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Abstract

Undesirable host responses to implants commonly lead to impaired device function. Biomaterial-
based strategies focused on neutrophil behavior to improve host responses to implants have not been
significantly researched. As the firstimmune cell to respond to inflammation, neutrophil activation resulting
in the release of antimicrobials and neutrophil extracellular traps primes this microenvironment for
macrophages and other infiltrating cells. Methacrylic acid (MAA) and methyl methacrylate (MM) based
polymers modulate healing responses through altered macrophage behavior and vascularization. This
project investigates the neutrophil response to MAA and MM copolymerized with isodecyl acrylate (IDA)
(MAAcoIDA and MMcolDA) and hexamethylenediamine-functionalized MMcolDA coatings (HMD-
MMcolDA).

In this research, MAAcoIDA and MMcolDA were coated onto glass coverslips and MMcolDA.
MAACcoIDA coatings had 4975 + 580 nmol/cm? of carboxyl groups at the surfaces while MMcolDA was
further functionalized to add 58 + 18 nmol/cm? of amine groups to the surfaces via aminolysis with HMD.
The HL60 cell line and murine bone marrow derived neutrophils (BMDN) were then incubated with the
coatings to study neutrophil-material interactions. HL60 gene expression and viability were assessed to
determine inflammatory and anti-inflammatory characteristics induced by the different surface chemistries.
NETosis, indicated by citrullinated histone H3 (citH3), elicited by the coatings was visualized for both
HL60 cells and murine BMDN, and protein synthesis was additionally quantified for BMDN.

HL60 cells demonstrated increased viability when incubated with MAACcoIDA relative to
MMcolDA. HL60 viability on HMD-MMcolDA decreased after 48 hours, coinciding with increased citH3.
HLG60 cells exhibited increased expression of ICAM-1 and TNF-a when incubated on aminated coatings
compared to those with MMcolDA or MAACcoIDA after 48 hours.

Murine BMDN displayed lower ratios of viable cells on the coatings than uncoated glass, and cells
with MAACcoIDA coatings underwent less histone citrullination while HMD-MMcolDA elicited increased

histone citrullination, relative to MMcolDA. BMDN secreted varied concentrations of MIP-1o and MIP-2
i



in response to coatings with no added stimulus after 2 hours and increased over 16 hours, although no
significant differences were noted between surface chemistries. Future work looks to characterize these

coatings and examine protein-material interactions, as well as follow up studies with these materials in vivo.
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Chapter 1. Introduction

Chronic inflammation and the resulting host response continue to be significant obstacles for
implant and biomaterials research. Fibrous deposition or encapsulation of a biomaterial is the result of
unfavorable protein and cell interactions with the implant occurring at the biomaterial surface and are
influenced by surface properties like hydrophobicity, surface chemistry, and topography.

Use of coatings or functionalization by chemical modifications allows for some control over the
surface properties, which must be tailored for the purpose of the device. In certain cases, it is favorable to
promote and support cell adhesion and proliferation, such as for scaffolds or orthopedic devices. For drug
delivery vehicles, intraocular lenses, or biosensors, the goal is to limit biological fouling on these surfaces
and there is often a need to promote vascularization in the surrounding tissues. These types of biomaterials
require modulation of the immune system to prevent undesirable leukocyte behavior instigated by sterile
injury and recognition of these devices as foreign interrupts the normal wound healing process of resolution,
angiogenesis and tissue repair®2,

Methacrylic acid (MAA)-based copolymers with methyl methacrylate (MM), isodecyl acrylate
(IDA), and poly (butyl methacrylate)® have shown to promote angiogenesis in vivo, demonstrating that
chemistry can promote vascularization without added cells or growth factors. Previous work by Sefton et
al. showed that MAAcoMM copolymer beads promoted functional vascularization in diabetic mice and full
thickness skin grafts*>. MAAcoMM beads additionally modulated macrophage phenotype via the sonic
hedgehog pathway and increased neutrophil counts around implant sites in vivo®’. MAA copolymerized
with isodecyl acrylate (MAAcoIDA) has been developed for potential use as a smooth coating for medical
devices and demonstrated similar pro-resolution properties as previous MAAcoMM beads by modulating
gene expression in dTHP-1 and HUVEC cells®. Furthermore, these copolymers were shown to alter

phosphorylation signaling in dTHP-1 cells within 10 minutes of seeding cells with the materials®. These



findings demonstrate that MAA copolymers induce vessel growth as well as influence multiple cell types,
but neutrophil behavior has yet to be studied with these models.

The potential of neutrophils as effector cells to impact inflammation and regulate downstream cell
recruitment and behavior such as macrophages has been largely unexplored in the field of biomaterials.
Neutrophils have been characterized in cancer and various disease states as being able to polarize, similarly
to classically and alternatively activated macrophages. There is increasing evidence of multiple neutrophil
subsets in various disease states, however this concept has yet to be applied to the host-biomaterial
environment. The role of neutrophil extracellular traps (NETs) and their release, termed NETosis, in sterile
injury should also be considered. Typically produced as an enhanced anti-microbial strategy, the influence
of these DNA complexes and their removal from the site by macrophages merits further exploration.

This research explores the influence of MMcolIDA, MAAcoIDA (carboxyl groups) and HMD-
modified MMcolDA (HMD-MMcolDA, amine groups) on neutrophil cell lines (HL60) and murine bone-
marrow derived neutrophils. These cell types were also assessed to recommend a preferred model for in
vitro neutrophil-material studies, as neutrophil research is challenged by the sensitivity and short-lived
nature of the cells. We hypothesized that the neutrophil response is modulated by surface chemistry and

that these differences will be similar with the different cell types.



Chapter 2. Literature Review

2.1 The host response to biomaterial implants

The immune system mounts an inflammatory response to foreign substances, including bacteria,
viruses or material implants. In normal wound healing, four general stages are characterized: hemostasis,
inflammation, tissue formation and remodeling. This process is altered in the presence of a biomaterial and
is known as the foreign body response (FBR). Interactions at the tissue-material interface determine the

success of the implant in vivo to perform its intended purpose.

2.1.1 Normal wound healing

In normal acute wound healing (Figure 2-1), the body maintains hemostasis by forming a platelet
plug which is supported by the development of a provisional matrix composed largely of fibrin.
Inflammation is characterized by the arrival of neutrophils and monocytes to phagocytose and Kill
pathogens and bacteria. Monocytes mature into macrophages, remove apoptotic neutrophils and debris and
recruit fibroblasts to initiate tissue formation through the deposition of collagen, granulation tissue and
vessel formation. Remodeling is the final stage of wound healing, where scar tissue is formed and closes
the wound?®. Hemostasis and inflammation occur within days, while reconstruction and remodeling may

continue for weeks depending on the severity of the wound.
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Figure 2-1. Phases of the normal wound healing process over time. Reprinted with permission from

Chandorkar, Y. et al. Biomaterials Science and Engineering 5; 2019, Copyright© (2019) American
Chemical Society

2.1.2 Foreign body response to a biomaterial

Following implantation of a biomaterial, protein adsorption and the cellular interactions that follow
during inflammation lead to resorption, integration, or fibrotic encapsulation of the implant as potential
outcomes. Early protein-material and cell-protein interactions are common therapeutic targets to improve

the host response to these implanted devices.

2.1.2.1 Competitive protein adsorption

Immediately following implantation, proteins from blood adsorb to the material and the provisional
matrix is formed at the implant surface?. The Vroman-effect describes the competitive protein exchange
that occurs when highly mobile proteins arrive at the surface and adhere, but are later displaced by proteins
with a greater affinity for the surface, resulting in a more energetically favorable system!2. Common
proteins found at implant surfaces are albumin, immunoglobulin (IgG), fibrinogen, fibronectin and
vitronectin®®14, The affinity of a protein for a surface is both related to the surface and protein properties.

A protein with greater affinity for a surface and low structural stability will denature on the surface,
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increasing contact area and revealing moieties to interact with cells®. Charge, size and concentration of
proteins will also play a part in the adsorption and exchange of proteins. Environmental conditions such as
temperature and pH, as well as surface properties will further dictate the composition, density, conformation
and adsorption strength of the protein layer®®. This layer intimately affects the proliferation and activation

of cells by revealing protein ligands that bind to cell surface integrinst’-1°,

2.1.2.2 Leukocyte infiltration and development of a fibrous capsule

As in normal wound healing, neutrophils and other granulocytes are the first to infiltrate the injured
tissue and interface with the material. Upon arrival, these cells undergo degranulation to release
antimicrobial factors and proteins to recruit monocytes and adaptive immune cells such as T-cells.
Monocytes differentiate to macrophages in response to environmental stimuli such as pathogen or damage
associated molecular proteins (PAMPs or DAMPs)? and these highly responsive cells produce significant
quantities of chemokines (ie. MCP-1, MIP-1a), cytokines (ie. IL-1B, IL-6, TNF-a) and growth factors (ie.
VEGF). These proteins further influence cell recruitment, affecting the intensity and duration of the
inflammatory response. Prolonged recruitment of neutrophils and classically activated macrophages (M1)
contribute to chronic inflammation.

The macrophage response is widely researched because of their contributions to inflammation and
healing in both normal wound healing and the FBR. Along with fibroblasts, macrophages have been proven
to play a significant role in the formation of a fibrous capsule?. Macrophages have a continuum of
activation states from pro-inflammatory (M1, classical activation) to pro-resolution (M2, alternative
activation) which influences the extent of fibroblast recruitment and encapsulation of the implant?. M1
macrophages dominate the initial response and when unable to phagocytose the material, they fuse to form
foreign body giant cells (FBGC). Fibroblast activation results in collagen deposition at the material surface,
forming the fibrous capsule and impairing further tissue-implant interactions and this process is shown in
Figure 2-2. M2 macrophage activity is associated with an upregulation of anti-inflammatory cytokines,

tissue repair and angiogenesis.
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Figure 2-2. Overview of the altered wound healing process in response to a biomaterial. Reproduced from
Geelhoed, W. Journal of Cardiovascular Translational Research 10; 201722 with permission through the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

Biomaterial research is interested in the early activation to the M2 phenotype as this has been shown
to decrease the size of the fibrous capsule?. Biomaterial characteristics such as modulus, topography and
surface chemistry present cues that modulate macrophage phenotype, as well as cytokines from the

microenvironment produced by pathogens and local immune cells®*.

2.2 The role of neutrophils in the host response

2.2.1 Overview of neutrophil capacities

The neutrophil is a polymorphonuclear granulocyte that acts primarily as a phagocyte during
inflammation. Neutrophils have primary, secondary and tertiary granules, that are released to perform
various functions. When activated, they almost immediately produce reactive oxygen species (ROS) and
release cytotoxic granules and proteases to eliminate infection by bacteria and pathogens. Neutrophils
secrete chemokines such as CCL2, LTB4 or MIP-2 to continue neutrophil and monocyte recruitment while

local neutrophils undergo apoptosis. Furthermore, in 2004, neutrophils were discovered to release their



DNA, containing proteins and granules as an additional mechanism to trap and kill pathogens®. These DNA
structures were termed neutrophil extracellular traps (NETS), released through a process called NETosis.

These three primary roles are visualized in Figure 2-3.

Neutrophil recruitment, infiltration, and NETosis play an important role in inflammation and
healing, though prolonged neutrophil presence is implicated in chronic inflammation?®. Phagocytosis of
apoptotic neutrophils by macrophages is an important trigger to activate the M2 macrophage phenotype.
As the most abundant leukocyte in human circulation, neutrophil functions have a significant impact on the

microenvironment and subsequent host response to implants.

NETosis Elastase

Figure 2-3. The three primary roles of neutrophils in inflammation are degranulation, phagocytosis and
NETosis. Reproduced from Rosales, C. Frontiers in Physiology 9; 2018%" with permission from Creative
Commons Attribution License (CC BY). Copyright © 2018 Rosales.

2.2.2 Neutrophils as phagocytes

Phagocytosis is the process through which neutrophils internalize particles greater than 0.5 pum in

size?®. Neutrophils are primarily phagocytes, targeting bacteria, microbes and debris to maintain hemostasis



and prevent infection. Neutrophils will also digest synthetic particles, as demonstrated by Simon et al.
Human neutrophils were incubated with polystyrene latex microspheres from 0.5 to 8 pm in diameter and
fewer particles were phagocytosed as the diameter increased?®. Phagocytosis is instigated when neutrophil
surface receptors recognize a target, causing pseudopodia to protrude on the membrane surface to bind the
target and engulf it into the cell, forming a phagosome?. During identification of their target, neutrophils
must decide between phagocytosis or NETosis, as it cannot do both. This has prompted hypotheses that
NETosis is analogous to frustrated phagocytosis, as the neutrophil realizes it cannot engulf its target either
due to size, such as a large implant or pathogen, or due to number, in the case of infection®. Thus, the

neutrophil releases NETSs to amplify the effectiveness of their antimicrobial components.

2.2.3 Neutrophil extracellular traps and their role in infection and injury

NETs are shown to trap and kill pathogens when phagocytosis and cytotoxic proteases are
insufficient. They are a web-like extrusion of decondensed chromatin fibers decorated with histones,
cytosolic proteins and primary granules such as myeloperoxidase (MPO) and neutrophil elastase (NE)®L.
Neutrophils release NETSs in two ways, vital NETosis and suicidal NETosis. Vital NETosis is thought to
occur primarily in response to infection or stimuli such as lipopolysaccharide (LPS)3?, whereby NETSs are
immediately released, and the cell membrane remains intact. NETSs are released via vesicular export and
the cell continues to perform phagocytic functions®. Suicidal NETosis is likely to occur in sterile injury or

host response to an implant, where the release of NETS results in loss of membrane integrity and cell death.

Studies show that ROS are needed to trigger NET formation and do so most commonly through the
peptidylarginine deiminase 4 (PAD4) pathway, catalyzing histone citrullination and chromatin
decondensation®%®, NE and MPO have also been implicated in the mechanistic formation of NETs. Upon
stimulation, they translocate to the nucleus to degrade histones and promotes chromatin decondensation®®.
This pathway is yet to be fully understood; however, the type of stimulus may play a part in both the

pathway and whether vital or suicidal NETosis occurs®,



The significance of NETosis is being widely explored. In biomaterials, NETs may be an attempt to
phagocytose the implant, similarly to FBGCs formed by macrophages®’. Multiple cell types have been seen
to also extrude web-like DNA (mast cells, macrophages) that is generally termed “ETosis”, but the potency
and early arrival of NETs promotes particular interest in neutrophils. NETosis presents a powerful
mechanism in host defense by acting quickly to prevent the spread of bacterial microbes and priming of
downstream immune cells®, but they may also have undesirable effects to the host. NETs contain multiple
autoantigens and uncontrolled NETosis can lead to the pathogenesis of autoimmune diseases such as lupus

or vasculitis®®, and have also been implicated in thrombosis and cancer progression“®-42,

NETs are induced in vitro with various bacteria, host factors such as platelets, or chemical
compounds; most commonly phorbol 12-myristate 13-acetate (PMA) and LPS*. NETs are visualized via
immunocytochemistry or immunohistochemistry. Antibodies for citrullinated histone H3, as well as for
MPO or NE are commonly used as markers of NETosis*+*. The use of flow cytometry to quantify NETs
has been proposed*, however this method must be more thoroughly evaluated, or used with great
consideration. As NETosis may lead to cell death, the gating strategy must be carefully chosen to consider
cells that may have already lysed. Additionally, NETs may not be physically appended to a cell, making

them difficult to detect via flow cytometry*’.

