of PKC isoforms (conventional, novel or atypical
PKCs) or protein kinases in general. H-7 is a non-specific PKC inhibitor that can also
inhibit protein kinase A. Previously, it was found that H-7 did not fully reverse the
effects of PKC activation by PMA (196). Bisindolylmaleimide I (BIM) has been shown
to be a specific inhibitor for conventional and novel PKC isoforms that inhibits PKC by
competitively binding to the adenosine triphosphate (ATP) binding site (197). BIM was
developed by chemically modifying the general kinase inhibitor, staurosporine, in order
to make it more selective for PKC (197). Synthetic inhibitors of PKC isoforms are also
available. For example, Go6976 is an inhibitor selective for PKCa (174), LY333531 is
an inhibitor selective for PKCB (198) and rottlerin is an inhibitor selective for PKCd
(199). Other signaling studies have used various techniques such as the expression of
dominant-negative PKC proteins (189), anti-sense oligonucleotides (38), or over-
expression of specific PKC isoforms (189) in order to tease out the importance of specific
PKC isoforms. However, these studies are easily done with a cell line as compared to
transfection of primary cells such as the human MDM, which is considerably more
difficult. In this thesis, the potentially important PKC isoforms that can be activated by
PMA and are present in MDM are PKC-a., -BI, -BII, -8, -g, and —6, however there were
no experiments performed to specifically identify the different isoforms up-regulated in

MDM on the surfaces with or without PMA.
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1.3.5.2 THE RESPIRATORY BURST

PMA activates several PKCs and therefore has the possibility of phosphorylating more
than one substrate. Another important biological pathway that PKC is involved in is the
respiratory burst (see Figure 1.4). PKC phosphorylates the p47-phox cytosolic subunit of
NADPH oxidase. This helps translocate the subunit to the membrane where it assembles
to form the active NADPH oxidase complex consisting of p67-phox, p21" (Rac-related
guanine triphosphate (GTP) binding protein) and the membrane-bound cytochrome 5-558
(39, 200). NADPH oxidase activity can be down regulated when p40-phox competes
with p67-phox and binds p47-phox’s proline-rich C-terminal tail (via Src homology
domain-3, SH3) (201). In the neutrophil-mediated biodegradation of polyurethanes,
PMA inhibited the radiolabel release from neutrophils seeded on *C-radiolabeled poly
(ester) polyurethanes whereas the PKC inhibitor H7 and myeloperoxidase inhibitor
sodium azide (NaN3) had no effect (73). However, the inhibition of radiolabel release by
PMA could be reversed by using PMA in the presence of H7 or NaNj (152). The
radiolabel release inhibition coincided with an increase in H,O, release and formation of
HOCI. This study suggested there was a relationship between oxidation and the release
of polymer degradation products, but this relationship was complex since oxidation did

not increase but inhibited chain lysis.
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Figure 1.4: The respiratory burst in phagocytic cells. (a) PKC
phosphorylates the p47 phox subunit of NADPH oxidase to activate the
complex assembly. (b) The activated NADPH oxidase complex catalyzes
the conversion of oxygen (O,) to superoxide anion (0,2). (c) Superoxide
dismutase catalyzes the conversion of superoxide anion to hydrogen
peroxide (H,0,). The hydrogen peroxide produced can have different fates.
(d) Hydrogen peroxide can be reduced to hydroxyl, hydroxyl radicals or
singlet oxygen, all of which can provoke tissue injury or alter material
surface chemistry. (e) Hydrogen peroxide in the presence of halides like
chloride ions can be converted to hypochlorous acid by myeloperoxidase (in
neutrophils and monocytes). Hydrogen peroxide can be reduced to H,O by:
(f) glutathionine peroxidases or (g) catalase.

32



Phagocytes such as neutrophils, eosinophils, monocytes and MDMs can be stimulated to
produce many different types of reactive species, including: radical and non-radical
ROS, radical and non-radical reactive nitrogen species, non-radical reactive bromine
species, and non-radical reactive chlorine species (202). Some species are more reactive
than others. The hydroxyl radical is the most reactive species and is the product of the
breakdown of several other reactive species including H>O, and HOCI (202). HOCI has
been found to oxidize the surface of the polyurethane affecting its susceptibility to
hydrolytic degradation (152), however HOCI is formed in neutrophils and monocytes by

myeloperoxidase, an enzyme that is absent in MDM (203).

In order to protect the phagocyte from damage by oxidants different mechanisms of
excess oxidant removal have evolved. Human monocytes have been found to induce a
glutathione transporter when H,0, is released in the cell so that glutathione peroxidase in
the presence of glutathione can reduce H,O; to water and glutathione disulfide (204).
Catalase is a known H,0, scavenger that catalyzes the conversion of H,O; to water and
oxygen. It has been shown that without activation, MDM in vifro have a reduced
capacity to secrete superoxide anion and H,O, compared to human monocytes (203)

suggesting that differentiation alone cannot induce the respiratory burst.
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1.4 SUMMARY

The MDM-mediated biodegradation of PCNUs or biomaterials in general is only partially
understood. The studies described in this thesis used the PKC activating phorbol ester
PMA to investigate the effect of material chemistry on the MDM-mediated degradation
of PCNUs. The goal of this thesis was to understand the link between hydrolytic and
oxidative mechanisms of MDM-mediated PCNU degradation through an in-depth study
of PKC. It was hypothesized that PKC modulation would affect these pathways in a
material surface dependent manner, since PKC activation is an important source of
oxidizing compounds. MSE and CE are hydrolytic enzymes that are candidates for
degradation, but few studies have investigated the link between hydrolytic enzymes and
oxidation by ROS. Since in vivo neutrophils, monocytes and MDM all produce ROS
when a material comes into contact with tissues and/or blood, it is necessary to determine
if these ROS aid or hamper the degradation of PCNUs by hydrolytic enzymes.
Combining both of these inflammatory activities into one model provided significant new
information helping to elucidate the overall mechanism of MDM-mediated

biodegradation of biomaterials, specifically PCNUs.
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SUMMARY

The following manuscript entitled “The role of protein kinase C in the monocyte-derived
macrophage-mediated biodegradation of polycarbonate-based polyurethanes” was
published in the Journal of Biomedical Materials Research [(2005) 74A: 1-11]. MDM
have been found to cause the degradation of polyurethanes as assayed using '*C-labeled
polyurethanes in vitro [Labow RS et al. J Biomed Mater Res (2001) 54: 189-197]. CE
and MSE have been found to be partially responsible for this degradation, however the
mechanism of release of these enzymes is unknown [Labow RS et al. Biomaterials
(2002) 23:3969-3975]. PKC was studied to see if activation or inhibition of this enzyme
would affect the production or release of esterase and subsequent MDM-mediated

degradation.
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Three model “C-PCNUs (HDI431, HDI31 and MDI321) were used so that MDM-
mediated degradation could be measured in the supernatant. Esterase activity and MSE
protein of lysates was also assayed. Phorbol myristate acetate was used to activate
protein kinase C in MDM while protein kinase C inhibitor H-7 was used to inhibit basal
and PMA-activated protein kinase C. Since the respiratory burst enzyme NADPH
oxidase is a possible substrate for PKC the respiratory burst was inhibited using sodium
azide. From these results, two different mechanisms of PCNU degradation by MDM
were proposed depending on hard segment chemistry (hexane diisocyanate versus

methylene bisphenyl diisocyanate).

Permission to reprint this manuscript in full has been granted from Wiley Periodicals,

Inc. © 2005.
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ABSTRACT

Polycarbonate-polyurethanes (PCNUs) elicit a foreign body reaction during the initial
tissue contact, partly mediated by the respiratory burst in monocytes, during which,
protein kinase C (PKC) activates NADPH oxidase. Using an in vitro cell system,
monocytes were differentiated into monocyte-derived macrophages (MDM) and then re-
seeded onto three PCNUs (HDI431, HDI321 or MDI321): hexane (HDI) or 4,4’-
methylene bis-phenyl (MDI) diisocyanates synthesized with poly (1,6-hexyl carbonate)
diol (PCN) and '*C-labeled butanediol (BD) in the ratios 4:3:1 or 3:2:1
(diisocyanate:PCN:BD). MDM-mediated degradation was assessed by radiolabel release
in the presence of a PKC activator (phorbol ester, PMA), inhibitor (H7), and a
catalase/peroxidase inhibitor (NaN3). Activating PKC decreased biodegradation and
esterase activity in MDM on HDI431 and HDI321 but not MDI321, whereas H7 and
NaN3 inhibited the MDM degradation of MDI321 only. Pretreatment of the PCNUs with
H,0O, inhibited esterase-mediated radiolabel release from HDI431 and HDI321 but
stimulated radiolabel release from MDI321. The difference in the effect of H,O, on the
HDI versus MDI PCNUs contributes to explaining the effect of PKC activation on
material degradation. Understanding the mechanism by which this pathway is linked to

PCNU chemistry may assist in designing materials with tailored biodegradation rates.
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INTRODUCTION

Polyurethanes (PU)s have been proven to be versatile biocompatible materials' that have
uses in implanted devices (pacemaker leads)® as well as in tissue scaffolding3, bio-
artificial liver support’, and drug delivery systems’. In order to minimize the foreign
body reaction (when PUs come into contact with tissues), efforts have been made to
modify PU chemistry’. Polycarbonate-PUs (PCNU)s have been demonstrated superior to
polyester- and polyether;PUs in terms of reduced environmental stress cracking (ESC)
and metal ion oxidation, however, they have been shown to be very susceptible to
hydrolysis™®. Although ESC has invoked oxidation as the initiating mechanism in long
term implant degradation’ due to monocyte-derived macrophages (MDM) and foreign
body giant cells, no study to date has investigated biological links between oxidation and

the subsequent hydrolytic degradation that has been observed.

The mechanism of in vivo biodegradation of PCNUs and PUs is unknown, but it certainly
is related in some way to white blood cell activation. Neutrophils and monocytes are the
two major white blood cells involved, since both are recruited to the site of injury
associated with an implanted foreign body, as a result of the inflammatory response'’.
Activated neutrophils proceed to release reactive oxygen species (ROS) and lysosomal
hydrolases'! as part of their phagocytic reaction to the foreign surface. However, when
neutrophils were incubated with PUs, degradation only continued for 18 hours since cell
viability then decreased past this time'>. Monocytes migrate from the bloodstream to the
site of inflammation, adhere to the implanted biomaterial and differentiate into MDM'.

These MDM release enzymes during frustrated phagocytosis, where phagocytic cells
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incapable of engulfing their target proceed to release cellular contents to degrade or kill

the foreign body 2.

Cholesterol esterase (CE) and carboxyl esterase (CXE) are two candidate enzymes
previously shown to elicit PU degradation that was dependent on surface chemistry’.
MDM have previously been shown to synthesize CE'* and monocyte specific esterase'
(MSE, an esterase with specificity similar to CXE). Immunoblotting of MDM after
PCNU incubation showed both CE and MSE were present in the cell supernatant”'®. The
total esterase activity, de novo esterase synthesis and amount of both CE and MSE in

MDM differed depending on the material surface'’.

The above studies clearly indicated that macrophages respond to small changes in
polymer chemistry depending upon which PCNU is the seeding surface for the MDM;
however, the mechanism of macrophage activation by these different materials is still
unknown. One of the first responses associated with MDM that occurs with exposure to
these materials is the respiratory burst, which is mediated to some extent by protein
kinase C (PKC)'*". After PKC is activated, it phosphorylates the p47-phox cytosolic
subunit of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This helps
translocate the subunit to the membrane where it assembles to form the active NADPH
oxidase complex'®. NADPH oxidase catalyzes the formation of superoxide anion from
oxygen (O;) and initializes the respiratory burst cascade producing various ROS.
Hydrogen peroxide (H,0,) is the predominant end product in the respiratory burst of

MDM, whereas in neutrophils and monocytes, it is hypochlorous acid (HOCD)Y.
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Catalase is an enzyme that produces H,O and O, from H,O, thereby removing H,0,
(H20, scavenger) but also producing O,, which could reinitialize the respiratory burst.
Sodium azide (NaN3) has previously been used in the study of the neutrophil respiratory
burst since NaNj; is an inhibitor of peroxidase (i.e. myeloperoxidase or glutathione
peroxidase) and catalase and thereby prevents the breakdown of H,O; into other reactive

oxygen species”.

When assessing the effect of the PKC activator phorbol myristate acetate (PMA) on
neutrophil-mediated biodegradation of model '*C-radiolabeled poly (ester-urea-
urethane)s®' radiolabel release was inhibited, whereas the PKC inhibitor H7 and the
peroxidase/catalase inhibitor NaN3; had no effect. This inhibition in radiolabel release
occurs with a simultaneous increase in H,O, release followed by the formation of HOCI
catalyzed by myeloperoxidase, known to be dependent on the activation of PKC. HOCI
has been found to oxidize the surface of the PU affecting its subsequent susceptibility to

hydrolytic degradation22 .

The three PCNUs used in this study differ in diisocyanate chemistry (hexane (HDI) or
4,4’-methylene bis-phenyl (MDI) diisocyanates) and stoichiometric ratio of
diisocyanate:polycarbonate diol: butanediol (4:3:1 or 3:2:1). This work will assess how
differences in material surface chemistry affect the activation of PKC, the respiratory

burst, and the subsequent production of esterases leading to degradation.
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MATERIALS AND METHODS

Isolation and culture of monocytes-Monocytes were isolated from whole blood (with the
approval of the Research Ethics Committee of the University of Ottawa Heart Institute,
UOHI 91-102, valid until Feb. 7, 2005) as previously described® by collecting
approximately 120 mL of whole blood in EDTA-containing Vacutainers® and layering
onto Histopaque 1077, then centrifuging at 1000xg followed by serial washing and
centrifuging at 450xg (10 minutes with 5-6 washes). Monocytes were then seeded on
tissue culture grade polystyrene (PS), incubated at 37°C/5% CO, and 100% humidity and
fed three times a week with RPMI medium with 12.7 mM HEPES, 2.0 g/L sodium
bicarbonate, with 10% fetal bovine serum (FBS), 2% penicillin/streptomycin, and 0.69
mM L-glutamine. Monocytes began to differentiate after 72 hours®® and fully
differentiated into MDM after two weeks. The mature MDM were trypsinized by a
previously  described method'? where the MDM were treated with
ethylenediaminetetraacetic acid disodium salt (EDTA) and 0.25 % trypsin for 5 minutes
and then re-suspended in Hanks solution (5.4 mM KCl, 0.44 mM KH,PO4, 140 mM
NaCl, 4.2 mM NaHCOs, 3.4 mM Na,HPO,, and 5.5 mM glucose) with 5% FBS and
centrifuged at 450xg. The MDM were then resuspended in the complete media in
preparation for re-seeding. All cell culturing was done in the laminar flow hood under
sterile conditions. Cell counts were performed using an automated Vi-Cell™ cell counter

(Beckman Coulter; Miami, FL, USA).

Preparation of material surfaces- PCNUs used in this experiment were HDI431,

HDI321 (hexane diisocyanate):poly (1,6-hexyl carbonate) diol (PCN):butanediol (BD) in
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a 4:3:1 and a 3:2:1 stoichiometric ratio respectively and MDI321 (4,4’-methylene bis-
phenyl diisocyanate:PCN:BD) in a 3:2:1 ratio synthesized with an unlabeled or “*C-
radiolabeled BD moiety for all three polymers (see Table 2.1) as described in detail
previously*>*, In order to compare the different counts from the three polymers, the
released radiolabel values were normalized to the specific radioactivity of HDI431. The
solid polymer was dissolved in dimethylacetamide in a 10% (w/v) solution and filtered
with a 45 uM PTFE (Teflon) Chromospec® syringe filter to remove any insoluble
particles. Glass coverslips (15 mm) were aseptically coated with 100 puL of the polymer
solution in a laminar flow hood, dried overnight at 55°C, then purged without vacuum at
50°C for 24 hours followed by drying in a vacuum oven (-100 kPa) for 48-72 hours at
50°C as described previously'?. Coated slips were placed in 24-well tissue culture plates
and hydrated with 1 mL of sterile Dulbecco’s phosphate buffered saline (DPBS) solution
in each well and incubated overnight at 37°C/5% CO; and 100% humidity (no more than

24 hours before the experiment) to equilibrate the slips with an aqueous environment.

Re-seeding of MDM on secondary PCNU surface- One million cells per mL (in
complete medium) of the resuspended MDM were added to the sample wells and 1 mL of
complete medium without cells was added to the control wells. Tissue culture plates
were incubated for 1 hour at 37°C/5% CO, and 100% humidity. After 1 hour the
supernatant was aspirated off and replaced with complete medium or with a specified
inhibitor in complete medium. This plate (named T=48) was incubated for 48 hours at
37°C/5% CO, and 100% humidity. A plate labeled T=0 was made for each experiment

and was treated similarly to the T=48 plate except that after the one hour incubation the
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aspirated supernatant was replaced with 240 pL of 0.05% Triton-X 100 in order to lyse

the cells for DNA analysis (see below).

TABLE 2.1
Model PCNU Chemistries

Specific
Polymer Chain Radioactivity
Name Diisocyanate Macrodiol Extender* (CPM/100mg)
HDI431 Hexane poly (1,6-hexyl butanediol  1.42x10’

carbonate) diol

HDI321 Hexane poly (1,6-hexyl butanediol 1.43x10’

carbonate) diol

MDI321 4,4 -Methylene  poly (1,6-hexyl  butanediol  0.74x10’
bis-phenyl carbonate) diol

*Radiolabeled polymers have '*C-radiolabeled carbons in butanediol.

Preparation of enzyme solutions for radiolabel release experiments-CXE solutions were
made by dissolving CXE in sterile 0.05 M sodium phosphate buffer (pH 7.0) as
previously described’. The number of esterase units of CXE required to elicit maximal
radiolabel release from the three different polymers was assessed using a concentration
response protocol’ and the esterase assay described below. The maximal response dose
was used in further studies with this enzyme on PCNUs with or without Hy,O,

pretreatment.
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H,0, pretreatment studies of biodegradation-For H,0O, pretreatment, 600 pL of ~20%
H,0, solution (previously shown to decrease PU degradation27) was incubated on the
" (C-radiolabed PCNU slips at 37°C and replaced every day for 3 days. As a control, slips
were incubated with 600 uL of de-ionized, distilled H,O as above and replaced every day

for three days.

Determination of *C-radiolabel release-After the 48 hour incubation period, 600 pL of
the cell supernatant (releasate) was removed from each well and added to 10 mL of liquid
scintillation cocktail for counting in a liquid scintillation counter (LKB Wallac 1219
RackBeta; Gaithersburg, MD, USA). Counts were normalized to the average DNA
content of the sample from T=0 to T=48 (CPM per 10 pg DNA). For the CXE
experiments coated slips were incubated with or without CXE at 37°C/5% CO; for 24
hours. After 24 hours, 800 pL of the buffer/enzyme solution was added to liquid

scintillation cocktail and counted as above.

Preparation of cell lysates and releasates-Cell supernatants (releasates) were taken from
the T=48 plate well and stored at 40°C until needed for enzyme activity assays. The
medium was removed from a well and replaced with 0.05% Triton-X 100 lysis buffer in
order to prepare cell lysates from T=48 plates for DNA analysis and enzyme activity

assays (see below).