2.2.4 Neutrophils as protein reservoirs

During maturation in the bone marrow, neutrophils form protein reservoirs called granules that
store antimicrobial proteins like MPO, NE, lactoferrin, and matrix metalloproteinase 9 (MMP-9). These
granules can be immediately released in response to a stimulus. Furthermore, activated neutrophils are
capable of upregulating protein synthesis, but they contain roughly 10-20% less RNA and produce fewer
cytokine molecules per cell than other leukocytes such as macrophages*®. However, the large quantity of
neutrophils in human circulation (1-2 orders of magnitude larger than other populations) indicates
neutrophil derived proteins could be impactful. Neutrophils primarily secrete CC and CXC chemokines for

recruitment of inflammatory cells such as neutrophils, monocytes, dendritic cells, and certain T cell subsets.
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They may also produce pro-inflammatory cytokines which maintain the inflammatory environment. A
sample of proteins with noted expression in human and mouse neutrophils either in vivo, in vitro or both
can be seen in Table 2-1. Protein expression is heavily dependent upon the stimuli and microenvironment,
and common in vitro stimuli are calcium ionophores, granulocyte-monocyte colony stimulating factor (GM-

CSF), LPS, PMA, TNF-a, or co-stimulation with these factors*®-2,

Table 2-1. Cytokines expressed by neutrophils in either human or mouse models, in vivo or in vitro*.

CC Chemokines CCL2, CCL3, CCL4, CCL17,CCL19
CXC Chemokines CXCL1, CXCL2, CXCL9, CXCL10
Pro-inflammatory Cytokines IL-1a, IL-1B, IL-6, TNF-a, TRAIL, APRIL
Anti-inflammatory Cytokines IL-1ra, TGF-B

2.2.5 Neutrophil plasticity and modulation of the immune system

2.2.5.1 Neutrophil polarization states

Neutrophils are beginning to be classified based their wide range of behaviors most definitively
noticed in cancer, heart attack and infection. Evidence in these disease models suggest that multiple
neutrophil populations exist, though no specific surface markers have been universally accepted for pro-
and anti-inflammatory neutrophils. The result is highly specific definitions of these subsets, a sample of

which are shown in Table 2-2.

These populations have varying behaviors based on location in the body, such as the spleen or
lung®®, but also in environments not specific to physical location, such as the tumor microenvironment®.,
Fridlender et al. describe pro-tumor neutrophils that aid in immunosuppression through the release of
lipoxins, resolvins and protectins and promote tumor growth by secretion of angiogenic factors like VEGF
and MMP-9%5%¢_ Conversely, they may enhance the inflammatory or anti-tumor response through their
classic antimicrobial actions, cytokine production, and recruitment and development of numerous cell

types, including T helper subsets such as Th17 cells®”. Neutrophil polarization has not been described in
10



response to biomaterials, however it is accepted that biomaterials of different size and structure alter

NETosis®®%, and also potentially neutrophil derived cytokines and surface markers.

Table 2-2. Summary of neutrophil subsets observed in various disease states. Adapted from Christofferson,
G.; Phillipson, M. Cell and Tissue Research 371; 2018 with permission through the Creative Commons

Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

Neutrophil Defining features Function Model Reference
subtype system
N1 (antitumor) | Hypersegmented nuclei, | Cytotoxic through ROS Mouse, 5
high TNF-a, ICAM-1, tumors
FAS
N2 (protumor) | Circular nuclei, high T-cell inactivation,
arginase, CCL2, CCL5 | angiogenic factors, matrix
degradation
N1 (pro- Ly6G*, CD206 Promotes adverse Mouse, 60
inflammatory) ventricle wall remodeling, | myocardial
fibrosis infarction
N2 (anti- Ly6G™ CD206* Attenuates adverse
inflammatory) ventricle wall remodeling
PMN-N “Normal” neutrophils, No effect on macrophages | Mouse, 61
round nuclei, CD49d", MRSA
CD11b, TLR-2, -4, -9 infection
PMN-I Multilobular nuclei, Activates M1
CD49d*, CD11br, IL-12, | macrophages
CCL3, TLR-2,-4,-5,-8
PMN-II Ring-shaped nuclei, Activates M2
CD49d", CD11b*, IL-10, | macrophages
CCL2, TLR-2,-4,-7,-9

2.2.5.2 Neutrophil influence on downstream cells

Because neutrophils may be present for up to 5-7 days in a wound or implant site, interest has
grown surrounding neutrophil gene expression and cytokine production and the potential effects these may
have on downstream cells. As described in Table 2-2, Tsuda et al. defined a PMN-I and PMN-I11 that led to

M1 and M2 macrophage activation respectively, after co-culture in a mouse model of MRSA infection®,
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although tumor or myocardial infarction models may be of more interest as they demonstrate the influence
of neutrophils in sterile environments. A recent study found that M1 and M2 macrophages are partially
responsible for the digestion and clearance of NETSs, and proposed that M1 macrophages subsequently
undergo their own form of ETosis, while M2 macrophages upregulated the secretion of pro-inflammatory
cytokines®2. Modulation of macrophage phenotype by neutrophils has also been seen post-myocardial
infarction, where Steffens et al. showed that depletion of neutrophils worsened cardiac function, promoted
fibrosis, and yet there was an increase in M2 macrophages®. M1 phagocytosis of apoptotic neutrophils has
been noted to trigger a switch from M1 to M2 macrophages, shown in Figure 2-4%, through the suppression
of cytokines like TNFs and upregulation of TGF-B, IL-10 and other resolvins®. Both neutrophils and
macrophages interact with proteins at the tissue-material interface, as well as with each other. Their

activation and interplay may be of interest for improving biomaterial integration.
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Figure 2-4. Neutrophil-macrophage interactions in inflammation. Reproduced from Kumar, K. Cell and
Tissue Research 371; 2018% with permission through the Creative Commons Attribution 4.0 International

License (http://creativecommons.org/licenses/by/4.0/).
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Neutrophils also have a demonstrated effect on the recruitment and action of CD4* T cells (helper
T cells)®®®7. T cells are a major source of cytokines throughout inflammation®. Neutrophils have been seen
to communicate directly with Thl and Th17 cells through secretion of CCL2 and CCL20, and have the
potential to recruit regulatory T cells into the tumor microenvironment®®’. Furthermore, Tillack et al.

showed that direct contact between NETs and T cells primes T cells by lowering their activation threshold®.

2.2.6 Neutrophil modulation in the context of biomaterials

Most research on neutrophil plasticity is in infection and disease models. Multiple studies have
observed increased neutrophil infiltration in response to implanted biomaterials and can remain at the site
up to 7 days post-implantation”®7, though whether they can distinguish between sterile injury and
infection is unknown’. Through the quantity of NETs and neutrophil associated proteases produced in
response to biomaterial properties®” it is evident that neutrophils may have a priming effect for downstream

cell interactions to control or amplify the inflammatory response.

2.3 Methods to modulate host response to polymer biomaterials

The physical and biological properties of implantable devices contribute to their success in vivo.
The target function and location of the device will determine the appropriate properties of the device. Size,
bulk material stiffness, elastic modulus, porosity, and degradability as well as surface properties like
roughness and chemistry contribute to the overall biological response. Figure 2-5 shows four methods used
to modulate the immune response to implants and medical devices, including the incorporation of drugs or
cells into surface properties. This review will focus on physical and chemical surface modifications to alter

the cell response.

Polymers are long chains or networks of repeating monomer units. Both the type, number and
conformation of units can vary within a chain and this composition contributes to the bulk polymer
properties. Polymers are commonly used in biomedical applications because their bulk and surface

properties can be manipulated to suit a variety of applications including ocular implants, drug delivery
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systems, or scaffolds for tissue engineering. Common synthetic polymers like poly(ethylene glycol) (PEG)
or poly(methyl methacrylate) (PMMA) are cost effective and used widely used in clinical applications due
to versatility and easily tunable properties. Natural polymers like hyaluronan, sodium alginate and chitosan
are also common, often used in hydrogels in applications such as drug delivery®’2. A challenge of many
materials as implants is the recognition of these devices as “foreign” and they elicit varying host responses.
The host response to biomaterials depends largely on the initial stages of protein adsorption, followed by
cellular interactions. Modifying the surface properties of medical devices is a significant focus to improve

the immune response to implants.
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Figure 2-5. Overview of the methods associated with biomaterials to modulate the immune response.

Adapted from Vishwakarma, A et al. Trends in Biotechnology 34; 2016 with permission from Cell Press.

2.3.1 Surface modifications to modulate healing

The cell response depends largely on the adhered protein layer'®. Both chemical and physical

surface modifications can impact protein adsorption and cell behavior. Unspecific protein adsorption may
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be reduced through coating surfaces with anticoagulant factors such as heparin, by increasing hydrophilic
interactions or reduce protein adsorption with highly mobile chains, such as PEG’". Alternatively, the use
of charged surfaces can promote selective protein adsorption and conformation, or topography can be used
to direct cell morphology and activation’. Ultimately, many factors including topography, roughness and
chemistry influence surface properties like wettability, contact area and surface energy, and so protein

adsorption and cell activation are often unpredictable.

2.3.1.1 Topography and roughness

The size and shape of physical structures on a surface will influence wettability and thus protein
adhesion and conformation. Structures comparable to the size of a protein or cell at the nano- or micro-
scale can alter protein adhesion and cell behavior. Most commonly, increased surface roughness results
in an increased surface area for protein adsorption, or may also alter protein conformation without
influencing protein density!’. Surface roughness has additionally been shown to alter macrophage
activation, though the response varies between studies’”’®7°. For example, polished titanium surfaces
compared to acid etched and sand blasted titanium surfaces demonstrated that with increased roughness of
surfaces (Ra=0.06, 0.58, 4.33 um, respectively) there was decreased adhesion of RAW 246.7 macrophages
and differences in NFkB signalling®. RAW 264.7 macrophages also demonstrated differences in protein
secretion when incubated with titanium substrates with Ra values ranging from 148 — 432 nm’.
Alternatively, topography may be used to direct cell growth and morphology, which may play a role in cell
activation. Elongated morphology of macrophages using micropatterning promoted an M2 phenotype and
decreased release of inflammatory cytokines in vitro, demonstrating the potential influence of surface

structures®’.

2.3.1.2 Surface chemistry

Bulk functionalization achieved through material synthesis can provide higher functional group

density, however surface modification is advantageous to change surface properties without changing
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desirable bulk properties, as the bulk chemistry will continue to have an impact on the biological response.
The approach of modulating the immune response through surface chemistry targets the initial adsorption
and exchange of proteins at the surface through competition with water, intermolecular forces, and charge.
Neutral, hydrophobic functionalities like -CHs; bond strongly with abundant proteins like fibrinogen and
show higher degrees of neutrophil adhesion®. However, positively charged, hydrophilic -NH, groups may
also lead to increased fibrinogen adsorption due to the formation of hydrogen bonds with the protein,
demonstrating the complexity of these interactions and the potential role of chemistry®. The addition of
negatively charged, hydrophilic -COOH groups to self-assembled monolayers (SAMs) had increased
interactions with water and generally show reduced protein adsorption and cell adhesion®*. Selective protein

adsorption can be achieved by adjusting the density and ratio of multiple functional groups at a surface.®,

Because the biological response is dependent on many elements, examining the effect of surface
chemistry is challenging. Further, the influence of the underlying material will continue to play a role in
the biological response regardless of surface chemistry. Surface coatings of comparable roughness are a
simple platform to further elucidate protein and cell interactions due to chemistry and study neutrophils in

vitro.

2.4 Current models for in vitro neutrophil studies

While in vivo testing is the preferred way to recapitulate the host response, in vitro studies are
useful to isolate and test specific factors that may contribute to an outcome. Cell lines are used because they
proliferate indefinitely and in theory are homogenous populations that can be used to screen biomaterials,
for example. However, cell lines are limited because of frequent challenges due to contamination or genetic
instability®. Genetic drift arises when a cell line is passaged for lengthy periods of time and may take on
differentiated behaviors or genetic changes due to their culture environment. For example, if cultured at too
high a density, paracrine signaling (cell-cell crosstalk) may occur, resulting in altered behavior. Phenotypic

variation is also an issue and cell lines may not exhibit certain surface markers, protein synthesis or gene
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expression of primary cells®. When studying neutrophils, cell lines are particularly valuable as stimulated

neutrophils are short lived and terminally differentiated, limiting supply with which to perform experiments.

2.4.1 Neutrophilic cell lines

Cell lines must be differentiated to a neutrophil lineage for in vitro experiments. Common human
cell lines used for neutrophil studies are the human leukemia HL60 line and PBL985. Both cell lines may
be differentiated to granulocytic lineage by dimethyl sulfoxide or all trans retinoic acid and HL60 cells have
also been used as a macrophage model®”2, Both HL60 and PBL985 cells are commonly used for studies
guantifying phagocytic responses, generation of ROS, chemotaxis and evaluation of early and late
differentiation surface markers®. Differentiated HL60 and PLB985 cells have also shown expression of
LTB4% (a mediator for inflammation and adhesion), synthesize chemoattractants and release NETs®.
However, the varying differentiation agents as well as media and supplements lead to discrepancies across
studies. Gene expression and the presence of secondary granules are the most significant differences
between undifferentiated HL60 cells and human neutrophils®. For example, undifferentiated HL60 cells
have low expression of genes for surface receptors in the CXCR, TLR and Fc families, adhesion molecules,
and generation of ROS®. Similarities in gene expression significantly increase in differentiated HL60 cells,

though do not reach the same level of expression as that of primary human neutrophils.

2.4.2 Primary cells

An alternative to human cell lines is the use of isolated murine cells or isolated primary human
cells. Advantages of using murine cells are homogeneity of cells (from one strain of mice) as well as
compatibility with potential in vivo follow up studies using a mouse model. Human and murine primary
neutrophils have slightly different morphologies and display some differences in surface receptors,
summarized in Table 2-3. They perform similar functions such as chemotaxis, phagocytosis and NETosis,
though these abilities are not always expressed at the same level due to these phenotypic differences. For

example, human neutrophils require nanomolar concentrations of N-formyl-Met-Leu-Phe (fMLP), a
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common neutrophil chemoattractant, while murine neutrophils require micromolar concentrations to induce
similar levels of bactericidal activation and chemotaxis®. Furthermore, NETs visualized from stimulated
murine neutrophils are less web-like and stay more local to the cell than human NETs®. NETosis and
protein synthesis occur more slowly and in lesser quantities in murine neutrophils. A proposed reason for
these differences is the neutrophil source as murine studies often use bone marrow, while human studies
commonly use peripheral blood®. Additionally, because neutrophil gene expression is limited by the short
lifespan of activated neutrophils, many gene expression studies are performed ex-vivo, rather than in vitro,
and require mouse models for their experimental design.

Table 2-3. Summary of key and relevant differences between murine and human neutrophils as presented

by Hidalgo et al. Trends in Immunology 40; 2019% with permission from Cell Press.

Property Murine neutrophils Human neutrophils

Percentage of 10-25% 50-70%

neutrophils in

peripheral

blood

Neutrophil size  8.64 £ 0.14 um 10.39 £ 0.19 um

Nuclear Ring-like Segmented

morphology

Neutrophil Defensins absent; low expression of Defensins present; high expression of

granule BPI, MPO, B-glucuronidase, BPI, MPO, B-glucuronidase, lysozyme,

contents lysozyme, alkaline phosphatase, and alkaline phosphatase, and arginase-1
arginase-1

Chemoakine CCL6, CCL9, CXCL15, CCL12 in CXCR1, CXCL8, CXCL7, CXCL11,

and mice, but not humans CCL13. CCL14, CCL15, CCL18,

chemokine CCL23, CCL24/CCL26 in humans, but

receptor not mice

expression

Neutrophil Express Gr-1 and Ly-8G Absent

antigen

expression

Different Fc Do not express FcaRl or FeyRlI Express FcaRl; inducible expression of

receptor FeyRI

expression

Affinity of IMLF ~ Low High

receptor
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2.5 Thesis and research objectives

This research will contribute to understanding how neutrophils respond to copolymers known to
modulate healing responses. The goal of this research was to establish that neutrophils demonstrate varied
behavior in response to surface chemistry, measure the differences in this response and provide justification
for future studies investigating the downstream implications of neutrophil behavior to a biomaterial. We
hypothesized that poly(methacrylic acid co isodecyl acrylate) (MAAcolDA) alters neutrophil cell behavior
compared to poly(methyl methacrylate co isodecyl acrylate) (MMcolDA) and that amine functionalization
will create further differences in this behavior. We further postulated that HL60 cells are a useful model to

test neutrophil-material interactions in vitro.

Obijective 1. Develop a coatable polymer with amine groups to create a set of coatings with
different functional groups for use in cell studies: This was investigated by polymerizing 2-aminoethyl
methacrylate (AEM) with IDA as well as functionalizing coated MMcolDA with amine groups via
aminolysis with hexamethylenediamine using an adapted protocol by Fixe et al.5¥%. Coatings were then be

cultured with HL60 cells and BMDN.

Objective 2. Investigate changes in HL60 behavior in response to different surface
chemistries: HL60 cells were incubated with the coatings to determine the effects of amine and carboxyl
groups on cell viability, NETosis and gene expression. Immunocytochemistry and qPCR were used to

assess changes in inflammatory and anti-inflammatory markers.

Obijective 3. Investigate changes in murine BMDN in response to different surface chemistries:
Murine BMDN were isolated and cultured with the different coatings. Cell viability, NETosis and the
release of inflammatory proteins were measured to assess the primary neutrophil response to the surface

chemistries.

Objective 4. Evaluate HL60 cells as an in vitro neutrophil model for neutrophil-material

interactions: The BMDN and HL60 responses to the coatings were compared to identify differences
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between primary neutrophils and a cell line for these studies to inform on the appropriate use of HL60 cells

in future studies.
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Chapter 3. Methods

3.1 Materials and reagents

General reagents or those needed for polymer synthesis, modification and characterization are as
follows. Isodecyl acrylate (IDA), methyl methacrylate (MM), methacrylic acid (MAA), 2-aminoethyl
methacrylate hydrochloride (AEM), benzoyl peroxide (BPO), hexamethylenediamine (HMD),
tetrahydrofuran (THF), 10% formalin, deuterated chloroform and ninhydrin reagent were purchased from
Sigma Aldrich (Oakville ON, CA). 12-mm- and 18-mm-diameter round glass coverslips used for solution
coatings and cell incubations were purchased from VWR International Inc. (Mississauga ON, CA). The
LAL pyrochrome endotoxin test kit and LAL reagent water were purchased from Associates of Cape Cod
Inc. (East Flamouth, MA). Water was filtered using a Milli-Q system from Millipore Sigma (Etobicoke

ON, CA).

For in vitro cell studies, the HL60 cell line was purchased from the American Type Culture
Collection (ATCC) (Burlington ON, CA) and cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM)(ATCC, Burlington ON, CA) supplemented with 20% fetal bovine serum (FBS) from Wisent Inc.
(Saint-Jean-Baptiste QC, CA) and 1% penicillin/streptomycin solution (Sigma Aldrich, Oakville ON, CA).
Gibco phosphate buffered saline (PBS), alamarBlue™ Cell Viability Reagent, NucBlue™ Live
ReadyProbes™ Reagent, SYTOX™ Green Nucleic Acid Stain, Ultrapure Distilled Water, secondary
antibody AlexaFluor 594, antifade, and RNase Away™ Decontamination Reagent were purchased from
Thermo Fisher Scientific (Whitby ON, CA). Anti-Histone H3 (citrulline R2 + R8 + R17) antibody was
purchased from Abcam (Cambridge MA, USA). PBS, dimethyl sulfoxide (DMSO) and phorbol 12-

myristate 13-acetate (PMA) were purchased from Millipore Sigma (Etobicoke ON, CA).

Murine cells for in vitro studies using primary cells were isolated from C57BL/6J mice purchased
from Charles River Laboratory (Wilmington MA, USA). Cells were cultured in Roswell Park Memorial

Institute 1640 (Gibco, Thermo Fisher Scientific, Whitby ON, CA) supplemented with 10% heat inactivated
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FBS from Wisent Inc. (Saint-Jean-Baptiste QC, CA), 1% penicillin/streptomycin solution from Sigma
Aldrich (Oakville ON, CA) and 25 mM HEPES (Gibco, ThermoFisher Scientific, Whitby ON, CA). 2 mM
EDTA from Sigma Aldrich (Oakville ON, CA) was added to RPMI 1640 for the flushing medium of the
murine bone marrow. Lipopolysaccharide (LPS) was purchased from Cedarlane (Burlington ON, CA).
Alexa Fluor®647 anti-mouse Ly6G antibody, Alexa Fluor® 488 anti-mouse/human CD11b antibody,
Zombie Violet™ Fixable Viability Kit, and TruStain FcX™ (anti-mouse CD16/32) antibody were

purchased from BioLegend (San Diego CA, USA).

3.2 Preparation of material coated coverglass

3.2.1 Copolymerization of MMcolDA and MAAcolDA

Methyl methacrylate (MM) or methacrylic acid (MAA) was polymerized with isodecyl acrylate
(IDA) (Figure 3-1) and cast onto glass coverslips®. To synthesize 40% MM copolymerized with 60% IDA
(MMcolDA), 1% w/w benzoyl peroxide (BPO) was dissolved in a mixture of 2.6 mL MM (0.024 mol) and
8.7 mL IDA (0.036 mol). 12 mL of endotoxin-free water was added to the flask and nitrogen gas was
bubbled through the mixture for 5 minutes. The flask was placed in a 70°C water bath under reflux for
approximately 1-2 hours. The same protocol was used to copolymerize 40% MAA with IDA (MAACcoIDA),
using 1% w/w BPO was dissolved in 2.1 mL (0.025 mol) of MAA and 9 mL (0.037 mol) IDA To purify
the copolymers, excess water and reagents were decanted and the solid polymer was dissolved in ~60 mL
of tetrahydrofuran (THF). The polymer solution was then slowly added to ~500 mL of endotoxin-free water.

The precipitate was collected using a spatula and dried in vials.

1 g (6x10° mol) of 2-aminoethyl methacrylate hydrochloride (AEM) was polymerized with 2.82
mL (0.025 mol) isodecyl acrylate for a 20 mol% AEMcolDA copolymer. AEM was dissolved in 12 mL of
endotoxin-free water and 1% w/w BPO was dissolved in the IDA and combined in a round bottom flask.
The polymerization and purification proceeded as described for MMcolDA and MAAcolIDA. A 40:60 and
50:50 ratio of AEM:IDA were also investigated.
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CHs CHs
H3C H3C

Figure 3-1. (A) Methyl methacrylate (MM) or (B) methacrylic acid (MAA) copolymerized with isodecyl
acrylate (IDA) by free radical polymerization.

Once purified and dried, copolymers were coated onto 12- and 18-mm-diameter, round glass
coverslips. MMcolDA and MAAcoIDA were dissolved in THF to 50 mg/mL and 35 mg/mL respectively
and pipetted onto coverslips to a final mass of 5.25 mg/cm?. Coated coverslips were dried in petri dishes
for 24 hours covered then 48 hours uncovered, in the fume hood. The AEMcolDA was not soluble in THF,
chloroform or methanol at any of the attempted ratios and therefore was not coatable and was not used for

subsequent experiments.

3.2.1.1 Use of proton NMR to determine composition of MMcolDA

Nuclear magnetic resonance (NMR) is a technique commonly used to determine the content, purity
and molecular structure of a sample, based on the energy released when electrons transition from higher to
lower energy states. NMR was used to determine the composition of MMcolDA. MMcolDA was dissolved
to 50 mg/mL in deuterated chloroform (CDCL3) and a proton NMR spectrum was obtained from a Bruker
AVANCE 300 MHz spectrometer at room temperature. The spectra were analyzed using MestReNova

v12.0.4 from Mestrelab Research S.L. Peaks at 3.65 were identified as the MM component, peaks at 4.07
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identified as IDA and 7.28 as the chloroform reference peak. The relative quantity of MM was found using

Equation 3.1 where A is the area, determined as the integrated value of the MM and IDA curves.

Equation 3.1

The overall composition of the polymer was determined to be 44% MM and 56% IDA + 1%. The
effective molar mass of the copolymer repeat unit was estimated by multiplying the MW of MM (100.12
g/mol) and IDA (212.33 g/mol) by their percent compositions. The mass of the coating was divided by the
effective molar mass to determine the mols of copolymer in the coating. The percent of MM groups (44%)
was applied to determine mols of MM in the coating. It was assumed that the thickness of the coating was
negligible and the bulk mols of copolymer were divided by 2, then divided by the area of the coating to

determine the mol/cm? of MM groups at the surface of coatings.

3.2.1.2 Back titration for quantification of carboxyl groups in MAAcoIDA

Back titration is used to quantify the concentration of acid or base in a sample by first incubating
the sample with a defined excess reagent (sodium hydroxide, NaOH), and then titrating the excess reagent
with a second reagent (potassium hydrogen phthalate, KHP) and monitoring the pH until neutralization.
This method was used to quantify the carboxyl groups at the surface of the MAACcoIDA coverslips.
MAACcoIDA and MMcolDA coated coverslips (3 repeats, 12 mm diameter coatings) were incubated in 5
mL of 9.8 mM NaOH overnight. The NaOH from the incubations was then slowly added to vials of 2 mL
of 2.4 mM KHP with 2 drops of phenolphthalein until a color change occurred. The initial concentration of
NaOH was re-calculated based on the final NaOH concentrations of MMcoIDA samples. The final
concentration of NaOH from MAAcoIDA samples was calculated by dividing the known KHP
concentration by the average volume of NaOH titrated. The final and initial concentrations of NaOH were

subtracted to determine the number of carboxyl groups on the MAAcoIDA. The MAACcoIDA coatings did
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swell slightly when incubated in the NaOH, though the water content was not measured. The carboxyl
groups measured likely reflects the bulk composition more than the surface composition and so the number
of carboxyl groups was divided by 2 to better represent the groups available at the surface of coatings. The
MAA composition of the copolymer is reported as a percentage as well as the number of carboxyl groups

per cm? estimated at the surface of the coverslip.

3.2.2 Amine functionalization of MMcolDA coated coverslips

MMcolDA coatings were functionalized with amine groups by an aminolysis reaction with
hexamethylenediamine (HMD)® (Figure 3-2). A sodium tetraborate buffer containing 0.1 M sodium
tetraborate and 0.15 M sodium chloride at a pH of 12.5 was prepared and the pH of the buffer was adjusted
by adding 1N NaOH solution. 12 mm diameter coated coverslips were each placed in a well of a 24-well
plate (18 mm diameter in a 12-well plate) and rinsed twice with 1 mL of isopropanol and then once with 1
mL of endotoxin-free water. Each cleaned coverslip was then incubated in 2 mL of a 20% v/v solution of
HMD in sodium tetraborate buffer (0.003 mol of HMD) per well at 37°C on a rotating plate at 60 rpm for

2 hours. Samples were then washed twice with endotoxin-free water and air-dried in a plastic petri dish.

HsC H1C
3 3 R
R m L]
(0] (0] 0
NH
/ /
HaC H2C
HoN
CH3
HsC

Figure 3-2. HMD-modified MMcolDA following aminolysis reaction.
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A ninhydrin assay uses ninhydrin reagent to quantify the amount of amino acid groups in a sample.
Ninhydrin oxidizes the compound with primary amine groups, producing carbon dioxide and ammonia
(NHs). The reduced ninhydrin compound (hydrindantin) then reacts with the free NH3 to produce a blue-
purple color called Ruhemann’s purple. Ninhydrin reagent from Sigma Aldrich was used to quantify the
primary amine groups on HMD-MMcolDA coverslips. HMD-MMcolDA and MMcolDA coated coverslips
(3 repeats), were incubated in 2 mL of Millipore water for 2 hours. Ninhydrin reagent was added in a 1:2
ratio to water and samples were incubated in an oil bath at 100° C for 10 minutes. Once vials had cooled to
room temperature three replicates of 150 uL per sample were added to a 96-well plate and absorbance was
read at 570 nm. The concentration of amine groups in each sample was calculated based on a standard curve
prepared using glycine solution in water at concentrations from 1x107° to 1x10* mol/L. And representative

standard curve is shown in Figure 3-3.
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Figure 3-3. A representative standard curve of glycine in endotoxin-free water measured at 570 nm to
determine the quantity of amine groups added to MMcolDA coatings.
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3.2.3 Designation of abbreviations for coated materials

Figures use designation for coatings slightly different than in the text. A legend for all figures is

shown in Table 3-1.

Table 3-1. Legend for abbreviations of copolymer coatings found in figures and text.

In Figures In Text Definition
MM MMcolDA Methyl methacrylate —co —
isodecyl acrylate copolymer
MAA MAACOIDA _ Methacrylic acid — co —
isodecyl acrylate copolymer
Amine functionalized
HMD HMD-MMcolDA MMCcolDA
Glass Glass Uncoated glass coverslip

3.3 Sterilization and endotoxin content of coverslips

Both uncoated and coated coverslips were sterilized in two ways. Before use, MMcolDA, HMD-
MMcolDA and control glass coverslips were placed in the appropriate well plate and washed twice with
70% ethanol for 5 minutes followed by one, 5-minute wash with PBS. Following washes, the coverslips
were then UV sterilized for 30-40 minutes. MAACcoIDA coverslips were not rinsed with ethanol due to

peeling during this step. MAACcoIDA coverslips were rinsed with PBS and UV sterilized as described.

Endotoxin is a pyrogen found in the cell wall of gram-negative bacteria such as E. coli. The immune
system recognizes the presence of endotoxin as bacterial infection and responds accordingly. Assays testing
the immune response, such as in biomaterials research must employ endotoxin-free materials to avoid false-
positives. The Limulus Amebocyte Lysate endotoxin assay from Associates of Cape Cod quantifies
bacterial endotoxin produced from gram negative bacteria. This assay was used to determine the endotoxin
concentrations on all coverslips, coated and uncoated. Standard endotoxin was used to make a standard
curve from 0.03 to 1 EU/mL. 100 pL of endotoxin-free water was added to each standard and sample (all
coatings and glass, 12-mm-diameter in a 24-well plate, 3 repeats) and incubated with an additional 100 L

of pyrochrome for 27 minutes at 37°C in an oven. Each reaction was stopped using 200 uL of 50% acetic
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acid. 150 pL of each sample were transferred in duplicate to a 96-well plate and absorbance was read at
405 nm. Endotoxin concentrations under 0.25 EU/100 mg are considered acceptable to prevent confounding

results for in vitro experiments.

3.4 Cell culture

The HL60 cell line are a culture of promyeloblasts from ATCC that can be differentiated to a
monocytic and granulocytic lineage and was used as the human neutrophil model. HL60s are cultured in
suspension and can be activated using PMA to adhere to surfaces to study neutrophil-material interactions
in vitro. Cells were grown in Iscove’s Modified Dulbecco’s Medium from ATCC, supplemented with 20%
fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Cells were maintained at a concentration
between 1x10° and 1x10° cells/mL of medium and incubated at 37°C and 5% CO,. 50 nM PMA was used

to differentiate HL60 cells to a neutrophil-like phenotype.

3.5 Isolation of murine neutrophils

Murine neutrophils were collected from the bone marrow of male C57/BL6 aged 8-12 weeks from
Charles River Laboratories. Mice were habituated in the animal facility at Queen’s University for at least 7
days before sacrifice. Mice were euthanized primarily via CO; inhalation, followed by bilateral
pneumothorax puncture. Bone marrow derived neutrophils (BMDN) were used to study neutrophil-material
interactions using a primary cell source. The most common sources of primary neutrophils are murine bone
marrow and human peripheral blood. Isolating from bone marrow yields larger numbers of functional

neutrophils than from blood, and additionally have improved viability over murine blood neutrophils®”%,

3.5.1 Collection of bone marrow cells from mice femur and tibias

Once euthanized, mice were placed on a sterile towel and doused with 70% ethanol. An incision
was made with sterile scissors at the mid-abdomen. Skin was removed from the lower body to expose the

hind limbs. Using a scalpel, the femur and tibia were separated. Scissors were used to remove excess muscle
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tissue around the femur until the hip joint was accessible. Twisting of the femoral head dislocated and freed
the femur. Tibias were isolated by removing tendons around the ankle with scissors. Once freed, bones
were rinsed in 70% ethanol and excess tissue was removed by rubbing the bones with PBS soaked gauze.
Bones were stored in ice cold PBS until marrow collection. Once all bones were isolated, bone epiphyses
were removed and stored in a glass petri dish. Bones were flushed with 10 mL of RPMI 1640 (10% hi-FBS,
1% P/S, 2 mM EDTA) using a 23-gauge needle through a 100 pum cell strainer until blanched. Epiphyses
were cut into smaller pieces and smashed with tweezers on the cell strainer while rinsing with additional

medium.