Assay of DNA content of cell lysates-The amount of DNA present in cell lysates was

determined for an aliquot of cell lysate suspension using a modification of the assay
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outlined previously'’. Briefly 0.1% Hoescht Dye #33258 was diluted in 10% 10X buffer
containing 0.10 M Trizma base, 2.0 M NaCl and 0.01 M EDTA (in de-ionized, distilled
water (ddH,0), pH 7.4) on the day of analysis. Cell lysate (15 uL) was added to the dye
(100 pL) into a 96 well plate and read against a calf thymus DNA standard (100-300 ng)

in a fluorescence microplate reader (POLARstar Galaxy, BMG Technologies; Durham,

NC, USA).

Preparation of inhibitors and activators-H7 Dihydrochloride (PKC inhibitor) (5 mg/ml
H,0) was used at a concentration of 100 uM in complete medium. PMA (an activator of
PKC) (1 mg/mL in dimethylsulfoxide) diluted 15.4 pL in 2.5 mL of DPBS was further
diluted in complete MDM medium to give a final concentration of 107 M. NaN; was
dissolved in complete medium to give a final concentration of 5x10° M solution. The
concentration of all these reagents was selected based on those previously used in

neutrophil experiments®'.

Assay of esterase activity in MDM cell lysates and releasates-The esterase activity of the
cell lysates and releasates was assayed using a previously described protocol with p-
nitrophenylbutyrate (PNB)'2. After 30 minutes incubation at 37°C, the absorbance of
each sample was read at 400.6 nm using a spectrophotometer. One esterase unit was

defined as the release of 1 nmol/min of p-nitrophenol (PNP) (¢=16,300 cm™M™) at 37°C

and normalized to 10 pg of DNA using the average value from T=0 to T=48.
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SDS gel electrophoresis and immunoblotting-The cell lysate proteins were separated by
polyacrylamide gel electrophoresis (PAGE) and immunoblotted as previously
described'®. The primary antibody used was rabbit anti-porcine esterase (reacts with
MSE) or rabbit anti-CE (a gift from Dr. Hui, University of Cincinnati College of
Medicine, Cincinnati, OH, USA). The secondary antibody used was goat anti-rabbit IgG
conjugated to horseradish peroxidase. Protein bands were then visualized using the
SuperSignal West Femto Maximum Sensitivity Substrate Enhanced Chemiluminescence
Detection Kit and recorded on CL-Xposure X-ray film (both from Pierce; Rockland, IL,
USA). The bands in the x-ray film were quantified with Quantity One Software® v.4.1'

(Bio-Rad; Hercules, CA, USA).

Statistical analysis-The data were analyzed by 1 way and 2 way ANOVAs using SAS®
version 8.2 with a significance value of p<0.05 adjusted for multiple comparisons

(p<0.0167).

RESULTS

Monocyte and MDM behaviour can vary a great deal between donors®; therefore, to
account for these differences, each of the experiments were related to their own media
control. As well, the number of cells obtained for a given isolation varied. Due to these
limitations only one surface could be assessed per isolation with the two inhibitors and
one activator. The media controls and inhibitor values were first normalized to 10 pg of
DNA, and the relative radiolabel release and esterase activity were calculated, with cells

in media alone (i.e. no inhibitor or activator) being set at 100%. This method of
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comparison eliminated the physiological variability in the absolute values obtained, and
yielded similar effects for the specific treatment conditions. Figures 2.1-2.4 illustrate that
by comparing radiolabel release and esterase activity to the cells in media only control,
the relative inhibition or activation of radiolabel release and esterase activity was

reproducible with the standard error being less than 10 % for these values.

Effect of material surface chemistry on the biodegradation and esterase activity elicited
by MDM in the presence of a PKC activator- Figure 2.1 shows that PMA significantly
inhibited the radiolabel release elicited by MDM on the two HDI PCNUs by ~40%
(p<0.0001) but no effect was observed for MDI321. Figure 2.1 also shows that the
esterase activity elicited by MDM re-seeded on HDI PCNUs was significantly inhibited
by ~40% (p<0.0001). Again no significant change in esterase activity was observed for

MDM re-seeded on MDI321.

Effect of material surface chemistry on the amount of MSE protein produced in MDM
re-seeded in the presence or absence of a PKC activator-Since activating PKC had
different effects on esterase activity based on material surface, the total amount of MSE
was determined in order to see if the protein itself was reduced by PKC activation or if
the downstream effects of PKC activation inhibited esterase activity. The amount of
MSE produced in cell lysates of MDM re-seeded on the three surfaces with or without
PMA as assessed by immunoblotting analysis is shown in Figure 2.2. The graph shows
the relative amount of MSE produced by the PMA treated MDM on the three surfaces as

a percent of the MDM in media only control.
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Figure 2.1: Effect of PMA on MDM-mediated biodegradation and
esterase activity. Radiolabel release (red bar) and esterase activity (blue
bar) was calculated for MDM differentiated on PS and re-seeded on “C-
labeled HDI431, HDI321 and MDI321 PCNUs compared to cells in media
only control and given in CPM per 10 ug of DNA or nmol/min per 10 pg
of DNA (respectively). *There was a significant inhibition versus media
control. **There is a significant difference in % original radiolabel release
or % original esterase activity between the two polymers (n=3).
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Figure 2.2: Effect of PMA on the amount of MSE in MDM re-
seeded on the three different material surfaces. MDM cell lysates
were immunoblotted using anti-MSE antibody and quantified. The blot
shown is representative of all blots and the boxed area shows the 40kDa
doublets that were quantified on the three surfaces with or without PMA
(media only control). The cell lysates were obtained from monocytes
differentiated to MDM on PS and re-seeded on HDI431 (red bar),
HDI321 (blue bar) and MDI321 (green bar) in the presence of PMA
given as intensity in percent relative to cells in media only control.
*There is a significant inhibition of the amount of MSE present in the
PMA treated sample relative to the media control (n=4).
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There were two other bands at 57 and 64 kDa in addition to the 40 kDa doublet shown in
Figure 2.2. These data were not shown since at the level of sensitivity used to detect the
difference in the 40 kDa doublet, no difference was observed in these other two bands
between the surfaces due to saturation. HDI431 and HDI321 lysates treated with PMA
had significantly less MSE than the media control with relative intensities of 53%
(p<0.0001) and 44% (p<0.0001) respectively. This agreed with the radiolabel release
inhibition and the esterase activity inhibition in Figure 2.1. There was no decrease in the
amount of MSE produced in the cell lysates of MDM re-seeded on MDI321. This also
agreed with the lack of inhibition of radiolabel release and esterase activity observed for
PMA treated MDI321 re-seeded cells (Figure 2.1). Gels were run in parallel and
immunoblotted with anti-CE however no significant difference was seen between PMA

and control MDM cell lysates (data not shown).

Effect of material surface chemistry on the biodegradation and esterase activity elicited
by MDM in the presence of a PKC activator and a peroxidase/catalase inhibitor-In
order to determine if the above inhibition of biodegradation and esterase was caused by
activation of the respiratory burst, NaN3, an inhibitor of peroxidase and catalase and
therefore an inhibitor of the respiratory burst, was tested with the cell system in the
presence or absence of PMA. Figure 2.3a shows the radiolabel release data reported as %
change in radiolabel release. The NaNj treated cells showed an interesting material
surface difference where the MDI321 re-seeded MDM cells had a radiolabel release
inhibition of ~60%. This was significantly greater than the radiolabel release inhibition

for HDI431 (p<0.0001) or HDI321 (p<0.0001) (Figure 2.3a). In order to determine if the
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inhibition of radiolabel release and esterase activities for PMA and NaN3 occurred though
the same mechanism, both PMA and NaN3 were added to the same MDM in media.
Radiolabel release data shown in Figure 2.3a suggest that both HDI PCNUs could have
their PMA radiolabel release inhibition (as seen in Figure 2.1) slightly reversed by
combing NaN3; with PMA. HDI431 radiolabel release was reversed significantly by
~30% from the PMA treatment alone (p=0.003). The MDM re-seeded on MDI321 had a
different pattern where adding PMA and NaNj to the media inhibited the radiolabel

release by ~80%, more than with either reagent by itself (Figures 2.1 and 2.3a).

Figure 2.3b shows that the esterase activity relative to media control (set at 100%) was
inhibited significantly for NaN3 treated MDM on all three surfaces (p<0.0001 for all
three) with inhibitions of ~30% for the two HDI PCNUs and ~50% for MDI321 (Figure
2.3b). However the effect of the material surface difference was maintained with the
esterase activity of NaNj3 treated MDMs on MDI321 being inhibited significantly more
(p=0.0043 and p=0.0040 respectively) than on the HDI PCNUs (Figure 2.3b). With the
combined PMA and NaNj treatment the esterase activity for the HDI431 re-seeded cells
was not significantly different from the PMA treated cells alone (Figures 2.3b and 2.1
respectively). HDI321 esterase activity inhibition was slightly reversed (p=0.0002))
when PMA was combined with NaNj3 (Figure 2.3b) versus PMA alone (Figure 2.1).
MDI321 re-seeded MDM esterase activity for the combined treatment was inhibited more
than for the PMA alone treated cells (Figure 2.1) but not significantly more than the

esterase activity for the NaNj treated cells (Figure 2.3b).
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Figure 2.3a: Effect of NaN; on the PMA inhibition of MDM-
mediated biodegradation of PCNUs. Radiolabel release was
calculated for MDM differentiated on PS and re-seeded on “C-labeled
HDI431 (red bar), HDI321 (blue bar) and MDI321 (green bar) PCNUs
compared to cells in media only control calculated as CPM per 10 pg
of DNA in the sample. *There was a significant inhibition of
radiolabel release. **There was a significant difference in % original
radiolabel release between these two polymers (n=3).
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Figure 2.3b: Effect of NaN; on the PMA inhibition of the esterase
activity in MDM re-seeded on PCNUs. Esterase activity was calculated
for MDM differentiated on PS and re-seeded on 4C-labeled HDI431 (red
bar), HDI321 (blue bar) and MDI321 (green bar) PCNUs compared to
cells in media only cell control and given in nmol/min per 10 pg of DNA
in the sample. *There was a significant inhibition of esterase activity.
**There was a significant difference in % original esterase activity
between these two polymers (n=3).
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Effect of material surface chemistry on biodegradation and esterase activity elicited by
MDM in the presence of a PKC activator and inhibitor-The PKC inhibitor H7 was
tested to see if the PKC activation by PMA could be reversed. Figure 2.4a shows the %
change in radiolabel release when treating the MDM with H7 or PMA and H7. HDI431
re-seeded cells had a 25% inhibition of radiolabel release (p=0.0004) (Figure 2.4a) when
treated with H7 whereas HDI321 re-seeded cells had no significant inhibition of
radiolabel release (Figure 2.4a). The radiolabel release elicited by re-seeding MDM on
MDI321 was significantly more inhibited when treated with H7, than the two HDI
PCNUs, with only about 20% original radiolabel release remaining (p<0.0001) compared

to cells in media only control and both HDI PCNUs).

Combinations of PMA and H7 were assessed to see if the effect on radiolabel release or
esterase activity could be reversed on any of the surfaces. Figure 2.4a confirms that
treatment of HDI431 re-seeded MDM with PMA and H7 completely reversed the PMA
induced radiolabel release inhibition (p<0.0001) (Figure 2.4a and 2.1). MDM re-seeded
on HDI321 and treated with the combination of PMA and H7 also had no significant
inhibition of radiolabel release, which differed from the PMA induced inhibition (Figures
2.4a and 2.1). MDI321 re-seeded cells had a partial reversal of the radiolabel release
inhibition when treated with PMA and H7 (40% inhibition of radiolabel release) versus

H?7 alone (80% inhibition radiolabel release) (p<0.0001).
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Figure 2.4a: Effect of H7 on the PMA inhibition of MDM-mediated
biodegradation of PCNUs. Radiolabel release was calculated for
MDM differentiated on PS and re-seeded on '“C-labeled HDI431 (red
bar), HDI321 (blue bar) and MDI321 (green bar) PCNUs compared to
cells in media only control and given in CPM per 10 pg of DNA in the
sample. Esterase activity was calculated for MDM differentiated on PS
and re-seeded on “C-labeled HDI431 (red bar), HDI321 (blue bar) and
MDI321 (green bar) PCNUs compared to cells in media only control
and given in nmol/min per 10 pg of DNA in the sample. *There was a
significant inhibition of radiolabel release. **There was a significant

difference in % original radiolabel release between the two polymers
(n=3).
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Figure 2.4b: Effect of H7 on the PMA inhibition of the esterase
activity in MDM on PCNUs. Esterase activity was calculated for
MDM differentiated on PS and re-seeded on !'“C—radiolabeled HDI431
(red bar), HDI321 (blue bar) and MDI321 (green bar) PCNUs compared
to cells in media only control and given in nmol/min per 10 pg of DNA
in the sample. *There was a significant inhibition of esterase activity
(n=3).
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Esterase activity for H7 treated cells was significantly inhibited on all three surfaces by
about 25% (p<0.0001) (Figure 2.4b) with no significant material surface difference.
With the combined treatment of H7 and PMA the HDI431 and HDI321 treated cells both
had significantly inhibited esterase activities but neither was significantly different from
the PMA or H7 alone treated cells’ esterase activities (Figures 2.1 and 2.4b). The
esterase activity of the MDI321 re-seeded cells was also inhibited about 40% when PMA
and H7 treatment was combined (p<0.0001) (Figure 2.4b), which was not significantly
different from the H7 treated cells but significantly different from the PMA alone treated

cells (Figure 2.1).

Effect of material surface chemistry on the hydrolysis of PCNUs pretreated with H,0,-
H,0; is the final product of the respiratory burst in MDM. In order to assay the effect of
over-stimulating the respiratory burst on PCNU hydrolytic biodegradation, PCNUs were
pretreated with H,O; for three days (or ddH,O for control slips) and then incubated with
CXE for 24 hours. Figure 2.5 shows that H,O, pretreatment inhibited the release of
product from HDI431 and HDI321 by CXE (~10-13% p=0.01, p=0.002 respectively) but
increased the biodegradation of MDI321 by CXE (~13%, p=0.001). Incubation with CE

post-H,O, treatment did not have any significant effect (Data not shown).
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Figure 2.5: Effect of H,O, pretreatment on the carboxyl esterase
(CXE) elicited biodegradation of PCNUs. Radiolabel release was
calculated for *C-radiolabeled HDI431 (red bar), HDI321 (blue bar) and
MDI321 (green bar) incubated with CXE for 24 hours post 3-day H,O,
pretreatment in percent relative to ddH,O pretreated slips. *There was a
significant inhibition of radiolabel release. **There was a significant
increase in radiolabel release. (n=2)
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DISCUSSION

One possible mechanism by which PKC could affect biodegradation of PCNUs by MDM
is through activation of the respiratory burst. PKC phosphorylation of NADPH oxidase
initiates the cascade, which produces various ROS!®! that react with the material
surfaces differently based on their diisocyanate chemistry (Figure 2.5). This would
explain why Figure 2.1 shows an inhibition of radiolabel release for the HDI re-seeded
MDMs in the presence of PMA whereas MDI321 was unaffected. If this were the sole
mechanism controlling the biodegradation character of both polymers, then inhibiting
PKC or the respiratory burst would reverse the radiolabel release inhibition by PMA on
the HDI PCNUs. Comparing Figure 2.3a to Figure 2.1 suggests that inhibiting the
production of ROS with NaNj3 can at least partially reverse the effects of PKC activation

since the radiolabel release from HDI PCNUs was less inhibited.

However, the radiolabel release elicited by the MDM on MDI321 was inhibited by the
combined treatment of NaN3; and PMA. This implies that the oxidant plays a role in
allowing biodegradation to proceed in MDI321 and rationalizes why the biodegradation
of MDI321 by CXE was increased with H,O; pretreatment (Figure 2.5). The fact that
azide inhibited MDI321 degradation in the absence of PMA would suggest that MDI321
itself activates the oxidative pathway. Since much lower reductions in radiolabel release
were observed for the HDI polymers (Figure 2.3a) these materials may not be activating
the release of ROS to the same extent as MDI321. The inhibitor of PKC, H7, showed a

similar pattern when the effect of H7 and PMA were combined (Figure 2.4a).
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The fact that the MDI321 surface did not show inhibition of radiolabel release by the
PMA treatment is believed to reflect the unique nature of the surface chemistry, which is
substantially different from that of the HDI PCNUs™?, MDI321 is very well phase
mixed with extensive hydrogen (H)-bonding between the carbonate and urethane groups
at the surface when compared to the HDI polymers®. Therefore H,O», the ROS released
from MDM, will be reacting with MDI segments in MDI321, whereas the carbonate
groups will be readily exposed for reaction with H,O, in the well phase-separated HDI
polymers. Oxidation of the MDI moieties will disrupt the H-bonding shielding of
MDI321 and allow for subsequent hydrolysis of the soft segment backbone with
subsequent radiolabel release. Reaction of the carbonate with H,O, will generate some
chain scission, but will also promote cross-linking, which will delay product release when
subsequent hydrolysis reactions are catalyzed by MSE. This explanation is confirmed by
the observation that HDI PCNUs pretreated with H,O, and incubated with CXE
overnight showed a significant inhibition of biodegradation whereas MDI321 showed a

significant increase in hydrolytic biodegradation as assayed by radiolabel release (Figure

2.5).

Although esterase activity has been linked to biodegradation in the MDM cell systems’"'?,
a direct correlation between radiolabel release and specific esterase activity has not yet
been obtained. Using PNB esterase hydrolysis as a measure of esterase activity is non-
specific. This assay quantifies MSE, CE and any other enzyme with esterolytic activity
in the sample, such as serine proteases. Immunoblotting of specific esterases was

required in order to confirm the induction or suppression of the esterase(s) concerned.
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Although the immunoblotting analysis using the antibody to MSE showed single bands at
higher molecular weights around 57kDa and 64kDa, only the 40 kDa doublet showed
sensitivity to the inhibitor and/or activator treatments. It should be noted that the 40 kDa
doublet may not represent all the activity measured by the PNB assay and may not be
responsible for all the degradation observed (Figure 2.1). Previously, it was shown that
the 57 kDa band was the prominent band, with significantly more of this isoform visible
from MDM on HDI431 than on MDI321". However, the 40 kDa doublet was below
detectable limits in the latter study, and therefore by using the more sensitive femto
substrate in this study it was possible to visualize the 40 kDa doublet and show the effect

of PMA.