3.5.2 Enrichment of neutrophils from bone marrow cells

Following manufacturer’s instructions, neutrophils were enriched from the total population using
EasySep™ Mouse Neutrophil Enrichment Kit from StemCell Technologies (Burnaby BC, CA).
Neutrophils are isolated by negative immunomagnetic selection in which magnetic beads with antibodies
for all cells excluding neutrophils are added to the cell suspension and the enriched neutrophil population
are decanted into a new tube for analysis and immediate use in downstream applications. Negative
immunomagnetic selection avoids binding of neutrophil surface receptors, and therefore prevents undesired
cell activation. Immunomagnetic separation is typically high throughput, yields high purity and viability,
is simpler and easier to perform when compared to other common methods like density gradient separation.
Approximately 5-8 million neutrophils per mouse were obtained after enrichment for downstream use.
Aliquots of the enriched neutrophil population were taken for flow cytometry to assess the purity and

viability of cells.

3.5.3 Purity and viability of isolated neutrophils determined by flow cytometry

Flow cytometry is most often used to detect fluorescence intensity emitted by stained cells to assess
cell size and frequency of phenotypic characteristics in a population. A suspension of labelled cells is passed

through a chamber as singlets. When the laser hits each cell, light is scattered and measured as forward-
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and side-angle scatter, yielding information on cell size and associated structures. The same laser excites
any bound fluorescent molecules (antibodies bound to markers), producing a signal associated to that cell
marker and both the intensity and number of this signal in the cell population is recorded. From this,

information is obtained to assess the viability and distribution of a heterogenous cell population.

500,000 cells/100 pL of the enriched population were aliquoted into 5 separate 1.5 mL centrifuge
tubes. Tubes were centrifuged at 300 x g for 5 minutes and re-suspended in PBS (2% FBS). Cells were
incubated with 2 pL of TruStain FX for 15 minutes at 4° C to block unspecific Fc binding sites. 1 pL of
Zombie Violet Fixable Viability Kit was then added and incubated at room temperature in the dark for 20
minutes to assess cell viability. Zombie Violet is a membrane permeable dye that stains dead cells. 0.5 pL
of both AlexaFluor 647 anti-mouse Ly6G and AlexaFluor 488 anti-human/mouse CD11b were then added
and the cell suspension was incubated for 30 minutes at 4°C in the dark. All flow cytometry antibodies were
purchased from BioLegend (San Diego CA, USA). Ly6G and CD11b are commonly used to identify or
differentiate neutrophils from other murine granulocytes and were used to assess the purity of the neutrophil
population. CD11b is present on most monocyte populations, andLy6G is accepted as exclusive to the

murine neutrophil.

The CytoFLEX from Beckmann Coulter was used to measure the samples. An unstained control
3 single stained tubes and a tube containing the full panel of dyes were also measured and compared. Single-
stained tubes were assessed as controls to determine if there was spectral overlap from the antibodies and
an unstained tube was needed to monitor baseline fluorescence of the sample to view shifts in peaks
produced by bound antibodies (Figure 3-4 A). The panel was chosen such that all dyes were excited by
different lasers (red, 633-647 nm; blue, 488 nm; violet, 405-407 nm) and had significantly different
emission spectra, to minimize spill over into other channels. Fluorescent signal bleeding was adjusted using
UltraComp eBeads™ Compensation Beads (ThermoFisher Scientific, Whitby ON, CA). Spillover was
properly compensated when the positive and negative populations in the positive channel both produced

the same, median negative signal in all other channels.
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Figure 3-4 B shows a representative population of cells after enrichment using the EasySep™
Mouse Neutrophil Enrichment kit. A neutrophil population of 80% was typical in these studies. The
remaining population was not identified more closely than being CD11b*. The cell population was not
further enriched by fluorescence activated cell sorting (FACS) due to prolonged processing periods and the

potential for decreased cell viability.
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Figure 3-4. A representative figure of flow cytometry identification of the cell population isolated and
enriched from murine bone marrow. (A) The comparison of green and red peaks represents presence of a
Ly6G* and Ly6G" population in the stained sample (red) compared to the negative control (green). (B) Q1-
UR shows the Ly6G*, CD11b* population, detected by APC-A and FITC-A channels, respectively.

3.6 Viability of HL60s cultured with copolymer coatings determined by alamarBlue assay

The alamarBlue assay measures the respiration of cells and is used to assess cell viability and
adhesion. When incubated with the alamarBlue reagents, NADH or NADPH in live cells will reduce the
molecule resazurin to resorufin resulting in a color change from low fluorescent blue to a highly fluorescent
purple or pink. This reduction of resazurin is proportional to aerobic respiration. The intensity of the color

change can be attributed to both the number of cells present, and their metabolic activity.

HL60 cells were seeded at 400,000 cells/cm? on sterile 18-mm-diameter glass coverslips (Glass,

MMcolDA, MAAcoIDA, HMD-MMcoIDA) in a 12-well plate. 50 nM PMA was added to each sample
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and incubated at 37°C and 5% CO; for 24 hours or 48 hours. For 48-hour studies, medium was replaced at
24 hours with medium without PMA. After incubation, the coverslips (with adhered cells) were gently
moved to a new well-plate and gently rinsed with 1 mL PBS prior to incubation with the alamarBlue
solution to assess only cells adhered onto the materials. Each sample was incubated at 37°C with 0.1 mL
alamarBlue in 0.9 mL of medium for 5 hours. 100 uL of each sample was transferred in triplicate to a 96-
well plate and absorption was read at 570 and 600 nm. Results show the average absorbance from cells

incubated on coatings normalized to cells incubated on glass.

3.7 Gene expression of HL60s in response to culture with copolymer coatings

Several steps are needed to measure gene expression. When the DNA of a cell undergoes changes,
this is reflected through transcription of DNA to RNA and may result in translation of RNA to proteins.
Quantitative polymerase chain reaction (qPCR) is commonly used to measure changes in gene expression
and requires isolating RNA, transcribing the complementary double-stranded DNA (cDNA) and copying
this DNA to quantify the relative amount of a target gene in the cell. Primers tailored to bind to specific
portions of the target gene’s mRNA must be used and are thoroughly evaluated to ensure non-specific
guantification of other genes. Gene expression regulated by larger materials rather than soluble factors can
require longer time-points until changes are seen, and so 24 and 48 hours were the time-points examined

for HL60 studies®®10°,

3.7.1 RNA isolation

For the gene expression studies, HL60 cells were seeded at 400,000 cells/cm? with 50 nM PMA on
18-mm-diameter coated coverslips for 24 or 48 hours. For 48-hour studies, medium was replaced at 24
hours with medium without PMA. After incubation, the samples were moved to fresh well plates to collect
only RNA from cells adhered to the coatings and the cells were washed gently with 1 mL of PBS to remove

medium prior to cell lysis.
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To collect RNA from the cells, cells were lysed, and RNA purified using the Aurum™ Total RNA
Mini Kit from Bio Rad (Mississauga ON, CA). Cells on the coated coverslips and uncoated controls were
lysed with 700 uL of lysis solution (supplemented with 500 uL of B-mercaptoethanol) and the coverslip
surfaces were thoroughly scraped with cell scrapers to further lyse cells to improve yields. 700 uL of 70%
ethanol was added to each well and thoroughly mixed with cell lysate. RNA was purified according to
manufacturer’s instructions with and added DNAse digestion step. DNAse 1 was reconstituted with 250 pL
of 10 mM Tris buffer. 5 uL of the DNAse 1 stock was diluted in 75 puLL of DNAse dilution solution. 80 uL
diluted DNAse was added to each sample and incubated for 15 minutes, and the isolation continued
according to protocol. RNA yield and quality were measured by absorbance using the Nanodrop One from
ThermoFisher Scientific. RNA is measured by absorbance at 260 nm, while protein contamination is seen
at 280 nm and organic contamination is found at 230 nm. Acceptable A260/A280 and A260/A230 ratios
are above 1.8 and are ideally around 2.0. Contamination leads to inefficient reverse transcription by
inhibiting tag polymerase and may lead to false amplification in downstream gPCR. If samples greatly
differed in yield, higher yield samples were diluted and re-measured to ensure measurement accuracy and

that the required volume for cDNA synthesis were similar for all samples.

3.7.2 Reverse transcription of RNA to cDNA

cDNA was synthesized from the isolated RNA using the High-Capacity RNA-to-cDNA Kit from
Thermo Fisher Scientific (Whitby ON, CA). The protocol was followed as per manufacturer’s instructions
for a 20 uL synthesis volume. Up to 1 ug of cDNA was synthesized per experiment. The quantities were
matched across each experiment according to the lowest RNA yield (minimum of 0.2 pug of cDNA
synthesized). The appropriate volumes of RT buffer, RT Enzyme, RNA sample and nuclease-free water
were added to a 200 uL. qPCR tube with bubble caps to collect condensation. Tubes were briefly spun in a
microcentrifuge to eliminate air bubbles and combine all reagents. Tubes were placed in the thermal cycler
for 60 minutes at 37°C for the reaction followed by 5 minutes at 95°C to denature the enzyme and end the

reaction. cDNA was kept on hold at 4°C in the thermal cycler until samples were collected. A no-template
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control (NTC) was included for each cDNA synthesis. The NTC contains all components of the reaction
excluding the RNA template and is necessary to detect amplification from contaminated reagents or primer-

dimers. cDNA was stored at -20°C until use.

3.7.3 Evaluation of gene expression by qPCR

gPCR is used to detect the starting amount of a target gene in the mRNA of a sample based on
copying fluorescently bound RNA sequences until a signal is detected. gPCR reactions were performed
using SsoAdvanced™ Universal SYBR® Green Supermix from Bio Rad (Mississauga ON, CA). This
supermix contains the taq polymerase, SYBR green, dNTPs and buffer required for the reactions. Relative
guantitation of a given target gene from a starting sample is measured by detecting the fluorescence of
SYBR green after reaching the detection threshold. SYBR green is an intercalating dye and only fluoresces
when bound between amplicons. The number of cycles required to reach the detectable threshold is
indicative of the initial quantity of the target gene in a sample and this can then be compared between
treatment groups. The fewer cycles required to reach the threshold, the higher the quantity of the target in
the sample. This principle is used to determine relative upregulation and downregulation of a gene of

interest (goi).

TNF-a, ICAM-1, CCL17 and Arg-1 were selected as genes of interest based on early research into
neutrophil polarization in the tumor microenvironment. TNF-o. and ICAM-1 were found to be upregulated
in anti-tumor neutrophils (N1), while CCL17 and Arg-1 were upregulated in pro-tumor (N2) neutrophils?:,
During gPCR, cDNA is denatured to single-stranded DNA. Primers are DNA sequences required to bind
to the portion of the DNA that is specific to the goi. After annealing and extension of the specific DNA
sequence, the SYBR attached to the primer fluoresces, and this is the signal used to determine the

guantification cycles (Cq values) needed to reach the detection threshold.

Primers were taken from previous literature or designed using Primer-BLAST if not referenced.

Sequences were chosen to have a 70-150 base-pair (bp) amplicon, primer length between 18 and 22 bp,
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primer annealing temperatures between 58-62°C, a guanidine-cytosine (GC) content of 40-60%, no more
than 2 Gs or Cs out of the 5 last bases on the 3° end of primer, and at least one primer of a pair to span an
exon:exon junction. Additionally, all primers were evaluated in MFOLD, a program that analyzes the
conformation of the amplicons to avoid secondary structures and formation of primer-dimers®2, Forward
and reverse primers (Table 3-2) were ordered from Sigma Aldrich (Oakville, ON, CA) and reconstituted to
100 uM in TE buffer (pH 8.0). Stock solutions of primers were prepared by combining 10 uL (1 nmol) of
the forward and reverse primers with 80 uL of TE buffer (pH 8.0) and kept at -80°C for long term storage.
8 reference genes were evaluated and PUM-1 and RPS-18 were found to be the most stable. Primers are
shown in Table 3-2. Primers for unused reference genes and further primer validation information can be

found in Appendix A.

Table 3-2. Selection of genes and associated primers used for gPCR. (goi) indicates a gene of interest and
PUM-1 and RPS-18 were used as internal reference genes.

Gene Sequence (5’ - 3°)
Forward Reverse Reference

TNF-a | TGGGATCATTGCCCTGTGAG CCAGGTTTCGAAGTGGTGGT BLAST

(goi)

ICAM1 | GGCCGGCCAGCTTATACAC TAGACACTTGAGCTCGGGCA 103

(goi)

ARG1 | GCTCAAGTGCAGCAAAGAGA | GTTTCTCAAGCAGACCAGCC 104

(goi)

CCL17 | ACCTGCAAAGCCTTGAGAGGT | ACGGTGGAGGTCCCAGGTA 105

(goi)

PUM1 | AGTGGGGGACTAGGCGTTAG | GTTTTCATCACTGTCTGCATCC | 08

RPS18 | ATTAAGGGTGTGGGCCGAAG GATCACACGTTCCACCTCATC | BLAST,
107

In a 384 well plate, a mixture of 0.5 uL of primer stock in 5 uL of SsoAdvanced mix was added to

each well, followed by 10 ng of cDNA in 4.5 uL of nuclease-free water (per reaction). Each sample was
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plated in triplicate, with care not to touch any reagent with the pipette tips, avoiding cross-contamination.
A plate sealer used to cover the plate and the plate was spun to bring all contents to the bottom of the well
to mix and remove any bubbles that had formed. The plate was then brought to a CFX384 Real-Time

System from Bio-Rad and run according to the protocol in Table 3-3.

Table 3-3. The thermal cycling protocol according to guidelines, optimized for experiment-specific

reagents.
Step Temperature (°C) Duration
(seconds)
1. 95 30 Polymerase activation, DNA
denaturation
2. 95 10 Denaturation o
Amplification
1. 60 30 Annealing + Extension
(4. Plateread, Go to 2) x 40 Cycles
5. 65 to 95 - Melt Curve Analysis
- +0.5°C/Cycle
- Ramp 0.5°C/second
6. (Plateread, Got to 5) x 80 Cycles

3.7.3.1 gPCR relative expression analysis and statistics

Quantification cycles (Cq) were determined using Bio-Rad CFX Maestro. Once primers were
validated by standard dilution curves and all efficiencies (E) were between 90 and 110%, the efficiency
used for calculation of relative quantities (RQ) of each gene was assumed 100% (E = 2). Primer efficiencies
can be found in Appendix A. The RQ of the gene of interest (goi) was normalized to the geomean RQ of
the reference genes, yielding the normalized relative quantity (NRQ). The relative expression ratio (R) is
the ratio of the NRQ of the treated biological group to the NRQ of the control group (uncoated coverslips).
An ANOVA on the log transformed NRQ values (logNRQ) was performed to test for statistical differences

in gene expression among the treatment groups at 95% confidence level. A gene was considered
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significantly different if the relative expression, R, was less than 0.67 or greater than 1.5 (0.67 < ratio <
1.5) and the logNRQ p-values were less than 0.05 (p < 0.05). Error bars are presented as standard error (SE)

of the ratio, calculated using Equation 3.2 to 3.5 as described by Rieu and Powers'%.

RQ =1/E‘a
Equation 3.2
R .
NRQ = Qgoi 7z
(RQrefl * RQrefZ)
Equation 3.3
R = NRQ¢est/NRQctr
Equation 3.4
0.5
Standard error of the ratio = (mean NRQrest)” * (SErest)” + (SEerr)”
(mean NR Qctrl)2 (mean NRQtest)z (mean NR Qctrl)2

Equation 3.5

3.8 DNA staining for adherence, viability and NETosis

Once murine and HL60 cells were appropriately prepared, 300,000 cells/cm? were seeded onto 12-
mm-diameter coated and uncoated coverglass in a 24-well plate. HL60 cells required 50 nM of PMA to
adhere onto the copolymers, whereas BMDN did not required additional treatments. Coated and uncoated

coverslips were pre-treated with 1 mL of appropriate medium for 30 minutes prior to seeding cells.

3.8.1 HL6O0 cells

HLG0 cells were seeded in IMDM (20% hi-FBS, 1% P/S) onto coated and uncoated coverslips with
50 nM PMA to induce adherence for 24 and 48 hours. Medium was gently replaced (no wash before new
medium was added) after 24 hours without PMA. Following incubation, 2 drops of NucBlue per mL of

medium were added to each well and incubated at 37°C for 30 minutes to stain cell nuclei. Parafilm was
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stretched over plastic tube racks and indentations were made to create wells in which to rinse and stain the
coverslips in a method to minimize damage to the fragile NETs!%. Coverslips were removed from the wells
and rinsed twice for 5 minutes in 0.5 mL PBS in the parafilm wells. This two-wash process was used
between all subsequent steps. Cells were fixed in 0.5 mL of 10% formalin for 15 minutes, washed twice
with PBS, transferred to 1 pM Sytox Green in PBS for 10 minutes to stain extracellular DNA. Samples
were washed twice with PBS and incubated in a 1:250 solution of Anti-Histone H3 (citrulline R2 + R8 +
R17) from Abcam in PBS for 20 minutes to bind to citrullinated Histone H3 (citH3), the marker of choice
for NETosis. Coverslips were then washed twice with PBS and then incubated in a 1:500 solution of
AlexaFluor 594 secondary antibody in PBS to bind to the anti-citH3 antibody for fluorescent visualization,
for 60 minutes. After a final wash step, 1 drop of Molecular Probes Prolong Diamond Antifade Mountant
was placed on labelled, rectangular coverglass and the stained samples were laid onto the slides and stored

overnight at 4°C in the dark. Clear nail polish was used to seal the edges of the round coverglass.

The resulting slides were imaged with EVOS FL fluorescent microscope from Life Technologies
(ThermoFisher Scientific, Whitby ON, CA). 5-6 discrete areas of each coverslip were imaged at 10x using
DAPI, GFP and Texas Red channels, for independent and overlaid images. Areas were chosen to represent
the average distribution of cells on the coverslip. For example, if cells were not evenly distributed, areas
with both low, medium and high cell counts were imaged. Total blue, green, red and blue-green spots were
counted using Image J (downloaded from https://imagej.nih.gov/ij/). For each coverslip, the number of each
stain in these 5-6 areas was averaged. Total cells adhered was estimated as the total blue, green and blue-
green co-stained cells, while dead cells were only cells stained green. Cells co-stained with citH3 and either
NucBlue or Sytox Green were considered as undergoing NETosis. CitH3 and Sytox Green were normalized

to the total adhered cells to account for significant differences in adhered cells between material coatings.

3.8.2 Murine bone marrow derived neutrophils (BMDN)

Murine neutrophils were seeded in RPMI 1640 (0.5% hi-FBS, 1% P/S) directly onto copolymer

coated coverglass with no additional treatment, with 100 nM PMA and 25 pg/mL LPS added to uncoated
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coverglass as controls. Cells were incubated for 2 and 16 hours at 37°C and 5% CO,. An identical staining

and analysis procedure as described for HL60 cells was performed for these samples.

3.9 Quantification of protein release by murine neutrophils cultured on material surfaces

After murine cells on coverslips were transferred to parafilm racks for staining, the supernatant
remaining in the wells was saved for analysis. The supernatants were collected in 1.5 mL polypropylene
tubes and centrifuged at 300 x g and moved to new, labelled tubes to remove cells and debris. Supernatants

were stored at -20° C until use.

3.9.1 Multiplex panel for protein quantification

A custom 5-panel MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel from
Millipore Sigma was used to detect quantities of interleukin 10 (IL-10), interleukin 1 beta (IL-1pB),
monocyte chemoattractant protein 1 (MCP-1 or CCL2), macrophage inflammatory protein 2 (MIP-2 or
CXCL2) and macrophage inflammatory protein 1 alpha (MIP-1o or CCL3) in the murine neutrophil
supernatants. These proteins were selected to represent varied levels of activation and inflammation. MIP-
lo and MIP-2 are commonly released at high concentrations by activated neutrophils, while highly
inflammatory cytokines IL-1B, MCP-1 and anti-inflammatory IL-10 are produced by neutrophils when
stimulated with LPS. The assay was performed as per manufacturer’s instructions, using the 2-day
procedure. Wash Buffer was added to the plate and shaken on an orbital shaker at 500 rpm for 10 minutes
at room temperature. 25 uL of each prepared standard, control and sample were added to the well plate,
followed by the mixture of antibody immobilized beads. Three biological replicates were used with 2
technical replicates per sample. Beads were consistently mixed during the plating step to prevent settling
and the sealed plate was incubated for 16 hours at 500 rpm at 2-8°C. After incubation, the plate was rested
on a hand-held magnet for 60 seconds to allow beads to settle prior to decanting wash buffer. This procedure
was used for each washing step. The plate was removed from the magnet to resuspend the beads, and was
incubated, shaking, for 1 hour with detection antibodies and 30 minutes with streptavidin-phycoerythrin.
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After another wash, the plate was shaken for an additional 10 minutes with sheath fluid to resuspend the
beads prior to reading the plate. Concentrations were measured on a Luminex 200 (Luminex Corporation,

Toronto ON, CA), provided by Dr. Anne Ellis’ Lab.

3.10 Statistics

Data was compiled using 3 biological replicates and 2-3 technical replicates as specified and error
is reported as standard deviation in HL60 experiments unless otherwise indicated. At the 2-hour time-point,
BMDN staining studies used an n = 4 for control groups (untreated cells on glass, LPS- and PMA-treated
cells) as a preliminary study was included, while n = 3 for MM, HMD and MAA. The 16-hour BMDN
studies used an n = 4 for all groups except MAA (n=3) as one of MAA coverglass samples broke when
removing the sample from the well. SPSS was used to perform a one-way ANOVA with a Tukey’s HSD
post-hoc when comparing multiple treatment groups. Statistical significance was assessed at a 95%
confidence interval assuming normal distribution and unequal variance. Murine experiments report error as

standard error of the mean (SEM).
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Chapter 4. Results

4.1 Surface chemistry and density of functional groups on copolymer coatings

Methyl methacrylate was copolymerized with isodecyl acrylate (MMcolDA) and coated onto glass
coverslips to obtain surfaces with methyl methacrylate functionalities with similar chemistry as PMMA.
Copolymerization of methacrylic acid with isodecyl acrylate (MAAcolIDA) effectively introduced carboxyl
groups at the coatings’ surfaces. The target copolymerization ratio for both MM and MAA to IDA was
40:60 and was achieved for the MM copolymer but the MAA copolymer was approximately 30%
methacrylic acid (Table 4-1). The proton NMR spectrum for MMcolDA is shown in Figure 4-1, with the
MM peak appearing around ¢ = 3.6 ppm and IDA peak at 6 = 4.07 ppm. The peaks visible between 6 = 5.5
and 6.5 ppm represent unreacted acrylate monomer. After the polymer is coated onto circular coverglass, it
is incubated in 70% ethanol prior to incubation with cells. The monomer may be removed at these steps,

but this should be verified by NMR.
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Figure 4-1. Proton NMR spectrum for 20 mg of dissolved MMcolDA in deuterated chloroform (CDCLs3,
0=7.28 ppm).
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Table 4-1. The density of functional groups at the surface of coatings used for cell studies as determined
by aNMR, "back titration and cninhydrin assay (+ Standard deviation for MAAcoIDA and MMcolDA, n=3.

+ SEM for HMD-MMCcoIDA, n=7).

Coating Functional group Functional groups Percentage of group

available present at surface in copolymer
(nmol/cm?)

MMcolDA? -CHs, methyl 7088 + 284 44.0 +1.37
methacrylate

MAACoDIAP -COOH, carboxyl 4975 + 580 32.4+4.27

HMD- -NH;, amine 58 + 18 0.2+0.06

MMcolDA®

MAACcoIDA and MMcolDA with 40% MAA or MM were previously characterized for roughness
(Ra = 114 £ 16 nm for MAAcoIDA, ~20 nm for MMcolDA) but the coatings were not re-measured for
these studies and HMD-MMcolDA has not been measured for roughness. Further, the coatings have not

been further characterized for water content or molecular weight.

Aminolysis of MMcolDA with HMD introduced 58 + 18 nmol/cm? of amine groups onto the
MMcoIDA coatings via aminolysis using an adapted method originally described by Fixe et al.5®%¢ similar
to numbers introduced onto PMMA surfaces (36.4 + 7.0 nmol/cm?) using the same reaction®8. The coatings
did absorb some of the purple solution, indicating that the reported number of amine groups possibly
underestimates the true amine density at the surface. 2-aminoethyl methacrylate (AEM) copolymerized
with IDA was explored as a method to introduce amine groups to IDA copolymers (AEMcolDA), but the
resulting copolymer was not soluble in many solvents like tetrahydrofuran, methanol or chloroform and

could not be coated onto glass.

All materials were sterilized prior to cell studies with ethanol or UV sterilization. The endotoxin
concentration was measured with the LAL pyrochrome endotoxin assay and found to be below the

acceptable limit of 0.25 EU/100 mg.
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4.2 HL60 cells incubated with copolymers

4.2.1 HL60 cell adhesion and viability measured by the alamarBlue assay

HL60 cells were seeded at 400,000 cells/cm? for 24 and 48 hours on coated and uncoated coverslips
with 50 nM PMA, and the medium was replaced at 24 hours to remove the PMA. Figure 4-2 shows
alamarBlue absorbance of copolymer films and uncoated glass. The values represent relative live cell
numbers, although metabolic activity may be altered during NETosis!*® and may also influence the overall
observations. Cells incubated on MAACcolIDA films show significantly higher alamarBlue ratios than those
incubated on MMcolIDA films (p = 0.000 at 24 hours, p = 0.002 at 48 hours). AlamarBlue ratios of cells
incubated with HMD-MMcolDA were also significantly higher than MMcolDA after 24 hours (p = 0.000),

and after 48 hours, this ratio decreased and was significantly lower than MAAcoIDA (p = 0.013).
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Figure 4-2. The alamarBlue absorbance of HL60 cells incubated on coated coverslips for 24 and 48 hours.
Medium was replaced with medium without PMA after 24 hours. Ratios are shown as the absorbance of
cells with coverslips blanked with media. Error bars represent standard deviation (n=3, * = p < 0.05).
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4.2.2 DNA staining and immunocytochemistry to determine cell adherence, viability, and NETosis

HL60 cells were seeded on the different coatings for 24 and 48 hours with 50 nM PMA and
medium was replaced without PMA at 24 hours. NucBlue was used to stain for cell nuclei, Sytox Green
to stain for extracellular DNA, and citrullinated histone H3 (citH3) antibodies to detect NETS.
Representative images of HL60 cells incubated on copolymer coated coverslips at 48 hours are shown in

Figure 4-3. Representative images of 2-hour stains are in Appendix B.

Glass MMcolDA HMD-MMcolDA  MAAcolDA

Figure 4-3. Representative images of HL60 cells on uncoated and coated coverslips after 48 hours

NucBlue

Sytox Green

citH3

200 pm

incubation. NucBlue (blue) stains for cell nuclei, Sytox Green (green) stains extracellular DNA and citH3

(red) stains for citrullinated histone H3 to indicate NETosis. Magnification = 20x, scale bar = 200 um.



4.2.2.1 Cell adherence to coatings of different surface chemistries

The total adhered cells are represented as the combined number of NucBlue or Sytox Green and
co-stained cells. The absolute counts of adhered cells are quantified in Figure 4-4. After 24 hours, fewer
cells were adhered to polymer coated surfaces relative to glass, and cell adherence on MMcolDA and
MAACOIDA is unchanged between 24 and 48 hours. At 24 hours significantly more cells adhered to glass
than all coatings: MMcolDA (p =0.011), MAAcoIDA (p =0.013) and HMD-MMcolDA (p = 0.012). There
were significantly more cells adhered to HMD-MMcolDA (805 * 205) at 48 hours compared to MMcolDA
(42 £ 14 cells, p = 0.00), MAACcoIDA (27 = 7 cells, p = 0.00) and glass (219 % 116 cells, p = 0.002),
indicating that HMD-modified surfaces promote adhesion. For the 48-hour time-point, medium was
replaced without PMA at 24 hours and may be more indicative of how material properties influence
adhesion, viability and NETosis. Importantly, some cells that were loosely adhered may have been lost

during cell fixation.
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Figure 4-4. Total adhered cells counted on polymer surfaces per image at 24 and 48 hours. Cells were
seeded with 50 nM PMA and medium was replaced with medium without PMA after 24 hours of incubation.
Error bars represent standard deviation (n=3, * = p < 0.05 within each time-point).
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4.2.2.2 Quantification of viable cells on coatings of different surface chemistries

Extracellular DNA was visualized by staining cells with Sytox Green, a membrane impermeable
stain This dye represented the number of dead cells and those undergoing NETosis because NETS are a
form of extracellular DNA. The quantity of Sytox Green-positive cells were subtracted from the total
adhered cells counted to quantify the remaining live cells on each surface shown in Figure 4-5 as the ratio
of this viable population to the number of adhered cells on each coverslip. MAAcoIDA coatings had
significantly fewer live cells adhered than MMcoIDA (p = 0.029) and HMD-MMcolDA (p = 0.011)
coatings at 24 hours. At 48 hours, there are no significant differences in viability on the different surface

chemistries.
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Figure 4-5. The ratio of viable HL60 cells (NucBlue positive) to total adhered HL60 cells (NucBlue, Sytox
Green and co-stained cells) on coated coverslips for 24 and 48 hours. Cells were seeded with 50 nM PMA
and medium was replaced with medium without PMA after 24 hours of incubation. Error bars represent
standard deviation (n=3, * = p < 0.05).

4.2.2.3 Quantification of NETosis on coatings of different surface chemistries

NETosis was visualized by staining for citH3, the product of converting arginine to citrulline in the

histone H3 protein during NETosis. Results show the ratio of citH3-stained cells to total adhered cells on

46



each surface (Figure 4-6). The number of adhered cells undergoing NETosis on MAACcoIDA (36 £ 11% at
24 hours, 20 £ 7% at 48 hours) is consistently less than both MMcolDA (55 + 13% at 24 hours, 40 £ 1% at
48 hours (p = 0.022)) and HMD-MMcolIDA (57 £ 0.5% at 24 hours, 36 + 2% at 48 hours), though not
statistically significant when normalized to glass. However, because there is high adherence of cells to
HMD-MMcolDA, the overall amount of NETs present on HMD-MMcolDA after 48 hours is much larger

than either MMcolDA or MAACcoIDA.
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Figure 4-6. (A) The ratio of citH3-positive cells to adhered cells on coated coverslips for 24 and 48 hours.
Cells were seeded with 50 nM PMA and medium was replaced with medium without PMA after 24 hours
of incubation. Error bars represent standard deviation (n=3).

4.2.2.4 Summary of HL60 staining and immunocytochemistry

As summarized in Table 4-2, more HL60 cells adhered to HMD-MMcolDA surfaces at 48 hours,
and both HMD-modified and MMcolDA copolymer surfaces showed similar ratios of adhered cells
undergoing NETosis by 24 and 48 hours. Though there is no significant difference in the citH3 ratio on
these coatings, the increased cell numbers seen on HMD at 48 hours indicate a higher absolute value of

NETosis occurring on aminated surfaces (272 + 74 citH3-positive cells on HMD-MMcoIDA, 18 + 2 citH3-
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positive cells on MMcoIDA, data in Appendix B). NETosis is consistently, but not significantly, lower on

MAACcolIDA.

Table 4-2. A summary of the adhered HL60 cells and ratios of viable and citH3-positive cells to adhered
cells per area on each uncoated glass and copolymer coatings (+ standard deviation, n = 3).