A proposed mechanism for HDI PCNU degradation, based on the results from this study,
has been generated and is detailed in Figure 2.6. The fact that the amount of MSE
(Figure 2.2) produced in the lysates of HDI431 and HDI321 re-seeded MDM was
inhibited by PMA treatment suggests that esterase production itself is influenced by PKC
activation. A recent study found that sodium fluoride, an inhibitor of MSE, inhibited the
radiolabel release from MDM re-seeded on all three PCNU surfaces”. The same study
showed that sodium taurocholate (NaT), a known CE inhibitor, had no significant effect
on the radiolabel release from MDM re-seeded on HDI431 or HDI321. NaT added to
incubation with CXE on the two HDI PCNUs could inhibit radiolabel release suggesting

that CE was stimulated to compensate for an inhibited MSE in the MDM?Z.
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Figure 2.6: Proposed mechanism of HDI PCNU biodegradation. (a) MSE synthesis
is stimulated by the HDI PCNU surface, increasing radiolabel release (RLR) and
esterase activity. (b) PMA stimulates synthesis of c-Jun mRNA and p44/42 mitogen-
activated protein kinase, leading to the inhibition of MSE gene transcription which in
turn inhibits biodegradation RLR and esterase activity (Figures 1 and 2). (c) H7 by
inhibiting PKC partially reverses this inhibition of MSE production. However, since it
does not completely inhibit c-Jun®' there would not be a full restoration of esterase
activity (Figure 4b). (d) ROS (i.e. H;0;) production in the MDM causes a decrease in
RLR since the PCNU surface is protected from hydrolysis (most likely by cross-linking
polymer chains, Figure 5). (e) PMA activates NADPH oxidase, which helps stimulate
the respiratory burst and decrease RLR through ROS reacting with the HDI PCNU
surface (Figure 1). (/) H7 and NaNj block the stimulation of the respiratory burst by
(fully or partially) reversing the activation of PKC and/or the respiratory burst
respectively (Figures 3 and 4). (g) CE is another candidate enzyme released by MDM in
the inflammatory response to a biomaterial which may account for some of the esterase
activity and RLR elicited by the MDM re-seeded on the HDI PCNUs; however it is
unaffected by PMA activation of PKC.



CE release
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It is possible that the esterase (MSE) inhibition phenomenon was a downstream effect of
an earlier PKC phosphorylation event leading to a decreased amount of esterase being
produced. A recent study using surfactant protein A found that PMA could down-
regulate surfactant protein A mRNA and protein via inhibition of gene transcription®.
PKC activation caused phosphorylation of p44/42 mitogen-activated protein kinase and

c-Jun-NH(2)-terminal kinase which were found to be directly involved in the gene

expression of surfactant protein A*.

Another study suggests that c-Jun-NH(2)-terminal kinase activation by PMA cannot be
fully reversed by H7 but could be reversed by PKC inhibitor GF109203X suggesting that
the PKC isoforms involved in its activation are not inhibited by H7>!. The fact that there
was a material surface chemistry difference in the amount of MSE produced (Figure 2.2)
suggests that the pathway for MSE release is controlled by PKC activation to varying
degrees depending upon MDM activation by the PCNUs. In addition, it is possible that
the esterase activity itself was inhibited directly by PKC phosphorylation of the serine in

its active site®?, likely the site involved in PU biodegradation®.

82



Figure 2.7: Proposed mechanism of MDI PCNU biodegradation. (a) MSE is
synthesized due to the general inflammatory response to a biomaterial but is not
stimulated by the MDI PCNU surface as much as with HDI PCNUs!”. () Since
MDI321 does not stimulate synthesis of MSE, PMA does not affect MSE gene
transcription or MSE protein (40 kDa doublet, see Figure 2). (c) ROS production in the
MDM causes an increase in RLR since oxidation makes the surface more susceptible to
biodegradation. MDI segments which shield carbonate groups from hydrolysis® are
readily oxidized and disrupt carbonate shielding, rendering the latter soft segment more
susceptible to hydrolysis by esterase (MSE and CE) activity. (d) PMA activates
NADPH oxidase which helps stimulate the respiratory burst (ROS do not react with
MDI PCNUs in a similar manner to HDI PCNUs, therefore there is no decrease in RLR)
(Figure 1). (e) H7 and NaNj block the stimulation of the respiratory burst by both
MDI321 and PMA thereby decreasing biodegradation (Figures 3 and 4). () CE is
synthesized by MDM re-seeded on MDI321 and accounts for some of the RLR and
esterase activity however is unaffected by PMA activation of PKC.
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Figure 2.7 shows a proposed mechanism for the MDM elicited degradation of MDI321.
It differs from the HDI mechanism in several ways. A recent study showed that when
NaT was added to MDM re-seeded on MDI321 an increase in radiolabel release was
observed”’. Therefore CE (although unaffected by PMA) may be more involved in
MDI321 degradation than for the HDI PCNUs, and MSE synthesis may not be stimulated
by the MDI321 surface whereas CE may be. This may explain why PMA does not affect
the amount of MSE for MDM on MDI321 (Figure 2.2). Oxidant generation is showing
an opposite effect to that of the HDI polymers since H,O, treatment of the MDI surface
increased radiolabel release (Figure 2.5). Phorbol ester treatment enhances the
respiratory burst, maintaining the radiolabel release or increasing it. Inhibiting PKC or
the respiratory burst decreases radiolabel release because there is a decrease in oxidant

generation (Figures 2.3a and 2.4a).

H7 and NaNj; treatments both of which inhibit ROS release, decreased the esterase
activity measured by the PNB assay for MDM on MDI321 but had less of an effect on
the HDI PCNUs (Figure 2.3b and 2.4b). This suggests that MSE (or CE) in MDM on
MDI321 was affected by the respiratory burst pathway, either by decreased synthesis or
inhibition of esterase activity by ROS. Therefore MDI321 itself must activate ROS
production and the PKC activator provides little more in terms of change to radiolabel
release since the ROS response is already exhibited when cells contact MDI321. This
explains why Figure 2.1 shows no significant increase in radiolabel release whereas

Figure 2.5 does. In Figure 2.5 the H,O, pretreatment overrides the material’s control of
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ROS whereas in Figure 2.1, the material is controlling the ROS release in the absence of

the PKC activator.

The results of this study suggest that PKC has an important role in the MDM-mediated
biodegradation of PCNUs and most likely biomaterials in general. This finding is one of
the first studies to clearly link material surface and cell membrane activation with the
oxidative and hydrolytic mechanisms of PU degradation. Figures 2.6 and 2.7 illustrate
the proposed mechanisms for HDI versus MDI PCNU biodegradation respectively based
on PKC activation of the respiratory burst. It is possible that the release of oxygen
species by PKC activation alters the surfaces in different ways therefore perturbing the
surface chemistry and influencing subsequent hydrolysis by enzymes released from
MDM. Another role for PKC would be inactivation of the active site of serine esterases
and proteases known to degrade PCNUs. Thirdly, inhibition of esterase production by
inhibiting de novo synthesis pathways may also be involved. By understanding the effect
that material surface differences have on cell signaling pathways, the mechanism(s) of
biodegradation may be elucidated and ultimately controlled by tailoring material

chemistry leading to the exploitation of the knowledge for the design of bio-responsive

polymers.
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SUMMARY

The following manuscript entitled “The interaction between hydrolytic and oxidative
pathways in macrophage-mediated polyurethane degradation” was published in the
Journal of Biomedical Materials Research [(2007) 82(4): 984-994]. Manuscript#l
focused on assessing the effect of PMA on MDM-mediated PCNU degradation proposed
NADPH oxidase as a possible substrate for the PMA-activated PKC in MDM; however,

the respiratory burst was not assayed.

Manuscript#2 proposes NADPH oxidase as a target for the PMA-activated PKC. Also,
this manuscript attempts to link the oxidative and hydrolytic pathways of MDM-mediated

PCNU degradation. The effect of surface oxidation on subsequent hydrolytic degradation
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was assayed. The effect of PCNU oxidation by hydrogen peroxide on cell morphology

was shown by scanning electron microscopy.

Permission to reprint this manuscript in full has been granted from Wiley Periodicals,

Inc. © 2007.
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ABSTRACT

Although relatively resistant to oxidation, polycarbonate-based polyurethanes (PCNU)s
are degraded by monocyte-derived macrophages (MDM) by a co-mediated mechanism
involving both hydrolytic and oxidative pathways. Since a previous study showed that
PCNU pretreatment with H,O, modulated degradation by esterases, human MDM were
used to further elucidate this dual pathway mechanism of degradation for *C-
radiolabeled PCNU (synthesized with 1,6-hexane diisocyanate: polycarbonate-diol:
butanediol with different stoichiometry (HDI431 and HDI321) or another diisocyanate
4,4’-methylene bisphenyl diisocyanate (MDI321)). Scanning electron microscopy of
PCNU slips pretreated with 20% H,O, showed that HDI431 had visible holes with more
radiolabel release than from the other PCNUs. When MDM were seeded on H,O,-treated
PCNUs, degradation of HDI321 and MDI321, but not HDI431 was decreased. Esterase
activity was inhibited in MDM on all surfaces except MDI321, whereas inhibition of acid
phosphatase occurred on all surfaces. The material surface itself, induced H,O, release
from live MDM, with more H,O; elicited by phorbol myristate acetate treated MDM
when cultured on HDI431 but not the other materials. H,O, pretreatment affected cell
function by chemically altering the material surface and MDM-mediated degradation,
known to be dependent on surface chemistry. The findings highlight that both oxidative
and hydrolytic mechanisms need to be understood in order to tailor material chemistry to

produce desired cell responses for in vivo applications.
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INTRODUCTION

For many years the synthesis of biomaterials for use in implanted medical devices
focused on modifications that would decrease in vivo degradation by both oxidative and
hydrolytic mechanisms. With the introduction of drug-eluting stents and tissue
regeneration applications, the ability to create biomaterials with controlled rates of
degradation has become increasingly important. Polyurethanes (PU)s and specifically
polycarbonate-based PUs (PCNUs) are useful materials for both types of research since
they have been proven to be biocompatible1 and easily tailored by changing hard segment
concentrations or hard segment chemistries so that the cell response can be modulated
for the intended function of the device. In terms of soft segment chemistries, PCNUs
have been proven superior to polyester- and polyether-PUs especially in terms of reduced
environmental stress cracking (ESC) and metal ion oxidation; however, they have been

shown to be susceptible to hydrolysis™”.

The in vivo mechanism of PCNU biodegradation, although not completely elucidated, has
been linked to white blood cell activation. In vivo testing using the cage-implant system
has shown that neutrophils come first to the implanted biomaterial followed by
monocytes that adhere to the surface and differentiate to monocyte-derived macrophages
(MDM)®, that over time fuse to form multi-nucleated foreign body giant cells’. One of
the earliest events that occurs in the innate immune response is the respiratory burst
resulting in the release of reactive oxygen species (ROS). Protein kinase C (PKC)
activation results in the phosphorylation of the p47-phox cytosolic subunit of

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NADPH oxidase)s’g,
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translocating the cytosolic subunit to the plasma membrane to form the active NADPH
oxidase complex. Activated NADPH oxidase catalyzes the formation of superoxide
anion from oxygen®. Neutrophils and monocytes release hypochlorous acid (HOCI)® and
lysosomal hydrolases'® as part of their reaction to the foreign surface; however their role
diminishes over time. In vitro testing has shown that neutrophils incubated with PUs
only degraded the surface for 18 hours post-seeding due to decreased viability''. As the
foreign body reaction progresses, activated MDM produce ROS in response to the

material surface’ and in this case the end product is hydrogen peroxide (H,0,).

ESC, the hallmark of long-term implant in vivo degradation, has invoked oxidation as the
initiating mechanism'? due to MDM and foreign body giant cells. Various groups have
looked into in vitro methods for studying ESC using accelerated testing techniques.
Several studies have shown that in vivo ESC of PUs could be mimicked in vitro using
concentrated H,O, (10-25%) treatment with or without cobalt chloride'>'*!>. Differences
in the susceptibility to oxidative degradation were found between Elasthane 80A (a
polyether-PU) and the PCNU, Bionate 80A'® using this type of accelerated oxidation

systeml7’18.

With regard to MDM activation and hydrolytic degradation, cholesterol esterase (CE) and
carboxyl esterase (CXE) are two candidate hydrolytic enzymes previously shown to
degrade PUs by varying degrees depending on material surface chemistry4. Model
PCNUs used in previous studies differed in their diisocyanate chemistry (hexane (HDI)-

or 4,4’-methylene bis-phenyl (MDI) diisocyanate) and the stoichiometric ratio of
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diisocyanate:1,6-hexyl polycarbonate diol (PCN): butanediol (BD) (4:3:1 or 3:2:1)
(referred to as HDI431, HDI321 or MDI321). Each PCNU differed in terms of hard
segment concentration as well, with HDI431, HDI321 and MDI321 having increasing
hard segment concentrations of 20%, 23% and 30% respectively. Previously it has been
found that increasing hard segment concentration increases the resistance of a PCNU to
hydrolytic degradation by CE®. This agreed with in vitro data showing that HDI431 was
the most susceptible to degradation by MDMs, followed by HDI321 and MDI321'%%,
CE* and monocyte specific esterase’ (MSE, an esterase with specificity similar to CXE)
in MDM were synthesized de novo post-re-seeding on the most degradable PCNU,
HDI431%. Immunoblotting of the conditioned medium of MDM after culturing on the
above 3 different PCNU surfaces, showed that both CE and MSE were present, but in
significantly different amounts in the cell supernatants from the three surfaces“®. The
total esterase activity, de novo esterase synthesis and amount of both CE and MSE in

MDM differed depending on the material surface chemistry and morphology®.

Few studies have investigated the link between hydrolytic and oxidative degradation of
PCNUs. Pretreatment of aliphatic PCNUs with HOCI caused inhibition of the hydrolytic
degradation by CE, whereas MDI321 degradation was slightly increased®®. In a recent
study, it was shown that H,O, pretreatment of the two HDI PCNUs inhibited subsequent
CXE-mediated degradation, whereas pretreatment of MDI321 did not reduce
degradation®’. When MDM were cultured with phorbol myristate acetate (PMA), MDM-
mediated degradation of HDI PCNUs was inhibited; however, the degradation of
MDI321 was unaffected®. It was suggested that PMA activation of PKC was responsible

for this result since the release of ROS might inhibit susceptibility to hydrolysis of the
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HDI PCNUs due to oxidation of the surface. These studies suggest that oxidation of the
material can alter the surface chemistry making fewer or more susceptible bonds
available for hydrolytic cleavage, or perhaps modulating the MDM response to the

altered surface.

Although it appeared in the previous study that oxidation of the surface affected
subsequent hydrolysiszs, no determination of the ROS released from MDM on the
different materials was made. For the first time, this study quantified the ROS produced
by MDM in response to the PCNU surfaces with and without the PMA activation of
PKC, and these findings were discussed in terms of structural changes to the surfaces
following treatment with H,O,, the latter being the end product of the respiratory burst in
MDM. In addition, the functional response of MDM to the altered surfaces was assessed

by measuring esterase and acid phosphatase (AP) activities.

MATERIALS AND METHODS

Isolation and culture of monocytes-Monocytes were isolated from whole blood (with the
approval of the Research Ethics Committee of the University of Ottawa Heart Institute,
UOHI 2005-161, valid until Feb. 18, 2007) as previously described® by collecting
approximately 120 mL of whole blood in EDTA-containing Vacutainers® and layering
onto Histopaque 1077, then centrifuging at 1000xg followed by serial washing and
centrifuging at 450xg (10 minutes with 5-6 washes). Monocytes were then seeded on
tissue culture polystyrene (TCPS), incubated at 37°C/5% CO; and 100% humidity and fed

three times a week with RPMI medium with 12.7 mM HEPES, 2.0 g/ sodium
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bicarbonate, with 10% fetal bovine serum (FBS), 2% penicillin/streptomycin, and 0.69
mM L-glutamine (complete medium). The mature MDM were trypsinized and re-
suspended in complete media by a previously described method'!. All cell culturing was
done in the laminar flow hood under sterile conditions. Cell counts were performed using

an automated Vi-Cell™ cell counter (Beckman Coulter; Miami, FL, USA).

Preparation of material surfaces- PCNUs used in this experiment were those described
above (HDI431, HDI321 and MDI321) synthesized with an unlabeled or **C-radiolabeled
BD moiety for all three polymers (see Table 3.1)2’3 . A 10% (w/v) polymer in
dimethylacetamide solution was filtered with a 45 uM PTFE (Teflon) Chromospec®
syringe filter and glass coverslips (15 mm diameter) were aseptically coated with 100 pL

of the polymer solution in a laminar flow hood as described previously'.

H,0, degradation of PCNUs- The three model PCNUs were incubated at 37°C with 600
uL of 20% H,0, or de-ionized, distilled water (ddH,O) 24 hours or 72 hours (replacing
solution every day). The solution containing the radioactivity released from the PCNUs
(600 pL) was removed from each well and added to 10 mL of liquid scintillation cocktail
for counting in a liquid scintillation counter (LKB Wallac 1219 RackBeta; Gaithersburg,
MD, USA) as previously described"!. The cumulative counts are given in counts per
minute (CPM) per 1 mL of solution less the ddH,0 control. Experiments were repeated

at least three times with three replicates within each experiment.
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TABLE 3.1

Model PCNU Chemistries

Specific
Polymer Chain Radioactivity
Name Diisocyanate Macrodiol Extender*  (CPM/100mg)
HDI431 Hexane poly (1,6-hexyl butanediol  1.26 x 10’
carbonate) diol
HDI321 Hexane poly (1,6-hexyl butanediol  1.43 x 107

carbonate) diol

MDI321 4,4’-Methylene poly (1,6-hexyl butanediol 1.02 x 107
bis-phenyl carbonate) diol

*Radiolabeled polymers have "*C-radiolabeled carbons in butanediol.

H>0; effect on MDM-mediated biodegradation of PCNUs- For H,O, pretreatment,
~20% H,0; solution (600 uL) or ddH,O was incubated on the 14C.radiolabeled PCNU
slips at 37°C for 24 hours. Prior to re-seeding, each well was washed three times with
sterile phosphate buffered saline (PBS: 0.00268 M KCl, 0.00147 M KH,PO,, 0.137 M
NaCl, 0.00806 M Na,HPO,) and this PBS was assayed for H,O, as previously
described?’. If residual H,0, was left additional washes were carried out to prevent cells
being exposed to H,O,, thereby affecting viability. = One million cells per mL (in
complete medium) of the re-suspended MDM were added to the sample wells and 1 mL

of complete medium without cells was added to the control wells as previously

described!!.
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After reseeding, the MDM were incubated for 1 hour at 37°C/5% CO, and 100%
humidity. After 1 hour the supernatant was aspirated off and replaced with complete
medium. This plate of cells (named T=48) was incubated for 48 hours at 37°C/5% CO,
and 100% humidity. Cell supernatants (releasates) were taken from the T=48 plate well
and an aliquot removed for counting for radioactivity released as described above. The
remainder of the cell supernatant was stored at —80°C until needed for enzyme activity
assays. The medium was removed from a well and replaced with 240 pL of lysis buffer
(0.05% Triton-X100, 50 mM EDTA in PBS) in order to prepare cell lysates from T=48
plates for DNA analysis and enzyme activity assays (see below). A plate labeled T=0 was
made for each experiment and was treated similarly to the T=48 plate except that after the
one hour incubation the aspirated supernatant was replaced with the lysis buffer as for the
T=48 plates. Radioactivity released and enzyme activity were normalized to the average

DNA content of the sample from T=0 to T=48 (CPM per 10 pg DNA or units of enzyme

activity per 10 ng DNA) respectively. Experiments were repeated at least three times

with three replicates within each experiment.