Sample Adhered cells Viable cells (%) | citH3-positive (%)

Glass 275+ 134 405 40+ 3

MM 33+23 39+2 55+ 13
24 hours

MAA 40 + 14 19+2 36 +11

HMD 37+12 44 + 11 57+1

Glass 219+ 116 29+5 27 +10

MM 42 + 14 23+11 40+1
48 hours

MAA 27+7 31+16 19+7

HMD 805 + 225 25+1 36+2

4.2.3 Gene expression in HL60 cells incubated with coatings of different surface chemistries

To measure gene expression, mRNA was isolated from HL60 cells incubated at 400,000 cells/cm?
on coated and uncoated coverslips for 24 and 48 hours with 50 nM PMA, and medium was replaced without
PMA after 24 hours. The gene expression of intracellular adhesion molecule 1 (ICAM-1), tumor necrosis
factor alpha (TNF-a), arginase 1 (Arg-1) and chemokine ligand 17 (CCL17) are presented as normalized
relative expression ratios of one sample to another. TATA-binding protein (TBP) and ribosomal protein
S18 (RPS18) were used as internal reference genes. A gene was considered significantly different if the
relative expression was less than 0.67 or greater than 1.5 (0.67 < ratio < 1.5) and the logNRQ p-values were

less than 0.05 (p < 0.05). Cq values are in Appendix A.

As shown in Figure 4-7, ICAM-1 and TNF-a are expressed in HL60 cells with significant
differences in expression on the difference surface chemistries. After 24 hours, ICAM-1 expression is

decreased in cells incubated on MAACcoIDA relative to MMcolDA (p = 0.006) and expression is almost 4
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times greater in cells incubated with HMD-MMcolDA relative to MAACcoIDA (p = 0.014). After 48 hours,
expression is significantly upregulated on HMD-MMcolDA relative to both MMcolDA (p = 0.004) and
MAACOoIDA (p = 0.026). MAAcoIDA demonstrated consistent downregulation of ICAM-1 at both time-

points, while HMD-MMcolDA showed consistent upregulation in all comparisons.
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Figure 4-7. Relative expression ratios (ie. ratio of expression on MAA coatings to MM coatings) of ICAM-
1 in HL60 cells incubated on coated and uncoated coverslips for 24 and 48 hours. Cells were seeded with
50 nM PMA and medium was replaced with medium without PMA after 24 hours of incubation (+SEM, n
=3,*=0.67 >ratio > 1.5 and log NRQ p < 0.05).

As shown in Figure 4-8, an initial increase in expression of TNF-a is observed in cells incubated
on MAACoIDA after 24 hours, though not significant, and decreases by 48 hours to show no change in
expression relative to MMcolDA. Expression on MMcolDA surfaces is unchanged relative to glass at both
time-points, however expression on HMD-MMcolDA surfaces is 7 times higher than on glass and 5 times

higher than on MAAcoIDA (p=0.005, 0.026 respectively) after 48 hours.
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Figure 4-8. Relative expression ratios (ie. ratio of expression on MAA coatings to MM coatings) of TNF-
a of HL60 cells incubated on coated and uncoated coverslips for 24 and 48 hours. Cells were seeded with
50 nM PMA and medium was replaced with medium without PMA after 24 hours of incubation (£tSEM, n
=3,*=0.67 >ratio > 1.5 and log NRQ p < 0.05).

As seen in Figure 4-9, Arg-1 does not demonstrate any significant changes in expression between
the different surfaces and demonstrates large standard error due to high Cq values (Appendix A). These

results indicate Arg-1 is lowly expressed in HL60 cells at these time-points.
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Figure 4-9. Relative expression ratios (ie. ratio of expression on MAA coatings to MM coatings) of Arg-1
of HL60 cells incubated on coated and uncoated coverslips for 24 and 48 hours. Cells were seeded with 50
nM PMA and medium was replaced with medium without PMA after 24 hours of incubation (xSEM, n =
3,*=0.67 > ratio > 1.5 and log NRQ p < 0.05).
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Figure 4-10 shows that expression of CCL17 was highly variable at 24 hours on the different
surface chemistries. CCL17 had high Cqg values (> 32) and is lowly expressed in HL60 cells. Though
perhaps not expressed enough to be biologically significant, a decrease in CCL17 is seen in cells on HMD-

MMcolDA relative to glass (p=0.038) after 48 hours, where Cq values had less deviation.

0

o ©

o o
)

o N
o o
—
—

50 +
24 hr
W48 hr

oW
o o
, ,

*

o 1 T
1.0 A
T = m T =
MM/Glass MAA/Glass HMD/Glass MAA/MM HMD/MM HMD/MAA
CCL17

Relative Normalized Expression
S
o

o
o

Figure 4-10. Relative expression ratios (ie. ratio of expression on MAA coatings to MM coatings) of
CCL17 of HL60 cells incubated on polymer-coated and uncoated coverslips for 24 and 48 hours. Cells were
seeded with 50 nM PMA and medium was replaced without PMA after 24 hours of incubation (+SEM, n =
3, *=0.67 >ratio > 1.5 and log NRQ p < 0.05).

4.3 Murine bone marrow derived neutrophils incubated with copolymers

The murine bone marrow population was enriched to approximately 80% Ly6G* CD11b* cells,
identified as neutrophils. The remaining 20% of cells were Ly6G~ CD11b* but the phenotypes of this

population were not identified.

4.3.1 DNA staining and immunocytochemistry to determine cell adherence, viability, and NETosis

Murine bone marrow derived neutrophils (BMDN) were seeded onto coated and uncoated
coverslips at 300,000 cells/cm?. 25 ug lipopolysaccharide (LPS) and 100 nM PMA were used to stimulate

the BMDN as positive controls. The staining method and subsequent quantification of adhered cells,
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viable cells and NETosis followed the protocol as described for HL60 cells. Representative images of
BMDN on surfaces after 16 hours are shown in Figure 4-11. Representative images of 2 hours stains are

in Appendix C.
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Figure 4-11. Representative images of PMA-stimulated and unstimulated BMDN on uncoated and coated
coverslips, respectively, after 16 hours incubation. NucBlue (blue) stains for cell nuclei, Sytox Green
(green) stains extracellular DNA and citH3 (red) stains for citrullinated histone H3 to indicate NETosis.
Magnification = 20x, scale bar =200 pm.

4.3.1.1 Cell adherence to different surface chemistries

The BMDN adhered to all the surfaces without any added activators. The total number of cells
adhered to coverslip surfaces were counted and normalized to adherence on unstimulated BMDN to
evaluate relative adherence of cells to various surface chemistries and are shown in Figure 4-12. Significant

variation was observed in the total adhered cells counted on coverslip surfaces, and no statistically
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significant differences were seen. After 16 hours, MAAcoIDA surfaces have a reduction in adhered cells

relative to all other samples.
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Figure 4-12. Absolute cell counts visualized on coatings and from PMA (100 nM) or LPS (25 pg) treated
cells after 2-hour (left) and 16-hour (right) (xSEM, 2-hour time-point: n=4 for Glass, PMA and LPS, n =3
for MM, MAA and HMD. 16-hour time-point: n = 4 excluding MAA where n = 3. * = p < 0.05).

4.3.1.2 Quantification of viable cells on coatings of different surface chemistries

The ratio of live, adhered BMDN for each sample was determined by dividing NucBlue-stained
cells by total adhered cells per area (Figure 4-13). At 2 hours there are no significant differences noted in
viability between groups. By 16 hours, cells on the coatings demonstrated similar ratios of viable cells. 64
+ 6% of cells adhered to LPS are viable this is significantly more than ratios of all the coatings groups:
MMcolDA (p = 0.047), MAAcoIDA (p = 0.004) and HMD-MMcolDA (p = 0.005). Viable cells ratios
were also increased when treated with PMA than when incubated with MAAcoIDA (p = 0.026) and HMD-

MMCcoIDA (p = 0.037).
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Figure 4-13. Ratios of viable (NucBlue-positive) cells visualized on coatings and from PMA (100 nM) or
LPS (25 ug) treated cells after 2-hour (left) and 16-hour (right) incubations (£SEM, 2-hour time-point: n=4
for Glass, PMA and LPS, n = 3 for MM, MAA and HMD. 16-hour time-point: n = 4 excluding MAA where

n=3.*=p<0.05).

4.3.1.3 Quantification of NETosis on coatings of different surface chemistries

The ratio of NETS released by BMDN incubated on the different coatings and with PMA or LPS

was determined by dividing citH3-stained cells by the total adhered cells per area (Figure 4-14). At 2 hours,

an increase in citH3-positive cells is seen on HMD-MMcolDA surfaces compared to PMA- (p = 0.032) or

LPS-stimulated cells (p = 0.005) and those incubated with MAACcoIDA (p = 0.006) or MMcolDA (p =

0.033). At 16 hours, 48 + 8% of cells on HMD-MMcolDA surfaces are citH3-positive, and though this is

increased relative to cells incubated with MAACoIDA (18 + 7%,), it is not significantly higher.
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Figure 4-14. Ratios of citH3-positive cells to adhered cells on coatings and from PMA (100 nM) or LPS
(25 o) treated cells after 2-hour (left) and 16-hour (right) incubations (xSEM, 2-hour time-point: n=4 for
Glass, PMA and LPS, n = 3 for MM, MAA and HMD. 16-hour time-point: n = 4 excluding MAA where n
=3.*=p<0.05).

4.3.1.4 Summary of BMDN staining and immunocytochemistry

Summarized in Table 4-3, more cells adhered to the coverglass when treated with LPS or PMA,
but adherence of BMDN on coatings was generally increased relative to unstimulated BMDN on glass
surfaces. The ratio of live cells on MMcolDA, MAAcolDA and HMD-MMcolDA was decreased at 16
hours relative to uncoated glass and the ratio of citH3 was increased in cells incubated on HMD-MMcolDA

compared to all other groups, and most significantly at the 2-hour time-point.
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Table 4-3. A summary of the adhered BMDN and ratios of live cells and citH3-positive cells to adhered
cells per area for each treatment group (xSEM, n = 3).

Sample Adhered cells Viable cells (%) citH3-positive (%)
Glass 293 +49 63+9 10+2
PMA (100 nM) 747 £ 255 68+5 9+2
LPS (25 pg) 588 + 47 65+2 6+2
2 hours
MM 703 + 105 62+6 9+1
MAA 488 + 52 39+7 52
HMD 339+224 51+7 22+5
Glass 167 + 37 49+3 34+5
PMA (100 nM) 349+ 101 52+5 33+9
LPS (25 pg) 392+ 135 60+ 6 27+7
16 hours
MM 305 + 66 35+7 26+3
MAA 153+78 24+7 18+ 7
HMD 236+ 37 27+5 48 +8

4.3.2 Protein expression in cell supernatants from BMDN incubated on coated and uncoated coverslips

After incubation on the different polymer coatings or with agents (PMA and LPS) for 2 or 16 hours,
the supernatants were assessed for 5 proteins, measured using a custom MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel from Millipore Sigma. Interleukin 10 (IL-10), interleukin 1 beta
(IL1B), monocyte chemoattractant protein 1 (MCP-1 or CCL2), macrophage inflammatory protein 1-alpha
(MIP1-0/CCL3) and macrophage inflammatory protein 2 (MIP-2/CXCL2) have been found to be produced
by murine neutrophils in vivo, in vitro or both. Concentrations for proteins released at 2 and 16 hours are in

Table C-1 in Appendix C.

Only LPS-stimulated cells produced detectable levels of MIP1-a, IL1-B, and IL-10 at both time-
points, and MCP-1 and IL-10 at 16 hours. Figure 4-15 and Figure 4-16 summarize proteins released from

BDMN incubated with the materials - MIP1-a after 16 hours, and MIP-2 after 2 and 16 hours.
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MIP1-a, or CCL3, is a chemoattractant for neutrophils and monocytes. Large variation was seen
between samples; however, secretion was markedly increased upon stimulation with LPS and PMA. No
MIP1-a was detected from cells incubated on polymer coated surfaces after 2 hours, however after 16 hours
small concentrations were present from cells incubated on all surfaces. PMA does not stimulate the
production of MIP1- a as strongly as LPS, however it is increased relative to unstimulated BMDN and

BMDN on coated coverslips.
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Figure 4-15. Concentration of MIP1-a detected in 16-hour samples of BMDN incubated on coated and
uncoated coverslips. MIP1-a secreted from LPS treated cells is shown on a second plot. Blue markers
represent each sample per biological group and red bars indicate the average (+SEM, n=3, * = p < 0.05).

MIP-2, or CXCL2 is the equivalent of IL-8 in human cells and is known to be produced by
neutrophils at high levels and early time-points after injury. It is one of the more inducible chemokines
secreted to increase neutrophil recruitment to inflammation or infection. Detection of MIP-2 from
unstimulated neutrophils on glass and coatings was highly varied, with MIP-2 detected in some samples
per treatment group, but not all. Cells in all groups produced detectable concentrations of MIP-with no

significant differences among polymer coated surfaces, shown in Figure 4-16.
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Figure 4-16. Concentration of MIP-2 released from murine neutrophils incubated on coated and uncoated
coverslips after 2 hours (top) and 16 hours (bottom). Blue markers represent each sample per biological
group and red bars indicate the average (xSEM, n=3).
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Chapter 5. Discussion

Methacrylic acid (MAA) -based copolymers have previously been seen to improve the healing
response to implants, relative to poly (methyl methacrylate) (MM), however neutrophil behavior has not
been examined with these materials. For example, poly(methacrylic acid co methyl methacrylate)
(MAAcoMM) beads have been shown by Lisovsky et al. to effectively increase neutrophil and macrophage
infiltration, increase M2 macrophage polarization, and promote vessel formation in vivo compared to
poly(methyl methacrylate) (PMMA) beads, while Martin et al. and Eckhaus et al. showed that the same
MAACcoMM beads improved vascularization in diabetic mice and rodent skin grafts*5. More recently,
dTHP-1 cells incubated on IDA-based copolymer coatings had increased expression in inflammatory genes,
such as TNF-a, IL-6 and IL-1B when incubated on MAACcoIDA in comparison to MMcolDA?8, The coatings
are a simple model with no significant differences in roughness between MAAcoIDA and MMcolDA
coatings, allowing surface chemistry to be the predominant factor motivating these changes. Furthermore,
these coatable polymers could be applied to medical devices to modulate host responses in vivo.

Because evidence strongly suggests that neutrophils do interact with MAA-based materials this
research aims to decipher neutrophil-material interactions with MAAcoIDA copolymers, amine-
functionalized MMcolDA, and controls of MMcolIDA. Previous work in the Wells lab modified PMMA
coatings via wet chemical methods to functionalize surfaces with -COOH and -NH; and noted differences
in HL60 viability when incubated on these surfaces®®. In this work, neutrophil viability, gene expression
and histone H3 citrullination were altered after incubation on methacrylic acid, methyl methacrylate and

hexamethylenediamine-modified copolymers.

5.1 Amine functionalization of MMcolDA

For this research, copolymers of isodecyl acrylate with methyl methacrylate (MMcolDA) and
methacrylic acid (MAACcoIDA, carboxyl surface functionality) were synthesized and coated as per previous

studies®. The use of these coatings increased the surface density of carboxylic acid groups compared to the
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previous PMMA disks modified via hydrolysis (4975 + 581 nmol/cm? on MAACoIDA, 175 * 40 nmol/cm?
on PMMA). Furthermore, HMD was successfully grafted onto the MMcolDA to add amine groups (-NH>)
to the coating, resulting in similar numbers of amine groups compared to a similar reaction done on PMMA
(58 %= 18 nmol/cm? on MMcoIDA, 36 + 7 nmol/cm? on PMMA)®, Previous studies showed small
differences in roughness between MAACcoIDA (Ra = 114 + 16 nm) and MMcolDA (Ra = ~20 nm)

synthesized to 60% IDA?8, though roughness of HMD-modified MMcolDA was not measured.