Assay of DNA content of cell lysates-The amount of DNA present in cell lysates was
determined for an aliquot of cell lysate suspension using a modification of the assay
outlined previously®®. Briefly 0.1% Hoescht Dye #33258 was diluted in 10% 10X buffer
containing 0.10 M Trizma base, 2.0 M NaCl and 0.01 M EDTA (in ddH,0), pH 7.4) on
the day of analysis. Cell lysate (15 pL) was added to the dye (100 uL) into a 96 well
plate and read against a calf thymus DNA standard (100-300 ng) in a fluorescence

microplate reader (POLARstar Galaxy, BMG Technologies; Durham, NC, USA).
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Assay of acid phosphatase (AP) and esterase activity in MDM cell lysates and
releasates- After the 48 hour incubation period, the cell supernatant and the cell lysate of
adherent U937 cells were assayed for esterase and AP activities using the substrates p-
nitrophenylbutyrate (PNB) and p-nitrophenylphosphate (PNP)!!23, respectively. One unit
of activity was defined as the release of 1 nmol of p-nitrophenol (y = 16 300 cm™M™) per
minute at 37°C at pH 7.0 and 400.6 nm (PNB) or 410 nm (PNP), as previously described
129 The activities with PNB and PNP substrates were normalized to 10 pg of DNA

using the average value from T=0 to T=48 as described above.

Preparation of PKC activator- PMA (1 mg/mL in dimethylsulfoxide) was diluted 15.4
pL in 2.5 mL of PBS solution (pH 7.2) and further diluted in complete MDM medium to

give a final concentration of 100 nM, a concentration used previously to measure HOCl

production in neutrophils3 0

Dihydroethidium to measure ROS in live MDM: Live cell microscopy with blue
fluorescent dihydroethidium (HET) was used to measure ROS in the adherent MDM with
an adapted protocol. HET is the chemically reduced form of the commonly used DNA
dye ethidium bromide. In the cell cytoplasm HET fluoresces blue (absorption emission:
355nm/420nm); however upon oxidation by superoxide anion and DNA intercalation®!, it
becomes red fluorescent ethidium (absorption/emission: 518nm/605nm). PCNU coated
glass coverslips were placed in 24-well tissue culture plates and hydrated with 1 mL of
sterile PBS solution in each well and incubated overnight at 37°C/5% CO; and 100%

humidity (no more than 24 hours before the experiment) to equilibrate the slips with an
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aqueous environment. MDM were re-seeded on HDI431, HDI321 or MDI321 surfaces,
allowed to adhere for one hour as described above and then incubated with 5 pM HET in
the presence or absence of 100 nM PMA for 15 minutes before visualizing by excitation
at 547nm*?. Briefly, coverslips were mounted in an aluminum chamber with MDM
medium and live images taken using an Olympus IX70 inverted microscope using a
Polychrome IV monochrometer and an IMAGO CCD camera from TillPhotonics
(GmBH). The cells were maintained at 37°C and images were taken initially and then
one and two hours post chamber assembly at various areas of interest. Experiments were

repeated at least three times with eight pictures taken at each time point.

Scanning electron microscopy: Cells were fixed in 3% glutaraldehyde in PBS, post
fixed in 1% osmium tetroxide, and followed by a series of ethanol washes prior to critical
point drying as previously described in detail’®. The samples were analyzed and
photographed using a Hitachi S 2500 Scanning Electron Microscope (Hitachi Ltd., Mito
City, Japan) at an operating voltage of 10 kV in the Faculty of Dentistry, University of

Toronto.

Statistical analysis-The data were analyzed by either 1 way or 2 way ANOVA using
SAS® version 9.0 with a significance value of p<0.05 adjusted for multiple comparisons.
All data were normalized for differences in specific radioactivity of the polymers, and

where appropriate, for differences in cell number.
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RESULTS

Effect of H>O; treatment on the degradation of PCNU surfaces- Previously it has been
shown that the three model PCNUs used in this study have different susceptibilities to
enzymatic®>, U937 macrophage-like cells or MDM-mediated degradation19. However
the susceptibility of these PCNUs to degradation by H,O, oxidation had yet to be
characterized. Figure 3.1 shows that by incubating PCNU-coated coverslips with 20%
H,0;, for 24 hours, the surface can be degraded more than by incubating with ddH,O.
There was a material surface difference whereby the aliphatic PCNUs suffered
significantly more degradation with the 24-hour 20% H,0, treatment than MDI321
(p<0.001). However, this difference was no longer apparent at 72 hours. SEM analysis
of the 24-hour treated slips showed a deepening of crevasses or pitting and holes formed
on HDI431 following HyO, treatment compared to the ddH,O treated surface (Figures
3.2a and 3.2b). HDI321 did not show the same visual differences between the two
treatments (Figures 3.3a and 3.3b), even though similar levels of degradation were
recorded by 14C release that followed H,O, treatment (F igure 3.1). H,O, treated MDI321
slips showed increased cracking in the material surface compared to ddH,O treatment
(Figures 3.4a and 3.4b) rather than holes for HDI431 (Figures 3.2a and 3.2b) suggesting
that the surface had a different sensitivity to the oxidant. The appearance of deep holes
(Figure 3.4c and 3.4d) within the cracked regions after 24 hours in 20% H,O, and 48
hours in media parallels the significant increase in *C release (Figure 3.1) for MDI321 at

72 hours post-treatment.
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Figure 3.1: Effect of H,0, treatment on the degradation of PCNU
surfaces. The “C-labeled HDI431, HDI321 or MDI321 PCNU coated
slips were treated with ddH,O or 20% H,0, in ddH,O for 24 hours (red
bar) or 72 hours (blue bar) with solutions counted and replaced every
day as described in detail in Materials and Methods. Cumulative counts
are expressed in counts per minute (CPM) less the ddH,O control
samples. *There was a significant difference between counts taken from
MDI321 slips treated for 24 hours (with H,0O,) compared to MDI321
slips treated for 72 hours. **MDI321 slips treated for 24 hours had
significantly less radiolabel release than HDI431 or HDI321 slips. n=3
and data are reported with standard errors of the mean.
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Figure 3.2: Effect of 20% H,0, pretreatment on the surface of
HDI431. HDI431 coated coverslips were pretreated for 24 hours with
either ddH,O (a, ¢) or 20% H,0, (b, d) prior to incubation with
complete medium for 48 hours. Slips were then analyzed by SEM as
described in detail in Materials and Methods.
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Figure 3.3: Effect of 20% H,O, pretreatment on the surface of
HDI321. HDI321 coated coverslips were pretreated for 24 hours with
either ddH,O (a, ¢) or 20% H,0, (b, d) prior to incubation with
complete medium for 48 hours. Slips were then analyzed by SEM as
described in detail in Materials and Methods.
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Figure 3.4: Effect of 20% H,0, pretreatment on the surface of
MDI321. MDI321 coated coverslips were pretreated for 24 hours
with either ddH,O (a, ¢) or 20% H,0, (b, d) prior to incubation with
complete medium for 48 hours. Slips were then analyzed by SEM as
described in detail in Materials and Methods.
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Effect of H;O; pretreatment on MDM-mediated degradation of PCNUs- To test the
MDM-mediated biodegradation of PCNUs following surface oxidation, PCNUs were
treated with 20% H,0; for 24 hours prior to re-seeding with MDM. Figure 3.5 shows
that HDI321 and MDI321 slips pretreated with H,O, showed a significant (50%)
inhibition (both p<0.001) of biodegradation by MDM relative to MDM seeded on slips
pretreated with ddH,O. The degradation of HDI431 was not significantly inhibited by
pretreatment with HyO, maintaining a greater degree of degradation than the other

surfaces (Figure 3.5, p<0.001).

A material surface difference was also seen in terms of esterase activity. The lysates of
MDM that were re-seeded on the two HDI PCNUs showed significant inhibition of
esterase activity when these slips had been pretreated with H,O, (p<0.001). No
inhibition of esterase activity was seen for the MDM re-seeded on pretreated MDI321
(Figure 3.5). There was an inhibition of AP activity for cells re-seeded on all the H,O,
pretreated surfaces compared to the ddH,O treated surfaces. Even though significantly
inhibited relative to ddH,O pretreatment, cells re-seeded on HDI431 had significantly

more AP activity remaining than the MDM on the other surfaces (Figure 3.5).
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Figure 3.5: [Effect of H,0, pretreatment on MDM-mediated
biodegradation, esterase, and AP activities following re-seeding on
the PCNU surfaces. '“C-labeled PCNU-coated slips were pretreated for
24 hours with 20% H,0, or ddH,0 prior to re-seeding with MDM for 48
hours as described in detail in Materials and Methods. Wells were
analyzed for radiolabel release (red bar), esterase activity (EA, blue bar)
and AP activity (green bar). *There was a significant inhibition
compared to ddH,O treated slips. ** There was a material surface
difference where the indicated surface was significantly higher than the
other surfaces. n=3 and data are reported with standard errors of the
mean.
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Although there were significant differences in the SEMs of the H,O, treated PCNUs
compared to ddH,O treatment (Figure 3.2), SEM analysis of MDM re-seeded on the three
PCNUs that had been treated showed that there was no significant morphological
difference between cells on ddH,O pretreated slips versus H,O, pretreated slips (Figures
3.6-3.8). However, the morphological differences seen previously”® between MDM re-
seeded on the HDI PCNUs (Figures 3.6 and 3.7) compared to MDI321 (Figure 3.8) were
maintained on the pretreated PCNUs. MDM re-seeded on HDI PCNUs appeared less
spread out and more three-dimensional (Figures 3.6 and 3.7) than those re-seeded on
MDI321 that tended to be more flat (Figure 3.8). The latter again reflecting important
differences in surface chemistry and morphology, reported on previously by Labow and

Santerre®>**,

Effect of material surface chemistry and PKC activation on the ROS production in
MDM- To measure the ROS produced in live MDM re-seeded on different material
surfaces, blue fluorescent HET was added to MDM medium with or without PMA for 15
minutes prior to imaging. Figure 3.9 is the quantification of these images taken on all
three surfaces. Using this method, the ROS produced in cells could successfully be
visualized even in the absence of a PKC activator like PMA. ROS production in MDM,
in the absence of PMA, was similar on all three surfaces (Figure 3.9). Interestingly, in
the presence of PMA the ROS production in MDM on HDI431 was significantly higher

than on all the other surfaces (Figure 3.9, p<0.001).
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Figure 3.6: Effect of 20% H,0, pretreatment on the surface of
HDI431 incubated with MDM. HDI431 coated coverslips were
pretreated for 24 hours with either ddH,O (a) or 20% H,0O, (b) prior to
incubation with MDM in complete medium for 48 hours. Slips were
then analyzed by SEM as described in detail in Materials and Methods.
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Figure 3.7: Effect of 20% H,0, pretreatment on the surface of
HDI321 incubated with MDM.  HDI321 coated coverslips were
pretreated for 24 hours with either ddH,O (a) or 20% H,0, (b) prior to
incubation with MDM in complete medium for 48 hours. Slips were
then analyzed by SEM as described in detail in Materials and Methods.
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Figure 3.8: Effect of 20% H,0, pretreatment on the surface of
MDI321 incubated with MDM. MDI321 coated coverslips were
pretreated for 24 hours with either ddH,O (a) or 20% H,O, (b) prior to
incubation with MDM in complete medium for 48 hours. Slips were
then analyzed by SEM as described in detail in Materials and Methods.
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Figure 3.9: Effect of PMA on the amount of ROS produced in
MDM re-seeded on HDI431, HDI321 or MDI321 coated slips. MDM
were re-seeded onto surfaces for 1h prior to incubation with SpM HET
without PMA (red bar) or with 100nM PMA (blue bar) for 15 minutes as
described in detail in Materials and Methods. Live cell fluorescent
images (547nm) taken at start, 1h and 2h timepoints were quantified as
the sum of pixel intensity per cell minus the background. *Significant
inhibition of ROS production with PMA treated cells compared to cells
in media only. **Significantly greater ROS than cells on the other
surfaces. n=3 and all data are reported with standard error of the mean.
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No significant difference in ROS production was seen between MDM re-seeded on
MDI321 in the presence or absence of PMA. PMA had a negative effect on the ROS

production of MDM re-seeded on HDI321 (Figure 3.9, p=0.003, p=0.005, respectively).

DISCUSSION

The results of this study have shown for the first time that changes in surface state,
generated by oxidation, affected cellular responses ultimately leading to differences in the
mechanism and degree of material degradation especially hydrolysis (Figure 3.5).
Although a previous study comparing the oxidation of polyether PUs to a commercial
MDI-containing PCNU showed the latter to be more resistant to oxidation both
chemically (less chain scission and cross-linking) and physically (less pitting)*’, the
present study found that changes in surface structures did occur following treatment with
20% H,0,. Therefore, degradation must always be discussed in the context of specific
PUs and not PUs in general. The use of 20% H,0, was justified in previous accelerated
studies as being physiologically relevant because it mimics the oxidative environment

17,18

created at the cell-material interface and was used here for comparative purposes to

earlier data only.

The degree of degradation following treatment of the surfaces with 20% H,0, measured
by radiolabel release agreed with what was observed with SEM analysis (Figures 3.1-
3.4). HDI431 slips treated with HyO, were degraded significantly more than the other

PCNUs (Figure 3.1). The SEMs showed that the surface of HDI431 was pitted and had

visible holes (Figures 3.2 and 3.6) on the order of 5-10 pum, whereas the surface of
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MDI321 had cracks (Figures 3.4 and 3.8). The cracking in MDI321 may be due to the
unique surface features presented by this material that have been reported on elsewhere
by the authors™?*. MDI321 forms big domains of MDI hard segment H-bonded to
polycarbonate segments. Chemical hydrolysis of the carbonate groups can only readily
occur around the rim of these domains. This would account for the slower release of hard
segment components during oxidative degradation of MDI321 (Figure 3.1) and the fact
that these sites appear as cracks surrounding plaques of non-degraded polymer (Figure
3.4). Previously an investigation on the degradation of Biomer™ fractions (a polyether
PU) showed that both the hard segment (MDI) aromatic urethane bond and soft segment
could undergo oxidative attack®. It is well known that aromatic urethanes are more
sensitive to oxidation than are aliphatic PUs>’ and therefore the extensive surface
deformation of MDI321 in comparison to the HDI polymers most likely reflects the
attack of aromatic hard segments. Hence, the chemical structures at the surfaces of
HDI431, HDI321 and MDI321 differed sufficiently”* to exhibit variation in the

mechanism of biodegradation caused by the oxidation with H,O,.

Degradation by MDM is believed to involve both oxidation and hydrolytic degradation.
However, the dominance of one mechanism over the other appears to be dictated in a
significant manner by the specific chemical and surface morphological features of a
particular PU. A recent study by the Hiltner group suggested that oxidation was a more
important mechanism of degradation of PCNUs than hydrolytic degradation by enzymes
such as CE®®. The MDI-based PCNU used in that study showed minimal degradation by

CE when compared to the degradation caused by 20% H;O, and cobalt chloride
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treatment’®. Previous characterization of the PCNUs used in this study suggest that the
HDI based PCNUs are more susceptible to hydrolytic degradation by CE than
MDI321%*3; as well, in vitro characterization has shown that the synthesis of CE and
MSE can be stimulated more by re-seeding cells onto different surfaces®®. For instance,
MDM re-seeded on non-degradable TCPS have previously been found to produce more
esterase activity than MDM re-seeded on the three PCNUs tested in this study'®. Another
study of these PCNUs showed that MDM-mediated degradation of HDI431 was affected
differently from the degradation of HDI321 (after the addition of the PKC inhibitor H-
7)%. These studies suggest that MDM can differentiate and react differently to material
surfaces that have identical chemical moieties and differ by only 3% in hard segment
concentration®. Therefore, although other studies have suggested that oxidation is the
most dominant activity in the degradation of PUs*®, this does not hold true for PUs in
general and even for specific classes of PUs (i.e. polyether-PUs, PCNUs, etc.) but rather
the mechanism is tied to specific chemistry and its intermolecular assembly. What the
cell is stimulated to produce and how that activity alters the material surface are
important factors that need to be considered in order to determine whether oxidative or

hydrolytic means of PU degradation will prevail.

Even though MDM may be stimulated to produce certain activities when re-seeded on a
surface, the susceptibility of the surface to degradation by that activity is dependent on
the chemistry of the material surface itself. Since MDI321 has an increase in the amount
of hydrogen bonding between the carbonate and urethane bonds” it was more stable than

the HDI-based PCNUs. This was probably due to the fact that MDI321 is phase mixed
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whereas the HDI PCNUs are phase-separated. Therefore, different products were
produced since different bonds were susceptible to cleavage by CE*. Methylene
dianiline was found to be a product from CE-mediated MDI321 degradation, but
hexamethylene diamine was not one of the products of HDI321%. It was suggested that
for HDI321 the carbonate soft segment and carbonate bonds adjacent to the urethane
linkage were more susceptible to hydrolysis, but for MDI321 the urethane bond was the
most susceptible”, with the carbonate bonds being stabilized” to a greater extent than

similar bonds in the HDI polymers due to shielding by the aromatic hard segment.

Since esterases (CE and MSE) in MDM have been associated with hydrolytic degradation
of PCNUs, exhibiting differences in the amount synthesized and secreted when adherent
to the different surfaces, it was of interest to assess the effect of the oxidized surfaces on
both degradation and the esterase activity in the adherent MDM. Previously, oxidation of
a PCNU by H,O, pretreatment did show changes in its susceptibility to hydrolytic
cleavage by CXE®. Since neutrophils, monocytes and MDM all release ROS it is
possible in vao for an MDM to attach to an implanted material that has previously been
oxidized. There were significant differences in the response of the MDM adherent to the
oxidized PCNUs. HDI431 MDM-mediated degradation was not altered by H;O,
pretreatment, whereas the degradation of HDI321 and MDI321 was inhibited (Figure
3.6). This suggests that oxidation can degrade HDI431 without hindering the subsequent
MDM-mediated degradation. The differences seen with the various materials strongly
indicated that degradation by the MDM must proceed through multiple pathways, some

of which interfere with each other, or others that are additive.
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In addition to significant differences in degradation post-oxidation of 3 PCNUs, the
amount of esterase activity in the MDM adherent to the oxidized surfaces also was
significantly different (Figure 3.5). The esterase activity in MDM adherent to MDI321
was significantly greater than the other 2 surfaces. Previously, esterase activity has been
found to be an indicator of the degradative potential of macrophages towards PCNUs*?,
Although not a classical marker of the immune response, esterases have been associated
with many pathological conditions. MSE has been shown to increase in leukemias* or
be deficient in other malignancies as well as autoimmune diseases*’. Recently, MSE has
been shown to be a marker of HL60 differentiation that requires retinoblastoma protein
and Vitamin D5*. Therefore, increased esterase activity in the MDM adherent to the
MDI321 surface may be a sign of cell activation. In a previous study, in which
monocytes were differentiated on MDI321, more CE protein was measured post re-

seeding on HDI431%, suggesting the MDM had been differentiated to an “activated”

phenotype.

In addition to ROS and esterase activity an additional marker of the foreign body reaction
to a biomaterial may be AP, a lysosomal enzyme that has been shown to be associated
with MDM activation®. In another study, AP activity in MDM was influenced by the
material surface it was re-seeded on, with non-degradable polydimethylsiloxane re-
seeded MDM having significantly greater activity than those re-seeded on PCNU
surfaces'®. In addition, there was significantly more AP protein in MDM re-seeded on
PCNUs than those re-seeded on TCPS'. Since AP activity was inhibited in all cells re-

seeded on the H,O, pretreated PCNU surfaces (Figure 3.5), it is tempting to say that these
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surfaces became less activating following oxidation. However, the most degradable
PCNU, HDI431, with the least inhibition by oxidation, had significantly more AP activity
in the adherent MDM even though it was significantly decreased relative to ddH,O

pretreated controls.

After determining the effect of PCNU oxidation on MDM-mediated biodegradation and
induced enzymatic activities the next step was to determine if the production of ROS in
MDM was affected by material surface chemistry. MDM re-seeded on HDI431 in the
presence of PMA had the greatest overall production of ROS (Figure 3.9), which agrees
with HDI431 being an activating, degradable substrate. A previous study using
peritoneal and bone-marrow derived macrophages from tartrate-resistant AP deficient
mice showed that PMA-induced superoxide anion production was increased in these
cells, possibly due to an increase in pro-inflammatory cytokines*. So, even though AP
activity was not increased in MDM re-seeded on HDI431 over the other surfaces', it was
possible that inflammatory cytokines induced by PMA may have caused cell activation,

eliciting the greater release of ROS from cells on HDI431.

Although PMA could activate ROS production in MDM re-seeded on HDI431 this was
not the case for MDM on all surfaces. A previous study using a luminol-
chemiluminescence assay with synovial macrophage-like cells found that PMA was

required to measure ROS production®’

. However, this study found that PMA was not
required for intracellular ROS production on all the surfaces (Figure 3.9). It was

surprising to note that the addition of PMA did not stimulate, but significantly inhibited
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ROS production in MDM re-seeded on HDI321 (Figure 3.9). HDI321 surface chemistry
could be initiating the respiratory burst and PMA may compete and inhibit the production
of ROS in these MDM. This result may explain why adding PMA to MDM re-seeded on
HDI321 could inhibit degradation of the surface. However, PMA also inhibited
biodegradation of MDM re-seeded on HDI431%. In this case, esterase activity was also
inhibited in the MDM re-seeded on HDI431 in the presence of PMAZ. Therefore it is
possible that PMA inhibiting esterase activity by an unknown mechanism was more
detrimental to the MDM-mediated degradation of HDI431 than the increase in ROS
production (Figure 3.9). Perhaps in MDM-mediated degradation of HDI431, hydrolytic
degradation is equally or more important than oxidative degradation, therefore
highlighting once again the caution required when projecting biodegradation findings to a
large family of polymers with diverse chemistries. Since MDM re-seeded on MDI321
showed no difference in ROS production, with or without PKC activation, it suggests that
the material surface itself maximally triggered the respiratory burst in these cells. This
agrees with previous findings that showed that the MDM-mediated degradation of

MDI321 was not affected by PMA activation®.

CONCLUSIONS

This study has shown for the first time that oxidation of PU surfaces can alter MDM
functional responses, with respect to material degradation mechanisms. During the
foreign body reaction to a biomaterial surface, both hydrolytic and oxidative activities
may be triggered by the contact of the material with the surrounding tissue. By altering

material chemistry either hydrolytic or oxidative mechanisms of degradation may be
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preferred. In addition, the MDM functional responses, as assessed by esterase and AP
activities reflected the changes in the material surfaces. Ultimately our understanding of
the material activation of MDM pathways, leading to degradation, will help in the
creation of materials that elicit the desired response from MDM in vivo, eliminating

deleterious effects observed due to the foreign body reaction.
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SUMMARY

The following manuscript entitled “The effect of phorbol ester activation, inhibition and
reactive oxygen species scavengers on the macrophage-mediated foreign body reaction to
polyurethanes™ has been submitted to the Biochemistry and Cell Biology and is currently

under review (December 2007). This paper addressed questions asked by both

126



manuscripts#1 and #2. Manuscript#1 suggested PKC had a role in the MDM-mediated
degradation of HDI PCNUs, moreso than for MDI321. However, the PKC inhibitor H-7
was found to inhibit other protein kinases besides PKC, and treatment with H-7 yielded
MDM with low cell viability.v Therefore, the PMA effect on MDM-mediated PCNU
degradation required further scrutiny. Manuscript#3 describes the use of a more specific
inhibitor of PKC (bisindolylmaleimide I) and an analogue of PMA that does not activate
PKC (4aPMA) in order to confirm that the effect of PMA was due to PKC activation and

not another effect due to phorbol ester activation.

Manuscript#2 proposed that the material surface could trigger ROS without PMA
activation. Manuscript#3 describes the use of scavengers of ROS with or without PMA
to see how this affected subsequent MDM-mediated degradation and esterase/HMGB1
levels. Recently, HMGB1 has been investigated as a late inflammatory cytokine released
by activated MDMs. However, this is one of the few studies evaluating HMGBI1 protein
as a marker of activation of MDM on different polyurethanes. Radiolabel release, cell
viability, esterase activity, MSE protein, and HMGBI1 protein were assayed in MDM on
three model PCNU surfaces. MDM morphology on these surfaces (with or without

PMA) was assayed by scanning electron microscopy.
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ABSTRACT

Previously it was found that the foreign body response (FBR) of monocyte-derived
macrophages (MDM) in the presence of protein kinase C (PKC) activator phorbol
myristate acetate (PMA) differed between aliphatic and aromatic polycarbonate-based
polyurethanes (PCNUs). PMA inhibited the MDM-mediated degradation of aliphatic
PCNUs (HDI), but had no effect on the aromatic PCNU (MDI). To further investigate
the material dependence of PKC activation by PMA, PKC inactive 4aPMA, a PKC
inhibitor (BIM) and reactive oxygen species scavengers, catalase plus superoxide
dismutase (CAT+SOD), were added to MDM cultured on PCNU surfaces. In MDM on
HDI, esterase activity (linked to degradation and inflammation) was reduced by
PMA+CAT+SOD, but not by 4aPMA. BIM reversed PMA inhibition of both
degradation and esterase acﬁvity. Secretion of the pro-inflammatory high mobility group
box 1 protein (HMGB1) was inhibited by PMA, resulting in more intracellular HMGBI,
whereas CAT+SOD reduced intracellular HMGBI1 levels +/-PMA. Conversely, in MDM
on MDI, BIM+PMA, 4aPMA and CAT+SOD increased degradation. Less HMGB1 was
secreted from MDM on MDI than MDM on HDI; however, intracellular and secreted
HMGB1 were not inhibited by PMA and CAT+SOD+PMA increased intracellular
HMGBI1. Although exogenous agents can be used to delineate the signaling pathways
(PKC) involved in the FBR of MDM to PCNU, it is the material surface chemistry itself

that dictates the activation of oxidative and/or hydrolytic degradative pathways.
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INTRODUCTION

It has become increasingly important to understand the foreign body reaction (FBR) due
to the interaction of monocyte-derived macrophages (MDM) with materials used in
medical devices. The inflammatory activities of MDM, released by a phagocytic-like
mechanism (Cannon and Swanson 1992, Marchant et al. 1984), have been implicated in
the in vivo degradation of polyurethanes (PUs) (Labow et al. 2001a, Labow et al. 2001b).
However, there are other aspects to the MDM FBR to PU that may influence the cells’
ability to degrade certain materials. Recently, activation of signaling pathways in MDM,
such as phospholipase A; and protein kinase C (PKC) were shown to be dependent on the
chemistry of the polycarbonate-based PU (PCNU) material surfaces, with a range of
consequences that have not been fully elucidated (Dinnes et al. 2005, McBane et al. 2005,
McBane et al. 2007). This is true of the release of hydrolytic enzymes (esterases, e.g,
cholesterol esterase (CE) and monocyte-specific esterase (MSE)) (Labow et al. 2002,
Labow et al. 2005b, Matheson et al. 2004) as well as the release of reactive oxygen

species (ROS) (Christenson et al. 2004, McBane et al. 2007, Schubert et al. 1997).

Recent work has established links between material oxidation and subsequent MDM-
mediated hydrolytic degradation which may be both material (i.e. PCNU) and PKC
dependent (McBane et al. 2005, McBane et al. 2007). The in vivo respiratory burst,
partially mediated by PKC, is one of the first cellular responses to a biomaterial during
the FBR, which leads to the production of hydrogen peroxide and other reactive oxygen
species (ROS) in MDM (Jackson et al. 1995, Thomas and Fishman 1986). The effect of

phorbol myristate acetate (PMA), a phorbol ester that activates conventional and novel
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PKC isoforms and stimulates the respiratory burst, was studied using model PCNUs that
differed in diisocyanate chemistry (hexane (HDI) or 4,4’-methylene bis-phenyl (MDI)
diisocyanates) and stoichiometric ratios of diisocyanate:(1,6-hexyl polycarbonate) diol
(PCN): butanediol (BD) (4:3:1 or 3:2:15 (Table 4.1). HDI431 was the most degradable
by MDM, followed by HDI321 and MDI321 (Matheson et al. 2007, McBane et al. 2005).
These findings agreed with hydrolytic degradation studies of the PCNUs by CE (Tang et
al. 2001a, Tang et al. 2001b) and carboxyl esterase (CXE), a commercially available
esterase with the same specificity as MSE (Labow et al. 2002, Labow et al. 2005b). An
earlier study showed that PMA treatment of MDM caused an inhibition of esterase
activity, MSE protein and MDM-mediated degradation of HDI PCNUs (McBane et al.
2005). However, this earlier work did not determine whether it was oxidation via ROS
release and/or another action pathway of MDM following the PKC activation by PMA
that specifically affected the subsequent hydrolytic degradation. This uncertainty arose
from the fact that the MDM-mediated degradation of MDI321 was unaffected by PMA,
therefore suggesting that multiple material-related pathways may be involved (McBane et

al. 2005).

Sodium azide, an inhibitor of the respiratory burst, significantly inhibited MDI321
degradation whereas it only partially reversed the PMA-mediated inhibition of HDI
PCNU degradation by MDM (McBane et al. 2005). In order to assess if the differences
found for the effect of PMA and PMA with sodium azide were related in part to oxidation
pathways, the PCNUs were pre-oxidized with 20% hydrogen peroxide and then assessed

for their susceptibility to degradation. Both MDM- (McBane et al. 2007) and CXE-

131



mediated degradation (McBane et al. 2005) of PCNU surfaces were affected
differentially, depending on the material surface chemistry. Moreover, when the
production of ROS was measured in MDM adherent to the different PCNU surfaces,
there were significant changes in intracellular ROS production in the presence of PMA
that were also dependent on the PCNU surface (McBane et al. 2007). These findings
along with the fact that the PKC and protein kinase A inhibitor 1-[5-
isoquinolinylsulfonyl]-2 methylpiperazine (H7) could partially reverse the PMA effect on
biodegradation suggested that PMA might be acting on the MDM-mediated

biodegradation of PCNUs through the PKC pathway (McBane et al. 2005).

As a result of the above observations, the current study was designed to further define the
role of PKC in MDM-material interactions using a PKC inactive phorbol ester isoform
(C-4 hydroxyl in the a-position (Hecker 1985)) and the PKC specific inhibitor
bisindolylmaleimide I (BIM). BIM was developed by chemically modifying the general
kinase inhibitor, staurosporine, in order to make it more selective for PKC (Toullec et al.
1991). Since one action of PMA is to stimulate the respiratory burst through activation of
PKC, this study investigated the effect of scavenging ROS (agents that have been shown
to contribute to the biodegradation of PUs), the products generated by NADPH oxidase in
activated MDM. Superoxide dismutase (SOD) converts superoxide anion (O;") to H,O»,
which catalase (CAT) then converts to water and oxygen (Ding et al. 2007). By the
addition of CAT+SOD with and without PMA to the MDM on the PCNU surfaces, it
may be possible to better understand the role of oxidation in the MDM FBR, one that

may direct activation of specific pathways leading to material degradation.
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A sensitive marker of inflammation is necessary in order to better understand the MDM
FBR to specific material surfaces. High mobility group box 1 chromosomal protein
(HMGB1) is a nuclear protein that is widely distributed in many cells, and acts as a pro-
inflammatory mediator of inflammation when secreted from activated MDM. HMGBI1
causes elevation in the secretion of tumor necrosis factor (TNF)-a, interleukin (IL)-1p as
well as other macrophage inflammatory proteins. Early on it was shown that PMA
causes a release of HMGBI1 from murine erythroleukemia cells suggesting that PKC
activation leads to its secretion (Passalacqua et al. 1997). Recently, PKC inhibition with
BIM was shown to attenuate the cytokine induced HMBG1 secretion from THP-1
monocyte-macrophages (Kalinina et al. 2004). In addition, when glucose depleted A549

cells were treated with CAT, the secretion of HMGB1 was significantly reduced.

By using the PKC inhibitor BIM, and PKC inactive 4aPMA, PKC involvement in both
the oxidative and hydrolytic pathways of MDM-mediated degradation of PCNUs could
be confirmed. In addition, by relating the effect of ROS scavengers (CAT+SOD) to the
pro-inflammatory mediator HMGB1, and PCNU degradation measurement, it may be
possible to identify what key actions determine the activation pathway(s) for PCNU
induced FBR as well as define the preferred pathway(s) of biodegradation for different

PCNUs.
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MATERIALS AND METHODS

Isolation and culture of monocytes- Monocytes were isolated from whole blood (with
the approval of the Research Ethics Committee of the University of Ottawa Heart
Institute, UOHI 2005-161, valid until Feb. 18, 2008) as previously described (Labow et
al. 1998) by collecting approximately 120 mL of whole blood in EDTA-containing
Vacutainers® and layering onto Histopaque 1077, then centrifuging at 1000xg followed
by serial washing and centrifuging at 450xg. Monocytes were then seeded on tissue
culture grade polystyrene (TCPS), incubated at 37°C/5% CO, and 100% humidity and
fed three times a week with RPMI medium made up using 12.7 mM HEPES, 2.0 g/L
sodium bicarbonate, with 10% fetal bovine serum (FBS), 2% penicillin/streptomycin, and
0.69 mM L-glutamine (complete medium). After 14 days the mature MDM were
trypsinized and re-suspended in complete media by a previously described method
(Labow et al. 2001b). All cell culturing was done in a laminar flow hood under sterile
conditions. Cell counts were performed using an automated Vi-Cell™ cell counter

(Beckman Coulter; Miami, FL, USA).

Preparation of material surfaces- PCNUs used in this experiment were HDI431,
HDI321 and MDI321 synthesized with an unlabeled or "*C-radiolabeled BD moiety for
all three polymers (see Table 4.1) as described in detail previously (Tang et al. 2001a,
Tang et al. 2001b). A 10% (w/v) polymer in dimethylacetamide solution was filtered

with a 45 uM PTFE (Teflon) Chromospec® syringe filter and glass coverslips (15 mm
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diameter) were aseptically coated with 100 ul of the polymer solution in a laminar flow

hood as described previously (Labow et al. 2001a, Labow et al. 2001b).

TABLE 4.1
Model PCNU Chemistries
Specific
Polymer Chain Radioactivity
Name Diisocyanate Macrodiol Extender* (CPM/100mg)
HDI431 Hexane poly (1,6-hexyl butanediol 1.26x10’
carbonate) diol
HDI321 Hexane poly (1,6-hexyl butanediol 1.43x10’
carbonate) diol
MDI321 4,4’-Methylene poly (1,6-hexyl butanediol 1.02x10’

bis-phenyl carbonate) diol

*Radiolabeled polymers have *C-radiolabeled carbons in butanediol

MDM-mediated biodegradation of PCNUs- One million cells per mL (in complete
medium) of the re-suspended MDM were added to the sample wells and 1 mL of
complete medium without cells was added to the control wells as previously described
(Labow et al. 2001b). TCPS plates (24 well) lined with the PCNU coated slips were
incubated with media or MDM for 1 hour at 37°C/5% CO; and 100% humidity. After 1
hour the supernatant was aspirated off and replaced with complete medium with or
without treatment reagents. This plate (named T=48) was incubated for 48 hours at

37°C/5% CO, and 100% humidity. A parallel plate T=0 was treated the same as the
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T=48 plate with the exception that the supernatant was aspirated at 1h of incubation and
the cells lysed in 250 pL of 0.05% Triton X-100 for immediate DNA analysis (see
below). For the FBS-free samples (HMGB1 analysis), complete medium was replaced
with FBS-free medium, incubated for a further 24h and otherwise treated as described

above.

Preparation of phorbol esters and PKC inhibitor- The PKC activator PMA (1 mg/mL in
dimethylsulfoxide) was diluted 15.4 pL in 2.5 mL of phosphate buffered saline (PBS)
solution (pH 7.2) (10 uM) and further diluted in complete MDM medium to give a final
concentration of 100 nM. The concentration was similar to that used in previous MDM-
mediated PCNU degradation studies (McBane et al. 2005, McBane et al. 2007). 4aPMA
(PKC inactive) was prepared as detailed above to a concentration of 100 nM. PKC
inhibitor BIM was prepared by making a 2 mM solution in dimethylsulfoxide and then
diluting to a final concentration of 2 uM in complete medium as previously established,
(Labow et al. 2001c¢) based on the ICsy for inhibiting the PMA induced respiratory burst

in alveolar macrophages (Forman et al. 1998).

Preparation of ROS scavengers- SOD was dissolved in sterile PBS at a concentration of
1000 units/mL (1 unit will inhibit the rate of reduction of cytochrome C by 50% in a
coupled system with xanthine and xanthine oxidase at pH 7.8 at 25°C in a 3 mL reaction
volume according to the manufacturer) and diluted in complete medium to a final
concentration of 200 units/mL. Catalase was dissolved in sterile PBS at a concentration

of 6000 units/mL and then diluted to a final concentration of 1000 units/mL in complete
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medium (1 unit as assayed by manufacturer will decompose 1.0 pmol of H,O, per minute

at pH 7.0 at 25°C, while the H,O, concentration falls from 10.3 to 9.2 mM, measured by

the rate of decrease of As4p).

Determination of YC_radiolabel release from polymers-After the 48 hour incubation
period, 600 pL of the cell supernatant was removed from each well and added to 10 mL
of liquid scintillation cocktail for counting (LKB Wallac 1219 RackBeta; Gaithersburg,
MD, USA) (Labow et al. 2001b). Counts were normalized to the average DNA content

of the sample from T=0 to T=48 (CPM per 10 pg DNA).

Preparation of cell lysates and supernatants-After 48 hours, samples of conditioned
media were taken from the T=48 plate well and stored at —80°C until assayed for enzyme
activity. The medium was removed from a well and replaced with 0.05% Triton X-100,
10mM EDTA in PBS (lysis buffer) in order to prepare cell lysates from T=48 plates for

DNA analysis, enzyme activity and protein assays (see below).

Assay of DNA content of cell lysates and cell viability-The amount of DNA present in
cell lysates was determined for an aliquot of cell lysate suspension using a modification
of the assay outlined previously (Matheson et al. 2004). Briefly 0.1% Hoescht Dye
#33258 was diluted in buffer containing 0.10 M Trizma base, 2.0 M NaCl and 0.01 M
EDTA (in de-ionized, distilled water (ddH,O), pH 7.4) on the day of analysis. Cell lysate

(15 pL) was added to the dye (100 pL) into a 96 well plate and read against a calf thymus
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DNA standard (100-300 ng) in a fluorescence microplate reader (POLARstar Galaxy,

BMG Technologies; Durham, NC, USA).