5.2 HL60 response to different surface chemistries

The HL60 cell line was used as a human neutrophil model. The HL60 cell line is cultured in
suspension and PMA was required to promote adherence of the cells onto surfaces in all HL60 experiments.
Preliminary research using HL60s was focused on exploring the potential for polarization in a sterile
environment, and this is reflected in the gene panel chosen for gPCR studies, which selected polarization
markers as genes of interest. Adding PMA activates the cells towards an inflammatory phenotype, however,
and it was noted that an “N2” (anti-inflammatory) phenotype would be difficult to induce. The focus shifted
to a more general interest in neutrophil behavior when incubated with different material chemistries, in
addition to the decision to pursue studies with primary BMDN because subtle changes in HL60 NETosis

and gene expression may be masked by the addition of PMA.

5.2.1 MAAcolDA increases alamarBlue ratios of HL60 cells

The alamarBlue assay assesses cell viability through aerobic respiration and metabolic activity,
however when varying cell numbers are present, interpretation of these ratios can be challenging. Figure
4-2 shows increased alamarBlue ratios of HL60 cells on MAACcoIDA coatings, implying higher viability of
cells when incubated with MAAcoIDA compared to MMcolDA, which agrees with findings of dTHP-1
and HUVEC viability with these coatings observed by Wells and Sefton®. After 24 hours, the alamarBlue
ratio with HL60 cells incubated with HMD-MMcolIDA and MAACcoIDA are similar and increased in

comparison to MMcolDA. Interestingly, the live cell numbers shown in Figure 4-5 did not show the same
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trends and this may be due to loosely adhered cells being washed off during the staining process. ICAM-1
expression, which may play a role to regulate cell-protein adhesion!, is significantly upregulated in cells
on HMD-MMcolDA and downregulated in cells on MAACcoIDA relative to the other coatings, particularly
after 48 hours, and it is likely that loosely adhered live cells contributing to the alamarBlue results may
have been washed off during staining. Other possibilities are differences in the rate of reduction of the

alamarBlue solution due to cell responses or insufficient representation of live/dead cells by microscopy.

5.2.2 Histone H3 citrullination coincided with decreased alamarBlue ratio

At 48 hours the ratios of live cells adhered to the different coatings were not significantly different,
yet the alamarBlue ratios and numbers of citH3-positive cells differed. There was a significant decrease in
the alamarBlue ratio with cells incubated on HMD-MMcoIDA along with increased adherence and
increased citH3-positive cells compared to MAAcoIDA, indicating that histone citrullination may alter
metabolic activity. Neutrophils produce energy primarily through glycolysis, and it has been shown that
glucose or pyruvate is required for human neutrophils to release NETs and that glucose uptake is increased
in PMA-stimulated neutrophils!®°. This does indicate that formation of NETs is dependent on the metabolic
pathway and may affect respiration and therefore, alamarBlue ratios.

These results contradict previous findings of HL60 viability in the Wells lab where PMMA-NH;
showed reduced live cell ratios relative to PMMA and PMMA-COOQH, but had increased alamarBlue ratios
compared to these same groups after 48 hours®®. Important differences between these studies however are
the quantity of -COOH groups present at the material surfaces (4975 + 581 for MAACcoIDA and 175 + 40
nmol/cm2 for PMMA modified with -COOH) and the bulk polymer of PMMA compared to IDA. The IDA
copolymers introduce both longer chains and increased -COOH groups to the coatings than PMMA and
may affect hydrophobicity or charge at the surface. Differing cell responses with IDA vs. PMMA may be
a result of protein interactions and adhesion induced by the differences in materials, though this was not

investigated. Wells and Sefton noted that increasing the MAA content from 20% to 40% in MAAcoIDA
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coatings correlated to changes in gene expression, confirming that -COOH density does influence cell

response®,

5.2.3 TNF-a and ICAM-1 genes are upregulated in HL60 cells on -NH: functionalized surfaces

Table 5-1 outlines the general functions of the four genes of interest examined for expression in
PMA-activated HL60 cells. Gene expression studies were developed to explore genes indicative of
polarization as seen in the tumor microenvironment and after myocardial infarction. TNF-a and ICAM-1
were chosen to indicate an inflammatory neutrophil phenotype while CCL17 and Arg-1 were chosen to

indicate a pro-healing phenotype.

Table 5-1. The panel of genes examined for expression in HL60 cells incubated on coated and uncoated
coverslips.

Gene Function Reference
TNF-o (tumor necrosis factor) | Multifunctional proinflammatory | %2
cytokine mainly secreted by
macrophages. Involved in
regulation of cell proliferation,
survival, differentiation,
apoptosis, lipid metabolism,
coagulation. Implicated in
multiple diseases.
ICAML1 (intercellular adhesion | Upregulated during leukocyte 11
molecule) infiltration to allow rolling and
binding to tissues. Binds to
CD11a/CD18, CD11b/CD18,
fibronectin
Arg-1 (arginase 1) Catalyzes hydrolysis of arginine | 13
to orthinine and urea. Associated
with M2 macrophages to
promote vascularization,
angiogenesis
CCL17 (chemokine ligand 17) | Chemotactic activity for T cells, | 87114
binds to CCR4, implicated in
numerous diseases (ie. cancer,
pulmonary fibrosis)

Expression of ICAM-1 is increased in HL60 incubated on HMD-MMcolIDA and decreased on

MAACOIDA surfaces relative to MMcolDA. While ICAM-1 is most often implicated in the infiltration
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stage of inflammation to enable cell-cell adhesion and rolling of neutrophils on the endothelium to enable
trans-endothelial migration, ICAM-1 also binds certain extracellular matrix proteins, such as fibrinogen***.
The upregulation of ICAM-1 seen in Figure 4-7 may provide some insight to the increased cell adherence

to HMD-MMcolDA seen in Figure 4-4.

The expression of TNF-a in HL60 incubated with HMD-MMcolDA was 5 times that of MMcolDA
after 48 hours. TNF-a is a pro-inflammatory cytokine implicated in numerous diseases and is responsible
for many actions including cell proliferation, survival and differentiation!2. Furthermore, soluble TNF-a. is
known to induce NETosis in in vitro studies'®>. However, no connection has been made between

upregulated TNF-o gene expression and enhanced NETosis from the same cell.

In the tumor microenvironment where neutrophil polarization has been most studied, upregulated
TNF-a, ICAM-1, and increased NETosis, are factors associated with N1 polarization towards a more
inflammatory phenotype (anti-tumor TANSs). The presence of N1 TANs in a tumor microenvironment
results in reduced local vascularization and increased cytotoxic mediators known to prevent tumor
growth!®, Both TNF-o. and ICAM-1were upregulated in HL60 incubated on HMD-MMcolDA in addition
to increased absolute quantities of citH3 (Figure B-3 and Figure B-4, Appendix B), suggesting that HMD-

MMcolDA enhances the inflammatory response compared to MAAcolDA and MMcolDA.

Although ICAM-1 and TNF-a are pro-inflammatory indicators, time-points would need to be
extended to determine the biological impact of these expression profiles. Previous in vivo studies in the
Wells lab using -NH- and -COOH maodified PMMA beads injected subcutaneously into the dorsal region
of mice showed continued neutrophil presence at the implant site 7 days post-implantation’®. Gene
expression profiling of these neutrophils or protein analysis of the exudate may offer more information on

the healing response to these surface chemistries.
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5.2.4 Arginase 1 and CCL17 are lowly expressed by HL60 cells

Arg-1 Cq values at 24 hours averaged above 35 for all samples and thus displayed large variation.
High Cqg values can be indicative of low cDNA quantities and do not necessarily reflect no change in
expression between samples, however the inherent deviation at high Cq values prevents proper
quantification. Based on these results, it can be assumed that Arg-1 is not expressed in HL60 cells after 24
hours of incubation, though this would align with the literature regarding neutrophil polarization in vivo at
early time-points. Ma et al. found that Arg-1 was unexpressed in left ventricle murine neutrophils at Day 0
post myocardial infarction, and saw expression increase from Days 1-5%. Comparing the NRQ values at 24
and 48 hours, it appears that expression of Arg-1 may increase over time and this occurred once medium
was replaced without PMA. However, Cq values remain high (Cq > 32) and the issue with large error
remains. In the same study by Ma et al., in vitro stimulation of mouse peripheral blood neutrophils with IL-
4 showed an increase in Arg-1 after 4 hours, demonstrating Arg-1 can be detected at early time-points and
that IL-4 may be used to induce the expression of anti-inflammatory signals in neutrophils. IL-4 has also
been shown to reduce CXCR2 mediated neutrophil migration both in vitro and in vivo, though the

therapeutic outcome of this in a biomaterial context was not explored**’.

CCL17 expression in HL60 cells at 24 hours was also highly variable, resulting in large standard
error within biological groups. Cq and NRQ values after 48 hours are high but more stable and suggest that
expression may decrease between 24 and 48 hours, particularly in response to HMD-MMcolDA. CCL17
is seen to be upregulated in pro-tumor neutrophils®® and recruits regulatory T cells (Tregs), which are
responsible for regulating cytotoxic and autoimmune T-cell actions and secrete immunosuppressive
cytokines such as TGF-p and IL-10. The presence of T-cells in the biomaterial environment is important,
as they are a significant source of modulatory cytokines. Though not widely explored in biomaterials
research, neutrophil modulation of T cell recruitment or phenotype (Thl, Th2, Thl7, Treg) would be

significant, particularly as the Th1 to Th2 switch has been correlated to the M1/M2 switch in macrophages®.
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Arg-1 and CCL17 were chosen to indicate potential pro-healing characteristics, however
stimulating HL60s with PMA possibly interferes with their expression profiles. MMP-9 is a potential
alternative target to assess anti-inflammatory neutrophil behavior as it is stored in tertiary granules released
upon neutrophil activation and is primarily an angiogenic factor. MMP-9 could be examined through either
protein or gene expression studies and previous research has shown that murine BMDN release higher
amounts of MMP-9 in vitro in response to -COOH vs. -CH; and -NH surface chemistries coated on glass

coverslips with 38 nm and 68 nm demi-sphere nano-topographies®®.

5.3 Materials activate bone marrow derived neutrophils without external stimulus

Murine bone marrow derived neutrophils (BMDN) were isolated as a primary cell source that did
not require PMA to adhere to materials to enable study of neutrophil-material interactions without PMA as
a confounding factor. In preliminary studies, RNA was isolated from BMDN, however very little RNA was
recovered resulting in low A260/A280 and A260/A230 ratios, indicating poor quality RNA that should not
be used for qPCR. Therefore, BMDN were primarily used to assess the degree of neutrophil inflammation

induced by coatings through live cell ratios, NETosis and protein quantification.

5.3.1 Fewer live BMDN visualized when incubated with the coatings

At 2 hours, there were no significant differences in viability of BMDN in any of the groups,
although the average viability of cells with MAAcoIDA is lower than MMcolDA and HMD-MMcolDA.
After 16 hours, the ratio of live cells was the same among the coatings and decreased relative to LPS and
PMA. These results align with the trend of viable HL60 cells on coatings where the live cell ratio with
MAACcoIDA was significantly lower than MMcolDA and HMD-MMcolDA at 24 hours, but no differences
were seen between coatings at 48 hours. An alamarBlue was not done with BMDN and cannot be directly
compared to previous THP-1 or HL60 viability studies. The live cell ratio observed from BMDN incubated
with LPS is consistent with the literature as LPS is known to increase neutrophil survival, along with GM-

CSF, 1L-8 and LTB4; treatments that also induce secretion of inflammatory proteins like TNF-a!8,
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Further studies are needed to determine whether neutrophil viability is influenced by MAAcoIDA.
Early expression or presence of apoptosis markers such as Annexin V or NGAL may elucidate whether

programmed apoptosis is upregulated in response to MAA and whether this may influence local cells®.

5.3.2 Increased citH3 on HMD-MMcolDA relative to MAA and MMcolDA

CitH3 was increased by BMDN incubated on HMD-MMcoIDA relative to MMcolDA and
MAACoIDA, indicating that surface chemistry plays a role in neutrophil activation. This response is
particularly interesting, considering the relative number of amine groups on MMcolDA surfaces (58 + 18
nmol/cm?) compared to MAA and MM groups (4975 + 580 nmol/cm? MAA, 7088 + 284 nmol/cm? MM).
The role of surface chemistry in NET formation and further interactions with macrophage and fibroblast
interactions could be of interest. Recent work in the Wells lab demonstrated that THP1 cells and lens
epithelial cells incubated with NETSs adsorbed to tissue culture polystyrene had increased and decreased

alamarBlue viability, respectively™.

5.3.3 -NH; activated histone H3 citrullination is enhanced compared to PMA and LPS

CitH3 was significantly increased on HMD-MMcolDA relative to other copolymer coatings and
treatment groups at both time-points, indicating that amine functionality increases NETosis. There was an
increase in overall citH3 from 2 to 16 hours from cells on all samples and normalized citH3 ratios after 2
hours show that -NH; functionalized surfaces induced a more immediate and potent response than PMA or
LPS treated cells. This implies that either the rate or the mechanism of histone citrullination is altered by

the presence of amine groups or proteins adsorbed to the surface.

PMA is a strong activator of NADPH oxidase via the Nox2 complex*® to produce ROS, activate PAD4
and release NETs046120, No PMA is added when BMDN are incubated with the different coatings so further
studies including an NADPH-oxidase inhibitor such as diphenyleneiodonium (DPI) may elucidate the
dependency of HMD-MMcolDA stimulated histone citrullination on Nox2, as is seen with PMA119:36:46.120,
NETosis may also be NADPH oxidase-independent, however, as seen by neutrophil activation with calcium
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ionophores, GM-CSF or TNF-a?°. Alternatively, binding of different surface receptors may be responsible
for the increased rate and quantity of citH3. For example, PMA and LPS are associated with activation of
complement receptor 1 (CR1) and toll like receptor 4 (TLR4) respectively’?22, HMD-MMcolDA
increased NETosis but did not increase the release of cytokines from BMDN relative to LPS, indicating

that TLR4 is likely not responsible for triggering the NETosis pathway in HMD-MMcolDA samples.

5.3.4 MIP-1a and MIP-2 are released from BMDN when incubated with materials, but not I1L-14, MCP-1

or IL-10

The function of the five cytokines measured in the supernatant from BMDN incubated with the
different materials are summarized in Table 5-2. These proteins were expressed by murine BMDN in
previous studies evaluating neutrophil protein synthesis induced by different stimuli and play various roles

within the microenvironment.

Table 5-2. Panel of cytokines and their functions chosen for quantification in cell supernatant from BMDN
incubated on materials or treated with LPS and PMA.

Protein Abbreviation Function Reference
Interleukin 1 beta IL-1PB Inflammatory mediator involved | 123 61
in cell proliferation,
differentiation, apoptosis

Monocyte MCP-1 (CCL2) | Regulates migration and 123, 61
chemoattractant infiltration of

protein 1 monocytes/macrophages

Macrophage MIP-1a (CCL3) | Chemotactic, recruitment of 61
inflammatory protein inflammatory cells, activation of

1 alpha granulocytes

Macrophage MIP-2 Chemotactic, recruitment of 123
inflammatory protein | (CXCLZ2) inflammatory cells.

2 Thought to be stored in granules,

mouse equivalent of IL-8 in
human neutrophils
Interleukin 10 IL-10 Considered anti-inflammatory, 123, 61
suppresses Th1l cytokines and
enhances B-cell function
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The data shown in Table C-1 in Appendix C confirms that murine BMDN release all analytes in
vitro when stimulated with LPS and show that MIP-1a and MIP-2 were released when incubated with glass
and coatings (without PMA or other activating agents). IL-1B, MCP-1 and IL-10 were only detected in
medium of BMDN incubated with PMA or LPS indicating that BMDN require strong stimuli to produce
these cytokines in vitro and are likely upregulated strongly through TLR4 signaling, as LPS is a TLR4
agonist!?, Detection of MIP-2 and MIP-l1a from BMDN incubated with the coatings offers some
information regarding pathway activation, though these mechanisms were not explored. Both proteins are
regulated to some extent through TLR4, as demonstrated with notably increased expression from LPS-
treated cells, but the low expression of the proteins in coatings samples demonstrates the materials are not
strong TLR4 agonists. Whether another pathway is contributing to MIP-2 and MIP-1a production remains
to be elucidated. Neutrophils express CXCR2'?, which binds to MIP-2 and may be partially responsible

for its upregulation, while TLR9 has been linked to MIP-1a production and may play a role'?.