DNA measurement as a means of assessing live adherent cell number was validated by
comparing the latter with data from the Vi-Cell™ cell counter automated trypan blue
exclusion assay for one set of experiments where in cell viability was assessed after a 48
hour incubation period of MDM on HDI431 in the presence or absence of PMA,
4aPMA, BIM or BIM+PMA. There was no significant difference between DNA and cell
viability, and hence normalizing measurements to 10ug DNA was used for reporting the

data for all parameters (Table 4.2).

TABLE 4.2
Effect of PKC activators or inhibitors on MDM viability and the amount of DNA
attached to HDI431.
Treatment ~ PMA 40PMA BIM BIM+PMA"

Viability 1004 £5.5 104.1 £4.0 109.6 +£3.8 118.0+14.2

DNA 109.5 £1.3 106.0 +2.0 104.8 £ 1.4 105.6 £ 1.0

* There was a significant increase compared to cells in media only (100%). n=3 and data
are reported with standard errors of the mean.

Assay of esterase activity in MDM cell lysates and supernatants- After the 48 hour
incubation period, MDM cell supernatants and lysates were assayed for esterase activity
using the substrate p-nitrophenylbutyrate (PNB). One unit of activity was defined as the

release of 1 nmol of p-nitrophenol (y = 16 300cm™ M) per minute at 37°C at pH 7.0 and
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400.6 nm as previously described (Labow et al. 2001b). The activity was normalized to
10 pg of DNA using the average value from T=0 to T=48, in order to account for cell

number changes over the 48-hour period.

Polyacrylamide gel electrophoresis (PAGE) and immunoblotting analysis of MSE-Cell
lysate proteins were separated by SDS-PAGE on a 12% polyacrylamide gel
(acrylamide:N,N’-methylene bisacrylamide, 29:1) wusing a mini PROTEAN II
electrophoresis module (Bio-Rad Laboratories; Mississauga, ON) as previously described
(Matheson et al. 2002). Briefly, SDS-PAGE gels u;ed for immunoblotting analysis were
transferred to a nitrocellulose membrane (Bio-Rad), followed by incubation with the
rabbit anti-porcine esterase (reacts with MSE) and then secondary goat anti-rabbit
immunoglobulin G antibody conjugated to horseradish peroxidase. Protein bands were
then visualized with an enhanced chemiluminescence detection system and recorded on
CL-XPosure X-ray film (Pierce, Rockford, IL, USA). Densitometry analysis of bands on
the x-ray film was quantified with Quantity One Software® v.4.1 (Bio-Rad) (Matheson et

al. 2002).

PAGE and immunoblotting analysis of HMGBI- FBS-free conditioned media samples
and their corresponding lysates were used for analysis of released HMGB1. HMGBI1
analysis was also performed on cell lysates with treatment of CAT+SOD and
CAT+SOD+PMA. Aliquots of medium or cell lysate were separated by SDS-PAGE as
described above. SDS-PAGE gels used for immunoblotting analysis were transferred to

a BioTrace® nitrocellulose membrane (VWR), followed by incubation with mouse anti-
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human HMGBI1 (Sigma; 1:1000 in 1% BSA) overnight at 4°C. Blots were washed and
incubated with secondary goat anti-mouse immunoglobulin G antibody conjugated to
horseradish peroxidase (Sigma, 1:5000 in 1% BSA). Protein bands were visualized with
an enhanced chemiluminescence detection system (Immobilon, Millipore) and recorded
on Kodak X-ray film (Fisher Scientific). Densitometry analysis of bands on the x-ray

film was quantified with Image J Software® v.1.38x (NIH).

Scanning electron microscopy (SEM)- Cells were fixed in 3% glutaraldehyde in PBS,
post fixed in 1% osmium tetroxide, followed by a series of ethanol washes prior to
critical point drying as previously described (Labow et al. 1998). The samples were
analyzed and photographed using a Hitachi S 2500 Scanning Electron Microscope
(Hitachi Ltd., Mito City, Japan) at an operating voltage of 10 kV in the Faculty of

Dentistry, University of Toronto.

Laser scanning confocal microscopy (LSCM)- After 48 hours in the presence or absence
of PMA, MDM on the three PCNU surfaces were prepared for LSCM as described
previously (Dinnes et al. 2008). Briefly, cells on PCNU coated slips were washed with
PBS, fixed in 4% paraformaldehyde in PBS and permeabilized with lysis buffer prior to
incubating with 1:50 dilution of rhodamine phalloidin (Molecular Probes, Eugene, OR,
USA) in PBS for 30 minutes to stain for filamentous actin (F-actin) and then
counterstained with 1:1000 dilution of Biostatus DRAQS™ (Alexis Biochemicals, San
Diego, CA, USA) in PBS for 5 minutes to stain cells for DNA. Cells on slips were then

washed with PBS prior to mounting on slides with 90% glycerol as mounting solution.
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An Olympus 100X oil immersion objective with a numerical aperture of 1.4, on an
Olympus IX80 laser scanning confocal microscope operated by FV1000 software
(version 1.4a) was used to visualize the cells. Rhodamine phalloidin (543 nm line of the
Helium /Neon green laser) and DRAQS5™ (633 nm line of the Helium /Neon red laser)
fluorochromes were excited with appropriate lasers and images (at eight different areas)
were taken of cells on each surface with or without PMA, 4aPMA or BIM+PMA. For
quantification purposes images from each of three donors were analyzed for cell size in
pixels and the size of the cells treated with PMA was expressed as a percent relative to

MDM on that particular surface in media only.

Statistical analysis-The data were analyzed by either 1 way or 2 way ANOVA using

SAS® version 9.0 with a significance value of p<0.05 adjusted for multiple comparisons.

RESULTS

Effect of PKC activation or inhibition on the degradation of PCNU surfaces— The three
model PCNUs used in this study (Table 4.1) have been shown to have different
susceptibilities to MDM-mediated degradation (Matheson et al. 2007). Degradation of
the HDI PCNUs was inhibited by PMA whereas there was no effect on MDI321
degradation (Figure 4.1, p<0.001). However, 4aPMA treatment of MDM on MDI321
caused a significant increase in radiolabel release with no effect on the MDM-mediated
degradation of the HDI PCNUs (Figure 4.2a, p<0.001). Although BIM, an inhibitor of
PKC, had little effect on the MDM-mediated radiolabel release from the three PCNUs, a

combination of BIM+PMA reversed the inhibition of radiolabel release observed with
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PMA alone with cells reseeded on HDI431 (Figure 4.2a) (p<0.001) and HDI321

(p=0.009).

Effect of ROS scavengers on the degradation of PCNU surfaces- The effect of ROS
scavengers on the aromatic MDI321 was opposite to their effect on the aliphatic HDI
PCNUs. When CAT+SOD was added to the culture medium, there was a significant
increase in MDM-mediated degradation of MDI321 (p<0.001), whereas MDM-mediated
degradation of HDI321 was inhibited (Figure 4.2b). The inhibition of MDM-mediated
degradation of HDI431 and HDI321 by PMA was not reversed by CAT+SOD. When
PMA was added to CAT+SOD the MDM responded similarly to all 3 PCNUs with a

significant inhibition of degradation of all 3 PCNUs (Figure 4.2b).

Effect of PKC activation or inhibition on the esterase activity elicited by MDM re-
seeded on PCNU surfaces- The effect of PMA on total esterase activity from MDM
cultured on the different PCNUs was similar to the radiolabel release data (Figure 4.1).
MDM incubated with PMA on the HDI PCNUs also demonstrated a significant inhibition
of total esterase activity (Figure 4.1, p<0.001) whereas there was no effect on the esterase
in MDM on MDI321. All other PKC related treatments showed no significant change in
esterase activity when compared to their respective MDM in media controls (Figure

4.3a).
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HDI431 HDI321 MDI321

Figure 4.1: Effect of PMA on MDM-mediated radiolabel release
from PCNUs and esterase activity in MDM lysates. Monocytes were
differentiated to MDM for 14 days on TCPS prior to re-seeding onto 14C-
labeled: HDI431, HDI321 or MDI321 PCNU coated slips in the presence
or absence of PMA in complete medium. After 48 hours, wells were
analyzed for radiolabel release (red bar) and esterase activity (blue bar).
n=3 and data are reported with standard errors of the mean. * There was
a significant inhibition compared to cells in media only.
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Figure 4.2: Effect of PKC activation or inhibition and ROS scavengers on the
degradation of PCNU surfaces. Monocytes were differentiated to MDM for 14 days on
TCPS prior to re-seeding onto 14C-labeled: HDI431 (red bar), HDI321 (blue bar) or
MDI321 (green bar) PCNU coated slips in the presence or absence of (a) 4aPMA, BIM
or BIM+PMA in complete medium or (b) CAT+SOD or CAT+SOD+PMA. After 48
hours cell supernatants were counted for radiolabel release. n=3 and data are reported
with standard errors of the mean. * There was a significant inhibition compared to cells
in media only. ** There was a significant increase compared to cells in media only.
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Figure 4.3: Effect of PKC activation or inhibition and ROS scavengers on the
esterase activity elicited by MDM re-seeded on PCNU surfaces. Monocytes were
differentiated to MDM for 14 days on TCPS prior to re-seeding onto 14C-labeled:
HDI431 (red bar), HDI321 (blue bar) or MDI321 (green bar) PCNU coated slips in the
presence or absence of (a) 4aPMA, BIM or BIM+PMA in complete medium or (b)
CAT+SOD or CAT+SOD+PMA. After 48 hours cell lysates and supernatants were
assayed for esterase activity. n=3 and data are reported with standard errors of the mean.
* There was a significant inhibition compared to cells in media only.
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Effect of ROS scavengers on the esterase activity elicited by MDM re-seeded on PCNU
surfaces- CAT+SOD treatment significantly affected the esterase activity in the adherent
MDM with differences between the HDI PCNUs and MDI321. CAT+SOD as well as
CAT+SOD with PMA had a significant inhibitory effect on the esterase activity in the
MDM on the HDI surfaces. However, the MDM on MDI321 did not respond to the ROS
scavengers showing no effect on the esterase activity when compared to cells in media

alone (Figure 4.3b).

Effect of PKC activation or inhibition on the amount of MSE protein in MDM re-
seeded on PCNU surfaces- Figure 4.4 shows that MDM that underwent treatment
conditions that caused decreased radiolabel release (MDM with PMA on HDI PCNUs,
Figure 4.1) and esterase activity (MDM with PMA on HDI PCNUs, Figure 4.1) also
produced less MSE protein than MDM under control conditions (Figure 4.4a and 4.4b,

p<0.001).

When 4aPMA was added to the MDM culture, the level of MSE protein was not reduced
(Figure 4.4a and 4.4b). In addition, BIM alone had no effect on MSE protein level,
nevertheless, when BIM and PMA were combined, the decrease in MSE protein for
MDM on the HDI PCNU surfaces was reversed (Figure 4.4a and 4.4b, p<0.001), giving
similar results to the influence of BIM on the PMA effect for both radiolabel release
(Figure 4.2a) and esterase activity (Figure 4.3a). As was observed for the esterase
activity in Figures 4.1 and 4.3, MSE protein level in MDM on MDI321 was unaffected

by the treatment conditions (Figure 4.4). MSE immunoblotting analysis was performed
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with the MDM lysates that were treated with CAT+SOD, however there was no
significant difference in the MSE protein with this treatment for the MDM on all 3

PCNUs (data not shown).

Effect of ROS scavengers on the amount of intracellular and released HMGBI protein
in MDM re-seeded on PCNU surfaces- The secretion of HMGB1 was significantly
higher from MDM adherent to HDI431 than MDM on HDI321 or MDI321 (p=0.002 and
0.05 respectively). PMA significantly decreased the secretion from MDM on HDI431
and HDI321, (p=0.002 and 0.03 respectively), but had no effect on the secretion of
HMGB! from the MDM on MDI321 (Figure 4.5a). The intracellular levels of HMGB1
demonstrated an opposite trend to the secreted levels in that the MDM on HDI431 had
significantly less HMGBI than cells on either HDI321 or MDI321 (p= 0.002 and 0.006
respectively, Figure 4.5b). The effects of PMA significantly increased intracellular
HMGBI levels on HDI431 (p=0.012) but had no effect on the HMGBI1 levels in MDM

on HDI321or MDI321 (Figures 4.5b).

When the MDM were treated with CAT+SOD, attenuation of intracellular HMGB1
occurred when MDM were on HDI431 (p=0.015) and MDI321 (p=0.03) but not HDI321.
However, when PMA was combined with CAT+SOD, the HMGB!1 levels in the MDM
on HDI431 remained unchanged (p=0.2), but there was a decrease in HMGB1 in MDM
on HDI321 (p=0.02). In addition, the effect of CAT+SOD on the level in MDM on

MDI321 was reversed by the addition of PMA (p=0.037; Figure 4.6).
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Figure 4.4: Effect of PKC activation or inhibition on the amount of MSE protein in
MDM re-seeded on PCNU surfaces. Monocytes were differentiated to MDM for 14
days on TCPS prior to re-seeding onto 14C-labeled: HDI431 (red bar), HDI321 (blue bar)
or MDI321 (green bar) PCNU coated slips in the presence or absence of PMA, 4aPMA,
BIM or BIM+PMA in complete medium. After 48 hours cell lysates were assayed for
MSE protein by immunoblotting as described in Materials and Methods (a) and blots
were then quantified using Quantity One Software® and expressed as a percent relative to
the intensity of MSE for each treatment in cells in media only (b). The control was the
same for BIM and BIM+PMA because these lysates were all from the same
isolation/donor. n=3 and data are reported with standard errors of the mean. * There was
a significant inhibition compared to cells in media only. ** There was a material surface
difference where the indicated surface was significantly higher than the other surfaces.
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Figure 4.5: Effect of PMA on HMGBI1 protein from MDM re-seeded on PCNU
surfaces. Monocytes were differentiated to MDM for 14 days on TCPS prior to re-
seeding onto HDI431 (red/orange bar), HDI321 (blue/light blue bar), or MDI321
(green/light green bar) surfaces in the absence (red, blue, or green bar) or presence of
PMA (orange, light blue, or light green bar). After 24 hours the media were replaced
with FBS free media +/- PMA and incubated for an additional 24 hours. The FBS-free
supernatants (a) and cell lysates (b) were analyzed for HMGB1 expression by
immunoblotting as described in the Materials and Methods. Blots were quantified using
Image J software and reported relative to levels measured from cells on HDI431 in FBS-
free media without PMA (set to 100%). n=3, data are reported with standard errors of the
mean. * There was a significant inhibition of secreted HMGBI relative to levels
measured from cells without PMA on HDI431. ** There was a significant decrease in
HMGBI levels relative to that on HDI321 without PMA. *** There was a significant
increase in intracellular HMGBI levels relative to levels measured in cells on HDI431
without PMA.
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Figure 4.6: Effect of ROS scavengers on HMGBI1 expression in
MDM re-seeded on PCNU surfaces. Monocytes were differentiated to
MDM for 14 days on TCPS prior to re-seeding onto HDI431, HDI321, or
MDI321 surfaces in the absence or presence of PMA (red bar) ,
CAT+SOD (blue bar) or CAT+SOD+PMA (green bar) for 48 hours. Cell
lysates were then analyzed for HMGBI1 expression by immunoblotting as
described in the Materials and Methods (a). Blots were quantified using
Image J Software and reported relative to levels in cells on HDI431 in
media without PMA (b). n=3 and data are reported with standard errors
of the mean. * There was a significant decrease in HMGB1 levels
relative to levels measured in cells in media alone. ** There was a
significant decrease in HMGBI1 levels with the addition of PMA relative
to cells on HDI321 in media alone. *** There was a significant increase
in HMGBI1 levels with the addition of PMA relative to the effect of
CAT+SOD in cells on MDI321.
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Effect of phorbol esters on the morphology of MDM re-seeded on different PCNU
surfaces- In order to assess the effect of PKC activation on MDM morphology, MDM
were re-seeded on the three PCNU surfaces with or without PMA for 48 hours and then
prepared for SEM. When examining the SEM analyses of MDM on HDI431 and
HDI321 treated with PMA (Figures 4.7aii and 4.7bii), an increase in intercellular
connections was apparent. Little change in MDM morphology was observed between
MDM re-seeded on MDI321 in the presence (Figure 4.7ci) or absence of PMA (Figure
4.7cii), agreeing with the lack of an effect of PMA on MDM-when adherent on MDI321
with respect to any of the measured parameters (radiolabel release, esterase activity, MSE

and HMGBI1 protein) (Figures 4.1-4.5).

Effect of phorbol esters on the size of MDM re-seeded on different PCNU surfaces-
When examining the MDM after staining the actin cytoskeleton with rhodamine
phalloidin it was possible to demonstrate an effect of phorbol esters on MDM cell size.
Regardless of the treatment (PMA, BIM, BIM + PMA), MDM on MDI321 were found to
be significantly larger (43000 +/- 1000 pixels) than MDM on HDI431 (36000+/- 1000
pixels, p=0.007) or HDI321 (31000 +/- 1000 pixels, p<0.0001). However, PMA
decreased the size of MDM on HDI431 by 20% (p<0.001) but had no effect on the size of

MDM on the other surfaces.
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Figure 4.7: Effect of phorbol esters on MDM morphology re-seeded on PCNU
surfaces. Monocytes were differentiated to MDM for 14 days on TCPS prior to re-
seeding onto HDI431 (a), HDI321 (b) or MDI321 (c) surfaces in the absence (ai-ci) or
presence of PMA (aii-cii). After 48 hours, the MDM on the PCNU surfaces were fixed
and analyzed by SEM as described in the Materials and Methods.
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DISCUSSION

The results of this study provide evidence that both activation and inhibition of PKC have
an important role in the FBR of MDM, which is directed by the chemistry of the material
surface to whjch‘they have adhered. In order to further define the role of PKC and ROS,
PKC inhibitors, PKC active and inactive phorbol esters, as well as ROS scavengers were

used to treat the MDM while cultured on the three PCNU surfaces.

Previously and in this study it was found that PMA inhibited the radiolabel release,
esterase activity and MSE protein production in MDM re-seeded on HDI431 and HDI321
((McBane et al. 2005) and Figure 4.1). Although the specific PKC isoform required for
the PMA effect on MDM-biodegradation was not determined, it appeared that one or
more of the conventional or novel PKC isoforms was involved in the effects observed
with the HDI PCNUs (Ma et al. 2006, Newton 1995). Evidence that confirmed the
involvement of PKC activation in the HDI PCNUs was found when the 4a isoform of
PMA, which does not activate PKC (Hecker 1985), did not affect the MDM in the
manner that PMA did (Figures 4.2 and 4.3). Many studies with other cell types
(neutrophils, monocytes, A549 cells) demonstrated the involvement of PKC using 4o
phorbol esters as negative controls (Downey et al. 1992, Gladwin et al. 1990, Kim et al.
2007, Lee et al. 2006). Kim et al showed that PMA switched A549 glucose depleted

cells from necrosis to apoptosis whereas 4aPMA did not (Kim et al. 2007).

When MDM were adherent to MDI321, there were no PMA effects on esterase or

radiolabel release observed. However, when the PKC inactive 40PMA was added to the
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MDM on this surface, there was a significant increase in radiolabel release indicating that
PKC may not be the dominant biodegradation pathway tied to the action of MDM on
MDI321. Interestingly, further work showed that this effect was not obséwed when
another PKC inactive diterpene phorbol ester precursor (no ester bond) (4a—phorbol) was
used at the same concentration with the MDM on MDI321 (data not shown). This
suggests that there is something specific about the PMA structure with the 4a-hydroxyl
that allowed for enhanced MDM-mediated degradation of MDI321 (Figure 4.2), but had

no effect on esterase activity or MSE protein (Figures 4.3, 4.4).

Other studies have shown that phorbol esters can have effects other than those relating to
PKC. For example, chimaerins, a family of Rac-GTPase-activating proteins, have non-
PKC phorbol ester/diacylglycerol (DAG) receptors similar in homology to the phorbol
ester/DAG binding domains on PKC (Caloca et al. 1997). Previously it has been shown
that the 4a—phorbol ester derivative 4a—phorbol 12,13-didecanoate can induce TRPV4
channels to release calcium from endothelial cells better than PMA or 4p—phorbol 12,13-
didecanoate (Watanabe et al. 2002), suggesting a PKC-independent phorbol ester-
dependent pathway. Therefore, it is possible that the increased radiolabel release from
MDI321 observed with 4aPMA induced the MDM-mediated degradation of MDI321
through activation of a PKC-independent pathway, and one that does not appear to
correlate with increased esterase activity. There may be other possibilities for the lack of
an effect of PMA on the MDM when adherent to MDI321. In an earlier study (McBane

et al. 2005) it appeared that it could have been the MDI321 surface itself that activated
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PKC in MDM maximizing the PKC activation in the control condition such that any

further activity of PKC could not be stimulated by PMA.

One might consider that the lack of an increase in esterase activity (Figure 4.3) and MSE
protein (Figure 4.4) to match the increase in radiolabel release (Figure 4.2) caused by
4aPMA with MDI321 may have been due to down-regulation of one of the PKC
isoforms shown to be unresponsive after 48 hours of exposure to PMA. A recent study
on the PKC-mediated accumulation of cholesterol in macrophages showed that after
prolonged exposure to PMA some PKC isozymes initially activated by PMA were
partially or completely down-regulated (Ma et al. 2006). There was a down-regulation
seen in PKC-f and & in macrophages between a 24-hour and 48-hour exposure to PMA
(Joy et al. 2005, Ma et al. 2006). Another study with A549 cells showed that PMA
switched glucose depleted cells from necrosis to apoptosis whereas after prolonged
treatment (24h in this case) accelerated the glucose depleted cell death mode (Kim et al.
2007). The present study looked at cumulative radiolabel release from PCNUs elicited
by MDM after 48 hours with or without PMA. Therefore, no information was obtained
on whether or not this late PKC down-regulation affected biodegradation or esterase
activity. If PKC were maximally activated by the MDI321 surface, then activation by
PMA would have no effect. The lack of an effect of PMA on MDM-mediated MDI321
biodegradation could also be due to the fact that MDI321 was inherently much less
degradable than the HDI PCNUs because of the relative chemical stability (McBane et al.

2005, McBane et al. 2007, Tang et al. 2003).
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Aside from using structural analogues of PMA to establish whether or not PMA
influences the MDM-mediated biodegradation of PCNUs via the activation of PKC, an
inhibitor of PKC was also assessed. BIM, or GF 109203X is a selective inhibitor of PKC
that competes with ATP for binding to the active site on PKC (Toullec et al. 1991,
Wilkinson et al. 1993). Although BIM itself had no significant effect on radiolabel
release (Figure 4.2), esterase activity (Figure 4.3), or MSE protein (Figure 4.4), it was
able to reverse the effects due to PMA when these two reagents were added to the MDM
together. Again, this effect was also found in alveolar macrophages where treatment with
BIM inhibited a PMA induced respiratory burst (Forman et al. 1998) and in human MDM
where BIM inhibited the PMA induced uptake or macropinocytosis of low-density
lipoproteins (Kruth et al. 2002, Ma et al. 2006), but had no effect when added alone.
Although BIM alone had no effect on cell size or morphology, adding both BIM+PMA to
cells on all the surfaces stimulated cell spreading and significantly increased the cell size
of MDM on all three surfaces. The hyper-growth of cells was unexpected since only a
reversal of the PMA induced cell size reduction was anticipated. This suggests that there
is a phorbol ester effect on MDM that is independent of PKC activation. The increase in
size, viability and degradation of BIM+PMA treated cells on MDI321 (the only material
that did not respond to PMA) suggest that there is possibly a non-PKC pathway activated

by PMA that is physiologically favored when PKC is inhibited.
ROS scavengers CAT+SOD were added to the MDM to assess how oxidation may play a

role in the MDM response to the material surface. Previously it was found that only cells

on HDI431 showed a significant increase in ROS production when treated with PMA
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(McBane et al. 2007). PMA treatment of cells on MDI321 produced no further increase
in ROS production, once more confirming that the material surface itself had stimulated
PKC maximally and so MDM could not further respond. However, MDM on HDI321
produced less ROS (McBane et al. 2007). In this study, CAT+SOD treatment stimulated
radiolabel release elicited by MDM on MDI321 (Figure 4.2b), and inhibited radiolabel
release from HDI321, but had no effect on MDM-mediated degradation of HDI431. In a
previous study, pre-treatment of the PCNUs with H,O, decreased subsequent MDM-
mediated degradation of MDI321, (McBane et al. 2007) so removal of H;O, by
CAT+SOD in the current study may have been able to promote MDI321 degradation
(Figure 4.2b). MDM-mediated degradation of HDI431 was not inhibited by pre-
treatment with H,O, (McBane et al. 2007) and in this study there was no effect by
treatment of MDM with CAT+SOD (Figure 4.2b). The effect of H,O; pre-treatment of
the PCNUs on esterase activity in the MDM on the PCNUs matched the effect of
CAT+SOD; MDM on both HDI PCNUs pre-treated with H,O, had less esterase activity
and this was true of treatment with CAT+SOD as well. There was no effect on the
esterase activity in MDM on MDI321 (Figure 4.3b) treated with CAT+SOD or in MDM
on MDI321 that had been pre-treated with H,O, (McBane et al. 2007). Together these
data show that ROS release has more of an effect on the MDM response to HDI PCNUs

in terms of esterase-mediated degradation than the MDM response to MDI321.

Although the results for the HDI PCNUs appear paradoxical (i.e. PMA, which causes the

release of ROS, had the same effect as CAT+SOD that removes ROS), in another study

with A549 cells, both PMA and CAT had the same effect on these cells. The effect of
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PMA treatment was to activate PKC since inhibitors of PKC and the PKC inactive
40PMA eliminated the PMA effect and this PKC activation switched the glucose-
depleted A549 cells from necrosis to apoptosis (Kim et al. 2007). Treatment with CAT
also was able to switch the death mode of glucose-depleted cells from necrosis to
apoptosis. The explanation for these effects provided by Kim et al was that PMA likely
exerted its cell death mode switch activities through PKC activation of the ERKI1/2 —
dependent pathway causing increased MnSOD expression and inhibition of CuZnSOD
degradation in A549 cells (Kim et al. 2007). With PKC activation by PMA, intracellular
MnSOD was increased, whereas, in glucose-depleted cells, CuZnSOD was degraded
(Kim et al. 2007). When comparing the results of the current study to the PKC effects on
glucose-depleted AS549 cells, some similarities appeared. If one considers material
chemistry to elicit a stress-induced response, the effects of glucose-depletion may be
analogous. MDMs must respond to the site of the foreign body (the PCNU surface), just

as the A549 lung cancer cells must respond to being in a state of glucose-depletion.

In the specific situation of the MDM FBR to materials, there are two components that can
be observed and may not necessarily be correlated. These are the effects of various
treatments on the degradation of the materials and the effects of these same treatments on
the typical properties of the innate immune response. A material that is more degradable
may not necessarily elicit a greater FBR. Although the response may lead to degradation
of the material, the chemistry of the material also will dictate the degree to which it is
degraded. For example TCPS, a non-degradable surface, elicited more esterase activity

and caused greater protein synthesis in U937 cells than when these cells were on PCNUs
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that were being degraded (Matheson et al. 2007).  Although HDI431 is the most
degradable PCNU by MDM and esterases, it does not always elicit the greatest FBR in
MDM. In a study where monocytes were differentiated on these three PCNUS, it was
MDI321 that elicited the most esterase activity after 14 days when compared to TCPS,

HDI431 and HDI321 (Labow et al. 2005a).

The nuclear protein HMGB1, which is almost ubiquitously expressed in eukaryotic cells,
has recently emerged as being important in inflammation and the MDM-mediated FBR.
Previously it was found that HMGBI is secreted by activated MDM and acts as a potent
pro-inflammatory mediator (Yang et al. 2005). When studying the effects of material
surface chemistry on the role of PKC in MDM, HMGBI1 secretion behaved in a similar
manner to the other parameters measured. For example, PMA caused a decrease in
degradation, esterase activity and MSE protein by MDM on HDI-based PCNUs with no
effect on MDM when on MDI321. This was true of HMGBI1 secretion as well (Figure
4.5a). Moreover, CAT+SOD significantly reduced esterase activity in the MDM on HDI-
based PCNUs and this was true of intracellular HMGB1 levels measured in cell lysates
from MDM on HDI431 and MDI321 but not HDI321 (Figure 4.6). The results with
HMGBI1 and material surface chemistry effects on MDM were similar to the effects of
glucose depletion on the release of HMGB1 on A549 cells. Both CAT and PMA
treatment reversed the effects of glucose depletion on HMGBI1 release from A549 cells
and significantly reduced HMGBI1 release (Kim et al. 2007). HMGBI results in this

study suggest that HDI431 is the most pro-inflammatory of the PCNUs tested and that
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this marker of inflammation, measured both in the cell and in the conditioned media, may

be useful for assessing the extent of a FBR in vitro.

When examining the effect of PKC on cell size, it was found that the size of PMA treated
MDM on HDI431 decreased, which may account for the decreased protein expression
and ability to degrade the PCNU. It was interesting to note that MDM on MDI321
showed very little difference in morphology with or without PMA treatment. Since
MDM on MDI321 always showed a spread out morphology, they could be insensitive to
the effects of PMA, particularly if the material has already maximally activated PKC as

was previously discussed (McBane et al. 2005).

In summary, this study provides further evidence that MDM respond specifically to the
material surface, triggering or suppressing oxidative and/or hydrolytic pathways in order
to respond to a foreign body. Previously models were proposed for the MDM-mediated
degradation of HDI-based and MDI-based PCNUs that suggested roles for both oxidative

and hydrolytic means of degradation (McBane et al. 2005). Figures 4.8 and 4.9 show
modified models of the MDM-mediated degradation to HDI and MDI-based PCNUs
(respectively) that includes the data from the present study. As Figure 4.8 suggests, the
MDM-mediated degradation of HDI PCNUs is largely dependent on esterase activity.
Treatments such as PMA that decrease esterase activity and MSE protein cause a
decrease in MDM-mediated HDI PCNU degradation. The effect of PMA on esterase
activity is dependent on PKC activation. PMA treatment also decreases HMGBI1

secretion in MDM on HDI-PCNUs suggesting that induction of the pro-inflammatory
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phenotype in these cells induced by the surface can be suppressed by PKC activation

suggesting a possible target for regulation.

Scavenging ROS from MDM on HDI-based PCNUs with CAT+SOD had no effect on
esterase or degradation except when PMA was added and then there was an inhibition of
both these related parameters, suggesting that esterase activity may be more important
than ROS in HDI PCNU degradation. Figure 4.9 suggests that there is another hydrolytic
enzyme, (Enzyme X) produced in MDM on MDI-based PCNUs other than esterase that
can be stimulated by phorbol esters when PKC is not activated or when ROS are
eliminated by CAT+SOD. HMGBI secretion is not stimulated in MDM on MDI321 as
much as the HDI-based PCNUs suggesting a less pro-inflammatory phenotype.
However, HMGBI1 secretion cannot be inhibited by PKC activation in these cells
suggesting PKC may already be activated by the surface. Scavenging ROS with
CAT+SOD did not affect esterase but stimulated degradation. However, when
CAT+SOD was added with PMA there was an inhibition of degradation without change
in esterase activity. In summary, the mechanisms proposed in Figures 4.8 and 4.9
suggest that ROS and Enzyme X are more important in MDM-mediated degradation of
MDI-based PCNUs than esterase, whereas esterase is the most important hydrolytic

activity involved in the MDM-mediated degradation of HDI-based PCNUs.
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Figure 4.8: Modified model of MDM-mediated HDI-based PCNU
degradation. The HDI PCNU surface stimulates ROS production,
esterase activity, and MSE protein in MDM, the release of which causes
material degradation. HMGBI1 secretion from MDM is also stimulated
by the HDI surface. (a) PMA causes the activation of PKC. PKC
activation inhibits esterase activity, MSE protein, and the release of
HMGBI1 while activating ROS production in MDM. This leads to an
inhibition of esterase activity and MSE protein and the intracellular
accumulation of HMGB1. (b) Inhibiting PKC by adding BIM or H7 to
PMA reverses the inhibition of esterase activity and MSE protein by
PMA. Extra ROS production is suppressed and material degradation is
no longer inhibited. (c¢) 4aPMA cannot induce the same effects as PMA
(no effect on esterase activity, HMGBI1 secretion, ROS or degradation),
suggesting again that PMA works through PKC activation. (d)
CAT+SOD+PMA or NaN,+PMA inhibit ROS release by scavenging
ROS or inhibiting peroxidases (respectively). The PMA inhibition of
esterase activity is maintained under these conditions and there is still a
decrease in degradation. = CAT+SOD+PMA treatment decreased
intracellular HMGB1, suggesting increased secretion.
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Figure 4.9: Modified model of MDM-mediated MDI-based PCNU
degradation. MDM on MDI321 are stimulated to produce ROS but
are less stimulated to produce esterase activity and MSE and secrete
HMGBI1 than MDM on HDI PCNUs. (a) PMA had no effect on the
ROS, HMGBI secretion, esterase activity or MSE produced by MDM
on MDI321, suggesting that PKC is already stimulated maximally by
the surface. (b) BIM+PMA, CAT+SOD, and 4aPMA all caused an
increase in MDM-mediated degradation without an increase in esterase
activity. This suggests that another hydrolytic enzyme (Enzyme X) is
stimulated by these treatments. CAT+SOD alone decreased
intracellular HMGBI. (¢) CAT+SOD+PMA, H7+PMA, and
NaN,+PMA inhibit esterase activity and may also inhibit ROS and
Enzyme X. These treatments cause an inhibition of the MDM-
mediated degradation of MDI321. CAT+SOD+PMA increased
intracellular HMGBI1, suggesting secretion is inhibited.
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The results of this study showed that the FBR of MDM is dictated by the material surface
chemistry on which they are cultured first, before the MDM responds to exogenous
agents. The MDM response when adherent to HDI PCNUs was different to the MDM on
MDI321 for almost every treatment (PMA, BIM, 4aPMA, CAT+SOD) and every
parameter measured (material degradation, esterase activity, MSE protein, and HMGB1
protein (secreted and intracellular)). Certainly more than one signaling pathway was
triggered in the MDM by the different surfaces, one that is dependent on PKC activation
that was affected by ROS production and one that was not (i.e. a pathway dependent on
PKC inhibition). Biomaterial applications are diversifying and MDM are becoming an
increasingly important element in the implementation of these material strategies. For
instance MDM have been recently shown to be important players in the wound-healing
response that can be used for spinal cord regeneration (Schwartz and Yoles 2006).
Therefore, depending on the purpose of the implanted device, material chemistry will

need to be tailored in order to stimulate the appropriate cell signaling pathway(s) in

MDM.
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5.0 DISCUSSION

This thesis has contributed to the understanding of one of the cell signaling pathways
(PKC) that may determine the mechanism of how material surface chemistry directs the
MDM foreign body action. - The perfect biocompatible material for every medical
application does not exist. Each medical device or application requires the biomaterial to
perform a specialized function and must perform this function in a different location.
Every location in the body is subject to stress due to the foreign body response but the
degree of stress and types of stresses differ. For instance, the implant site has been found
to affect the foreign body response in terms of fibrous capsule formation and phagocytic
cell attachment (1). Polyurethanes are a versatile group of polymers with a segmented
chemistry (2) that can be adapted to a wide spectrum of therapeutic uses in the medical
device industry. By surface modifications (3-7), altering chemical components (8) or the
ratio of components (9), polyurethanes can be tailored for use in a stable implant or in a

degradable tissue engineering application or drug delivery system.

MDMs are the often forgotten rulers of the foreign body response to biomaterials. It is
known that they are responsible for material degradation; but the trigger and mechanism
of release of their biological activities are not completely understood. Several research
groups have tried to elucidate how the MDM responds to the material surface to cause
material degradation. Some studies have suggested that CE and hydrolytic enzymes
cause an insignificant amount of degradation in PCNUs when compared to oxidative
degradation (10, 11). Other studies have shown by both direct and indirect means that

CE and CXE or MSE can cause significant amounts of PCNU degradation and that
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balance between oxidation and hydrolysis influences PCNU degradation in part by the

nature (chemical content) of the hard segment phase (8, 12-17).

PMA effects on macrophage-mediated PCNU degradation

PMA is a phorbol ester that activates PKC and can inhibit the neutrophil-mediated
degradation of HDI431 by significantly increasing the amount of HOCI produced (15).
Since the neutrophil-mediated degradation of a polyurethane; is negligible compared to
the MDM-mediated degradation of a polyurethane it was of interest to see how PMA
would affect MDM on different PCNUs. In this thesis, PMA was used to activate PKC in
MDM to investigate the effect of PKC activation on the MDM response to different

PCNUs and the MDM-mediated degradation of these PCNUs.

As reported in manuscript #1, PMA treatment caused different effects on MDM
responses based on the chemistry of the PCNU hard segment. MDM re-seeded on the
PCNUs with HDI (HDI431, HDI321) showed an inhibition of PCNU degradation,
esterase activity and MSE protein production with PMA treatment (Figures 2.1 and 2.2).
However, MDM re-seeded on the aromatic PCNU MDI321 showed no effect of PMA on
these parameters. It has been found that HDI PCNUs are more susceptible to CE and
CXE-mediated degradation than MDI321 (8, 14) and that HDI431 is more degradable
than HDI321 by CE (9). This is also true for MDM-mediated degradation, as it has been
found that, in terms of biodegradation, HDI431 is the most degradable followed by
HDI321 and MDI321 (18). In addition, it has been found that CE and MSE synthesis and

esterase activity is greater in MDM on HDI431 than MDI321 (18, 19). Together thess
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results suggest that the extra esterase triggered in MDM on the HDI PCNUs can be
directly or indirectly stopped through a PKC-regulated pathway. This was the first study
to suggest PKC as a possible target to control esterase activation in MDM on HDI

PCNUEs.

PKC activation required for PMA effects on HDI re-seeded MDM

The effect of PMA on MDM-mediated degradation of HDI PCNUs was striking;
however, it was still not confirmation that activation of PKC caused the inhibition of
degradation. To confirm that PKC was directly responsible for the effect of PMA on
degradation, inhibitors of PKC (H7 and BIM), and a PKC inactive phorbol ester,
4aPMA, were used (Manuscripts#1 and 3). H7 could reverse the effect of PMA on
MDM-mediated degradation of HDI431 but not HDI321 (Figure 2.4a). Since previously
it was found that H7 was not a specific inhibitor of PKC, but could also inhibit protein
kinase A and G (20), these experiments were repeated with the more specific PKC
inhibitor BIM. As Figure 4.2a shows, BIM can reverse the effects of PMA on esterase
activity and MDM-mediated degradation of HDI PCNUs re-seeded MDM. Furthermore,
4aPMA could not inhibit esterase activity or MDM-mediated degradation of MDM re-
seeded on either HDI PCNU (Figure 4.2a), suggesting that the PMA effect is indeed

dependent on PKC activation.
PKC has many in vivo substrates, one of which being NADPH oxidase, the initiating

enzyme of the respiratory burst (21-23). In order to determine if activation of the

respiratory burst was responsible for the down-regulation of esterase by PMA the
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peroxidase inhibitor NaN; was used. Previously, it was also found that NaNj could
reverse the effect of PMA on the neutrophil-mediated radiolabel release and HOCI
release from neutrophils on HDI431 (15). As Figure 2.3 shows, NaN3 could partially
reverse the PMA inhibition of MDM degradation of the HDI PCNUs. To test this
further, ROS scavengers CAT+SOD were used to remove H,O, and superoxide anion
before their oxidative effects on the materials could occur (24, 25). It was hypothesized
that these would more specifically scavenge ROS from MDM than the myeloperoxidase
inhibitor NaNj. Interestingly, CAT+SOD alone had no effect on the MDM-mediated
degradation of HDI431, but inhibited the degradation of HDI321 (Figure 4.2b). When
PMA was added to CAT+SOD there was an inhibition of the MDM-mediated
degradation of both HDI PCNUs, which was inhibited more than the esterase activity
(Figure 4.2b). This suggests that although PMA can increase ROS release from MDM,
ROS do not inhibit MDM-mediated degradation of the HDI PCNUs. However, PKC
activation by PMA can inhibit esterase activity and MSE in MDM on HDI PCNUs,
which can account for the inhibited degradation (Manuscripts 1&3, Figures 2.1, 2.2, 4.1,
and 4.4). Therefore this model system showed that the MDM-mediated degradation of

HDI-based PCNUs relies more on the hydrolytic esterase enzymes than ROS.

Non-PKC mediated effects of phorbol esters on MDM interactions with MDI321

MDM on MDI321 may not be sensitive to PKC activation, however they are sensitive to
phorbol ester treatment and ROS scavenger treatment. When MDMs on MDI321 were
treated with NaN; there was a significant inhibition of degradation and esterase activity,

which continued when PMA was added to NaNj3 (Figure 2.3). H7 could also significantly

173



inhibit MDM-mediated degradation and esterase activity of MDM on MDI321 with or
without PMA (Figure 2.4); however, the PKC inhibitor BIM did not inhibit MDM-
mediated degradation and actually stimulated MDM-mediated degradation of MDM on
MDI321 when treated with PMA (Figure 4.2). 40aPMA treatment also stimulated the
MDM-mediated degradation of MDI321 (Figure 4.2). Interestingly, this stimulation by
BIM+PMA and 40PMA was not seen in esterase activity elicited by the MDI321 re-
seeded MDM (Figure 4.3), suggesting that there was another mechanism of degradation
stimulated by the phorbol ester, which was inhibited when PKC was activated. This
suggests that there is an unidentified hydrolytic enzyme (Enzyme X) that is better than
esterase for degrading MDI321 that can be stimulated by phorbol ester when PKC is not

activated (Figure 4.9).

Effect of ROS pre-treatment of polyurethanes

In previous work (15), it was suggested that the inhibition of neutrophil-mediated PCNU
degradation by PMA treatment was due to the increased release of the oxidative agent
HOCI from neutrophils. It was proposed that HOCI release altered the surface, thereby
making it less susceptible to cleavage by esterases. To test this theory, HDI and MDI
based PCNUs were pre-treated with HOCI for a week prior to CE treatment. The results
showed an inhibition of CE-mediated degradation for the HDI PCNU but not the MDI
based PCNU (15). Since the final product of the respiratory burst in MDM is H>O, and
not HOCI, it was of interest to pre-treat PCNUs with H,O, to study its effect on
subsequent hydrolytic and MDM-mediated PCNU degradation. First, 20% H,O, was

tested on the three PCNUs to check for degradation. All three PCNUs were degraded by
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this treatment; however, after 24 hours, MDI321 was degraded significantly less than the
HDI PCNUs (Figure 3.1). By 72 hours, there was no longer a significant difference in
degradation of the surfaces (Figure 3.1). 72-hour pre-treatment inhibited the CXE-
mediated degradation of HDI431 and HDI321 but stimulated the degradation of MDI321
(Figure 2.5), similar to the above results for HOCI pre-treatment prior to CE (15). A 24-
hour pre-treatment with 20% H,0O, inhibited the MDM-mediated degradation of HDI321
and MDI321 but not HDI431 (Figure 3.5). Interestingly, esterase activity of MDM was
inhibited on H,0; pre-treated HDI431 and HDI321 but not MDI321 (Figure 3.5).
Therefore, it was possible that the 24-hour and 72-hour H,O, treatments affected the HDI
and MDI321 surfaces differently, causing varying subsequent hydrolytic degradation.
For MDI321, a 24-hour H,0, treatment caused minimal degradation (Figure 3.1) and
protected the surface from subsequent degradation (Figure 3.5). However, after
incubating MDI321 for 72 hours with H,O, there was more material degradation (Figure
3.1) and subsequent hydrolytic degradation was stimulated (Figure 2.5). For HDI
PCNUs, especially HDI431, the 24-hour treatment did not affect degradation as much as
the 72-hour treatment, which cleaved most of the bonds susceptible to degradation,
leaving fewer available for hydrolytic degradation (Figure 3.5). In Manuscript#2, Figures
3.2-3.4 and 3.6-3.8 highlight how the bonds that are cleaved on the HDI PCNUs
(especially HDI431) are different than the bonds cleaved on MDI321 by H,0, and H,0,
followed by seeding with MDM. Holes can be seen on the HDI431 surface treated with
H,0, (Figures 3.2 and 3.6) whereas there are cracks seen on the surface of H,O, pre-
treated MDI321 (Figures 3.4 and 3.8). Previously it was shown that MDM on HDI431

for 28 days could cause holes in the material surface without H,O, pre-treatment (13).
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Cracks (as seen on MDI321) are more indicative of the ESC seen in the foreign body
response to an implanted biomaterial, rather than holes. The holes suggest a greater
amount of MDM-mediated degradation of HDI431 compared to MDI321 which agrees

with the MDM-mediated radiolabel release data (18).

Reactive oxygen species production in MDM on the three PCNUs

Previously, it was found that the quantification of ROS production in phagocytic cells
requires the use of a PKC activator such as PMA (26-29). Part of the problem was
finding an assay sensitive enough to detect ROS production. Fluorescent probes such as
dihydroethidium (HET) (30, 31), 2'7'-dichlorofluorescin diacetate (26, 32), and
dihydrorhodamine 123 (26) have been found to be more sensitive than colormetric assays
for ROS detection. The oxidation of HET by superoxide anion to the red fluorescent
ethidium was quantified by live cell microscopy in MDM on the three PCNUs with or
without PMA. ROS production was triggered in MDM on all three surfaces, but the
effect of PMA varied (Figure 3.9). The fact that HDI431 and HDI321 re-seeded MDMs
were sensitive to PMA but not MDI321 re-seeded MDMs led to the hypothesis that the
MDI321 surface itself could maximally trigger PKC and ROS without an exogenous
agent such as PMA. This held true, since there was no significant difference in ROS
production from MDM on MDI321 with or without PMA (Figure 3.9). PMA increased
ROS in MDM on HDI431, but decreased ROS in MDM on HDI321 (Figure 3.9),
confirming how sensitive the ROS production in MDM is to the material surface

chemistry.
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The effects of PMA on MDM morphology and activation

For degradable tissue engineering applications, the ideal polyurethane candidate would
be sensitive to MDM-mediated degradation while inducing the MDM to differentiate
towards a wound-healing phenotype instead of an inflammatory MDM. HDI431 is the
most degradable PCNU studied in this thesis (18) and may be responsible for activating
the MDM to an inflammatory phenotype. Previously, it was found that there was
significantly more multi-nucleation and foreign body giant cell formation in MDM on
HDI431 compared to the less degradable MDI321 (19). MDM on the HDI PCNUs,
especially HDI431, take on a rounded, protruding morphology compared to the flatter,
more spread out MDM on MDI321 (Figures 3.6-3.8) (19) suggesting MDM want to
minimize contact with the HDI PCNUs. PMA caused an increase in the cellular
protrusions connecting MDMs on HDI431 and HDI321, however the morphology of
MDI on MDI321 was not significantly affected by PMA (Figure 4.7). It is unknown if
this could lead to FBGC formation; however, previously it has been shown that PMA can
stimulate phagosome-lysosome fusion in mouse macrophages (33) and blood monocyte
fusion (34). Together, these suggest that, although PMA helps HDI-re-seeded MDM
adopt a less inflammatory phenotype in terms of esterase activity and MSE, it also

encourages cell fusion, transport and communication of cells.

Esterase staining is used to classify monocytes in a variety of pathological states (35, 36).
In recent studies with PCNUSs, esterase activity and MSE protein levels have been shown
to be sensitive to material surfaces. PMA-differentiated U937 macrophage-like cells

cultured on HDI PCNUs contained more esterase and MSE protein than MDI321 re-
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seeded cells (18). This suggests that esterase activity may be a sign of MDM activation.
The fact that PMA stimulated ROS in MDM on HDI431, but inhibited esterase activity,
made it difficult to decide if this treatment stimulated MDM or not. However, recently it
has been found that intracellular esterase activity was significantly higher in MDM on the
non-degradable tissue culture polystyrene when compared to MDM on PCNUs (18),
suggesting that MDM activation is not necessarily linked to degradation. Nevertheless,
when comparing PCNUs, intracellular esterase activity was significantly higher in MDM
on HDI431 than MDM on MDI321 (18), therefore suggesting that MDM on the more
degradable HDI431 are in a more activated or inflammatory state than MDM on

MDI321.

Other markers assessed in this thesis for MDM activation were the levels of intracellular
and released AP and HMGB1. AP is a lysosomal protein that can be activated to be
released by material surface chemistry (18, 37) and strain (38-40). Previously, it was
found that there was no significant difference between AP released by PMA-
differentiated U937 macrophage-like cells on the three PCNUs, however there was
significantly more AP released from the PMA-differentiated U937 cells on non-
degradable polydimethylsiloxane (18). Interestingly, 20% H,O, pretreatment of the three
PCNU surfaces caused a significant inhibition of total AP activity, however there was
less inhibition for MDM on HDI431 (Figure 3.5). This followed the trend for the
radiolabel release data that showed 20% H,O, pretreatment inhibited MDM-mediated
degradation of HDI321 and MDI321 more than HDI431 but not the trend for esterase

activity, which showed pre-treated MDI321 as being the most activating (Figure 3.5).
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This suggests different cellular localizations for AP and esterase as well as different

means of activation.

The effects of biomaterials on the intracellular levels of HMGB1 and its secretion from
MDM (see subsection 1.3.3.2) have not been extensively investigated. More HMGB1
was secreted from MDM on HDI431, which was significantly inhibited by treatment with
PMA (Figure 4.5). However, MDM on MDI321 secreted the same amount of HMGB1
with or without PMA treatment (Figure 4.5), again suggesting a lack of sensitivity to
PKC activation. Interms of HMGBI and esterase activity, HDI431 is the most activating
PCNU surface, which appears to be attenuated by PMA. MDM on MDI321 appear to be
less activated and therefore do not respond to PMA treatment. Therefore HMGBI1 levels
and esterase activity may be better indicators of MDM activation by a PCNU surface than
AP. Since AP is a lysosomal enzyme, it is activated by a different pathway than

HMGBI1 or esterase.

Relating oxidative and hydrolytic degradation of polyurethanes

Most studies have focused on oxidative degradation or hydrolytic degradation but few
have studied the effects of one on the other. Manuscript#1 proposed that the MDM-
mediated degradation of HDI (Figure 2.6) and MDI PCNUs (Figure 2.7) required the
differential activation of hydrolytic and oxidative pathways of degradation. Figures 4.8
and 4.9 from Manuscript#3 propose new models for the MDM-mediated degradation of
HDI (Figure 4.8) and MDI (Figure 4.9) based PCNUs using information in the literature

and the results from the experiments described in this thesis (Manuscripts #1-3). Both
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MDI and HDI PCNU surfaces stimulate ROS production, HMGBI1 secretion, esterase
activity and MSE protein in MDM, the release of which causes material degradation;
however the amount produced and effect of these MDM products on the PCNU surface is
dependent on material surface chemistry, especially hard segment chemistry.
Manuscript#3, Figure 4.8 proposes that HDI PCNU degradation by MDM depends on
esterase activity, especially MSE protein, and the reason that PMA inhibits MDM-
mediated degradation is that PKC activation leads to an inhibition of esterase activity and
MSE protein. The fact that HMGB1 secretion is inhibited by PKC activation of MDM on
HDI431 suggests that the MDM change from an inflammatory MDM to a less activated
state. Figure 4.9 (Manuscript#3) proposes that MDI-based PCNU s are less susceptible to
esterase-mediated degradation but may be sensitive to another hydrolytic enzyme
(Enzyme X). PKC activation by PMA had little effect on the MDM cultured on MDI321,
suggesting that PKC is maximally activated in these cells by the surface itself. However,
when PKC is inhibited there is another effect of phorbol esters to stimulate degradation

esterase suggesting the stimulation of another hydrolytic pathway (Enzyme X).

Conclusions
i) The MDM-mediated degradation of HDI PCNUs is inhibited when PKC is
activated by PMA due to an increase in ROS and an inhibition of total esterase
activity and MSE protein. Proposed future studies: In order to determine
the specific PKC isoform involved in this inhibition, western blots could be
performed to check for PKC isoforms that are activated by PMA. Then these

isoforms could be inhibited individually by chemical inhibitors or short-
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iii)

interfering RNAs (siRNA) in MDM on these surfaces to determine the effects

on PCNU degradation, esterase activity and MSE protein.

The MDM-mediated degradation of MDI321 is activated by phorbol esters
only when PKC is not activated and by scavenging ROS with CAT+SOD.
That esterase is not stimulated, suggests another hydrolytic enzyme is
activated by these treatments (Enzyme X). Proposed future studies: 2-
dimensional gel electrophoresis followed by mass spectrometry could be
performed on these lysate samples to identify potential candidate hydrolytic
enzymes up-regulated by phorbol esters without PKC or CAT+SOD in MDM
on MDI321. The candidate enzymes could then be individually inhibited in

MDM on MDI321 to check for an inhibition of degradation by these MDM.

ROS can be stimulated by select PCNU material surface chemistry (MDI-
based) without PMA. Proposed future studies: Measure the effect of
inhibiting PKC on the ROS produced by these cells and MDM on the HDI
PCNUs. In addition, it would be interesting to create an automated version of
this test with a standard curve so that a more quantitative value could be

obtained.

H,0, pretreatment affects subsequent MDM-mediated degradation and

MDM-elicited esterase activity differently depending on the material surface.

Proposed future studies: Analyze the supernatants of MDM on pretreated
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and untreated PCNU surfaces to determine the difference in degradation
products wusing high-performance liquid chromatography and mass

spectrometry as previously described (17).

HMGBI secretion is differentially induced in MDM on PCNUs, with MDM
on HDI431 showing the greatest amount of secretion and therefore activation.
PMA can inhibit the secretion of HMGB1 from MDM on HDI431 but not
MDM on MDI321. Proposed future studies: HMGBI1 secretion by MDM
on the three PCNU surfaces with or without PMA could be more
quantitatively assessed by ELISA. Next it would be interesting to determine
specifically which PKC isoform(s) inhibit this secretion by individually

inhibiting PKC isoforms with siRNA.

Significance of this thesis

Significant findings from this thesis (Manuscripts #1-3) and previous work (19, 41)
showed that material surface chemistry can direct the MDM’s response. In addition this
first response changes the way an MDM will respond to other stimuli, for instance
exogenous agents such as PMA. These findings have made it possible to focus our
research on tailoring PCNUs to a specific application. As our research continues, by
utilizing the information gained thus far, it may be possible to generate a vessel for a
peripheral artery vascular graft. The hard segment BD-diisocyanate component, which
appears from this work to have such a sensitive influence on the MDM response

(Manuscripts 1-3) will not be used. Instead, a novel vinyl PCNU with an LDI-based hard
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segment (VPU) will be tailored so that the cells required (endothelial cells, vascular
smooth muscle cells) will be directed by MDM to perform their desired functions. As
previously shown, an LDI based polyurethane will be a polyurethane that is degradable
similar to HDI PCNUs but has the physiologically acceptable degradation product of
lysine (4, 42-44). Previous attempts to make an in vitro model of an artery using a
Dacron mesh with layers of collagen (45) or a fibrin gel (46) as a scaffold for EC and
VSMC recruitment and tissue formation have been unsuccessful. This may be due to the
fact that the essential role of a wound healing MDM phenotype (47) in this process has
yet to be investigated. These novel VPU scaffolds with variable polycarbonate cross-
linking and bio-active peptides attached (3), will be tested for their ability to recruit ECs
and VSMCs, promote vessel formation, and induce MDMs into a wound healing
phenotype. Wound healing MDMs are needed to degrade the scaffold and promote
functional markers in VSMCs and ECs. This will require stimulating the controlled
release of esterases and ROS in the MDMs to slowly degrade the scaffold without
stimulating the secretion of pro-inflammatory cytokines such as HMGB1. Each cell will
be assayed separately and then a co-culture of MDMs, VSMCs and ECs on VPU
scaffolds will be assessed as a basis for a peripheral artery vascular graft. The generation
of a vascular graft is only one example of the necessity to test each material separately
when used for a new application since each material will be exposed to a different local
environment and stimuli so that the attached MDM may react differently. Further
elucidation of the MDM response to a polyurethane biomaterial will aid in the
development of new polyurethanes with material chemistries that are tailored to perform

a specific function and induce the desired response from MDM in vivo.
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presence of various inhibitors or activators of key cell pathways. Experiments were
performed with human monocyte-derived macrophages or U937 cells that were
differentiated into macrophage-like cells with phorbol myristate acetate prior to seeding
on the polyurethane surface. This study found that inhibiting esterase or phospholipase
A; could inhibit polyurethane degradation and that activating protein kinase C could also
inhibit polyurethane degradation. Inhibition of degradation differed depending on the
material surface chemistry and could be correlated to a decrease in esterase activity.
Publication#3 included the degradation data showing that the hexane diisocyanate
polycarbonate-based polyurethanes were more susceptible to macrophage-mediated
degradation than the methylene bisphenyl diisocyanate polycarbonate-based
polyurethanes.
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