The presence of MIP-1a and MIP-2 at early time-points in all treatment groups confirms that these
chemokines are easily induced in neutrophils. MIP-2 has been found to be constitutively expressed in a
subset of bone marrow neutrophils for immediate release upon activation, while MIP-1a is not'?®1?7,
Expression of both MIP-2 and MIP-1a in all coating groups therefore suggests that the materials are both
causing degranulation and upregulating neutrophil protein synthesis, though more specific studies are
needed. These two chemokines are potent neutrophil recruiters, therefore pre-processing by neutrophils,
upregulation in other cell types and early secretion from activated cells may translate to increased neutrophil

infiltration and recruitment in response to the coatings.

5.3.5 BMDN cytokine release and NETosis increased from 2 to 16 hours

All analytes increased in concentration from 2 to 16 hours or were detected exclusively at 16 hours
(Table C-1 in Appendix C). Increased concentrations after 16 hours indicate that murine neutrophils
continued released cytokines within this time frame. This has been demonstrated in LPS-stimulated human

peripheral blood neutrophils in vitro, with cytokine concentrations including IL-1B, IL-8 (MIP-2), CCL3
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(MIP-10)) most often peaking between 6-12 hours!?, Protein translation takes time and thus quantification
in vitro is limited, particularly with neutrophils which are known to be sensitive and quickly undergo
apoptosis. An in vivo time-course study examining overall protein concentrations or specifically neutrophil
gene expression in response to implanted coatings or beads with different surface chemistries may yield

additional information on the expression profile of neutrophil derived cytokines and their potential impact.

NETosis additionally increased for up to 16 hours in BMDN, with cells incubated with a maximum
of roughly 48 + 8% of cells expressing citH3 on HMD-MMcolIDA, and PMA-stimulated BMDN only
reaching 33 + 9% (Figure 4-6). Either the rate of NETosis is reduced relative to human neutrophils, or
NETosis in murine BMDN is limited to a certain subset of the bone marrow population. This highlights a
contrast between human and mouse neutrophils, where 62% of PMA-stimulated peripheral blood

neutrophils isolated from healthy human donors underwent NETosis within 3 hours post-stimulation®*®,

5.4 Influence of cell source and serum on neutrophil behavior

Two types of cells were evaluated in this work. The HL60 cell line as a human model, and murine
BMDN as a primary neutrophil source. The ratio of live, adhered cells visualized by staining studies
demonstrated similar trends between cell types. At the early time-point of the studies, the ratio of live to
total cells was decreased for cells incubated with MAAcoIDA, though not significant for either BMDN or
HL60s. By the later time-point there were no significant differences between materials for both cell types.
Both cell types additionally demonstrated increased citH3 ratios when incubated with HMD-MMcolDA
relative to MAACcoIDA surfaces, and this result was significant for mouse neutrophils but not for HL60
cells. At 16 hours, more cells incubated with MMcolIDA are citH3-positive than with MAAcoIDA, but was

not statistically significant.

The difference in time frame for HL60 and BMDN studies should be considered, particularly for
NETosis. It would be expected that PMA-induced NETosis would be complete after 24 hours in human

cells and may account for no significant differences observed between materials. Further, HL60 cells may
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have limitations for NETosis. Multiple groups show that HL60s undergo histone citrullination, but there is
speculation that the production of NETSs is lower than activated primary human neutrophils®-12%1%0 This
would agree with the finding that a maximum of 57 + 0.5% (Figure 4-6) of PMA-stimulated HL60s
incubated on any surface stained citH3-positive after 24 hours, while healthy human neutrophils would be
expected to reach 60% within 3 hours!'®. Additionally, the HL60 cell adherence to the materials cannot be
well distinguished from PMA-induced adherence. This highlights some differences between freshly
isolated human PMN and HLG60 cells. The fact that there is an observable trend of decreased citH3 with
PMA-stimulated HL60s incubated on MAACcoIDA is perhaps a powerful indicator of the potential of this
material to modulate inflammation. These results suggest that primary cells are more representative of the
early neutrophil response than HL60 cells, though the difference in time frame as well as the variability in

-NH> density should be noted.

Finally, the HL60 cells were cultured in media supplemented with 20% regular fetal bovine serum
(FBS) and murine BMDN were cultured with 0.5% hi-FBS. FBS is commonly used to supplement media
for cell culture because it is more cost effective than purchasing human plasma, although proteins present
in FBS do not represent the same composition of proteins present in mouse or human plasma that may
adsorb to coatings in vivo. Because protein-material interactions influence cell adhesion and activation,
future studies should pre-treat material surfaces with human (for HL60) or mouse (for murine BMDN)

serum and should characterize protein adsorption at the different material surfaces.
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Chapter 6. Conclusions and future work

6.1 Conclusions

Previous work demonstrated that methyl methacrylate and methacrylic acid copolymerized with
isodecyl acrylate (MMcolDA, MAAcoIDA) coatings had differing effects on gene expression and viability
of THP-1s and HUVECs. This work explored the effects of these coatings and a hexamethylenediamine
(HMD)-modified MMcolDA (HMD-MMcolDA) coating on neutrophil responses in vitro. Neutrophil gene
expression, viability, NETosis and protein expression were assessed to evaluate the potential of neutrophils

as effector cells in a sterile, biomaterial context.

Amine groups were successfully added to MMcolDA surfaces by the same aminolysis reaction
used in previous studies to graft HMD to PMMA disks®. MMcolDA was functionalized with HMD to add
58 + 18 nmol/cm? amine groups to the surfaces, which was comparable and improved on average to the 36
+ 7 nmol/cm? amine groups previously added to PMMA disks using the same reaction. The alamarBlue
ratios did show a different result than in previous studies where HL60 cells incubated with PMMA-NH;
had higher alamarBlue ratios than with PMMA-COOH modified disks®. In this work, HL60 cells incubated
with MAACcoIDA coatings had higher alamarBlue ratios than HMD-MMcolDA coatings, indicating that -
COOH density can have varying effects on viability. Neutrophil viability in response to MAAcolIDA should
be clarified, as the material has shown angiogenic properties and the role of neutrophil survival and

interaction with macrophages is of interest for biomaterial integration.

Aminated surfaces further elicited increased adherence, resulting in an increase of NETs, and
upregulated expression of ICAM-1 and TNF-a in HL60 cells. Increased ICAM-1, TNF-o and NETosis are

markers of inflammation and demonstrate that neutrophil behavior is modulated by surface chemistry.

Bone marrow derived neutrophils (BMDN) also demonstrated increased NETosis when incubated
with HMD-maodified coatings and underwent this process at a faster rate than PMA-stimulated BMDN.
BMDN additionally secreted chemotactic cytokines MIP-1o and MIP-2 at low levels on coated surfaces in
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the absence of added stimuli, while production of pro-inflammatory factors was not induced by any of the
functionalized surfaces, giving some insight to the level of activation caused by these coatings. However,

no significant differences in protein release were noted between cells incubated with the different coatings.

Finally, both HL60 cells and murine BMDN were assessed for their responses to the coatings and
it was clear that while HL60 cells are an adequate model to demonstrate neutrophil inflammatory behavior,
requiring PMA makes them a poor model to explore potential neutrophil anti-inflammatory behaviors.
Primary murine BMDN demonstrated more significant differences in their responses to materials and were

a better representation of the modulating effects of the different surface chemistries.

6.2 Future work

These results demonstrate that neutrophil behavior is altered when incubated with different surface
chemistries, but do not explore the mechanisms behind the varied responses. Moreover, these results justify
future studies to clarify the biological impact of the neutrophil response to biomaterials and explore whether

they have angiogenic potential in a sterile environment.

Improved methods are needed to characterize amine functionalization of IDA copolymers. HMD-
MMcolDA coatings incubated with ninhydrin reagent absorbed some of the purple color and possibly
underestimated the number of amine groups grafted. The development of a coatable, bulk amine
functionalized copolymer could increase amine group density to help overcome issues with sensitivity when
characterizing the composition of the surfaces and add consistency to the amine group density between
samples. Increasing amine density to match MAA and MM groups could be of interest, although even
relatively few amine groups added to MMcolDA were enough to induce significant increases in citH3 from
BMDN compared to MAAcoIDA. Characterizing the surface chemical composition of for all coatings
could be improved with mass spectrometry, X-ray photoelectron spectroscopy or wet atomic force
microscopy. NMR and back titration characterize the bulk composition and may not be accurately assessing

the composition of surfaces.
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Characterization of these coatings after the amine modification for roughness (atomic force
microscopy), hydrophobicity (contact angle measurements), water content (swelling studies) and molecular
weight (gel permeation chromatography) at should be done in addition to improved quantification of
chemical composition as previously described. These materials could then be used to elucidate the factors
modulated by surface chemistry that influence neutrophils most strongly by screening neutrophil gene

expression, NETosis, viability and adherence as seen in this work.

To better identify the role of protein adsorption and its influence on the neutrophil response, serum
or plasma should be used for in vitro cell studies instead of FBS. Mouse plasma or serum are more
representative of the protein composition in vivo than fetal bovine serum and previous serum and plasma
protein adsorption studies on MAAcoMM and PMMA beads have shown that significantly different
proteins adhere to these surfaces'®. Such differences may contribute to neutrophil activation. Samples could

be pre-treated with serum for 90-120 minutes to allow proteins to adsorb prior to seeding cells.

While in vitro experiments are a good testing and screening platform, they are a simplified model
of neutrophil-material interactions. In vivo or more complex in vitro experiments with functionalized disks
or coatings would help clarify the role and influence of surface chemistry in the activation of NETosis and
modulation of neutrophil gene expression in the presence of plasma proteins or factors such as DAMPs.
The presence of these factors and others produced by injury in vivo have been seen to contribute to
neutrophil activation®®! and may alter the neutrophil response to the materials compared to the findings of
these in vitro studies. There is evidence that amine functionalization enhances the fibrotic response to
biomaterials*3? and there may be a link between NETosis and fibrosis to be explored through downstream
cell interactions. Furthermore, MAAcoMM beads have been seen to promote vessel formation compared
to PMMA beads by 7 days post-implantation. MAAcolDA and aminated surfaces could be used to compare
fibrotic and angiogenic responses induced by these materials at Days 1, 4 and 7 post-implantations. This

could be analyzed alongside NETosis and neutrophil gene expression at these time-points to determine if
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the recruited neutrophil populations express changing gene profiles in correlation with the fibrotic or

angiogenic response.

Further investigation of the pro-healing neutrophil response in a sterile environment could be
improved through selection of different targets. It was seen that gene expression targets indicative of a
healing response, Arg-1 and CCL17, were lowly expressed and appeared unchanged in HL60 cells
incubated with the coatings. This may be due to HL60 activation with PMA, or perhaps these genes required
more time for transcription. This could be clarified using primary cells, though investigation to other
neutrophil derived, angiogenic factors such as MMP-9 could also be pursued. MMP-9 could be measured
as a gene or protein as it is stored in neutrophil granules and further interacts with growth factors like VEGF

to promote vascularization once released*3%,
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Appendix A: HL60 gene expression

A.1 Primer and reference gene validation for gPCR

Primers were validated using standard curves to evaluate the efficiency and specificity of each
primer. According to MIQE guidelines, an efficiency (E) of 90-110% is considered acceptable. An
efficiency of 100% indicates that log base 2 calculations will be accurate considering the DNA product
should double every cycle. Falling outside the given range for primer efficiency may lead to false
amplification results®. Efficiencies can be found in Table A-1 and Table A-2, with a representative

standard dilution curve shown in Figure A-1.

A pooled sample of 6 cDNA samples from different treatment groups was used to make a cONA
dilution series. A 1:10 dilution series in nuclease-free water was used excluding the highest cDNA
concentration at 40 ng/mL. The NTC was diluted separately to 10 ng/well as if the cDNA concentration
was 40 ng/uL. Samples were plated in duplicate. Following the melt curve analysis, data was exported from
the CFX384 and standard curves were generated in the CFX Maestro software with attention on primer
efficiency and melt curves for the formation of primer-dimers. The melt curves for a target gene should
show all samples melting at the same temperature, resulting in curves with a single, identical peak. If
multiple peaks are observed, or observed in the NTC, there are multiple melt products, indicating unspecific

binding and further primer validation is required.

Table A-1. Efficiency of all primers for genes of interest and M-values for the assessed panel of reference

genes.
Gene Efficiency (%0)
TNF-a 96.6
ICAM-1 107.6
CCL17 100.8
Arg-1 100
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Figure A-1. Representative standard dilution curve of RPS18 to validate primers and determine optimal

concentration of cDNA.

A.2 Reference gene selection

Prior to selecting RPS18 and PUM-1 as reference genes, A panel of 8 reference genes were
evaluated to determine the most appropriate internal controls for normalization of Cq values, as per MIQE
guidelines. The initial 8 genes were chosen in combination of papers regarding neutrophil gene expression
and a pre-designed reference gene panel from Bio-Rad the unused reference genes and primers are shown
in Table A-2. Primers for these genes were run as a typical plate, though only 1 biological replicate was
used, and only 2 technical replicates. A sample from each treatment group to be used for the intended assays
must be included in the reference gene selection panel. GeNorm is a common reference gene selection tool
that measures the stability of reference genes across treatment groups and is included in the CFX Maestro
software used for this analysis. An average M value below 0.5 is considered stable and indicates the gene
would be stable for subsequent studies using those treatment groups. M values can be found in Table A-2

and the stability plot is shown in Figure A-2.
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Table A-2. Efficiencies, evaluation and M-values for the panel of reference genes.

Gene Efficiency (%) Evaluation M-value
RPS18 102.2 Ideal 0.092
TBP 104.8 Ideal 0.092
RPL13 103.8 Ideal 0.115
GAPDH 98.1 Ideal 0.182
B2M 99.2 Ideal 0.216
HPRT 103.4 Ideal 0.241
PUM1 113.0 Ideal 0.277
B-Actin 108.0 Ideal 0.383
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Figure A-2. The reference gene stability plot generated for a panel of 8 potential genes. RPS18 and TBP
were selected as the most stable for these experiments. Green bars indicate all genes were stable and could
be used.

A.3 Thermal gradient to determine appropriate cycle settings
A thermal gradient must be run on the panel of primers to ensure the selected temperature for g°CR
experiments is within the appropriate range for all primers and to ensure primer specificity. Four cONA

samples were pooled and diluted in nuclease-free water to make a single cDNA stock of 2.2 ng/uL. 5 pL
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of SsoAdvanced solution and 0.5 pL of primer were combined for each primer. 5.5 pL of each primer
solution were added per well. cDNA samples were separated by an NTC control. The CFX thermal cycler
gradient function was used to create a temperature gradient along the plate, from 51 to 65°C vertically along
the plate. Melt curves were also generated for this assessment. A gel was not run on the products, but this

is an additional step to verify that the product is in fact the target of interest.

A.4 gPCR Cq values
Table A-3 and Table A-4 show the Cq values obtained for each gene run per sample. The mean Cq

is shown as determined with 3 technical replicates.
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Table A-3. 24-hr Cq values for each sample, measured for each gene.

24-hour Cq values
Target Sample Bio Group Mean Cq Target Sample Bio Group Mean Cq
ARG1 Gl Glass 0 ICAM1 Gl Glass 26.39
ARG1 G2 Glass 35.33 ICAM1 G2 Glass 25.57
ARG1 G3 Glass 36.11 ICAM1 G3 Glass 26.48
ARG1 H1 HMD 34.97 ICAM1 H1 HMD 25.37
ARG1 H2 HMD 36.88 ICAM1 H2 HMD 25.47
ARG1 H3 HMD 34.81 ICAM1 H3 HMD 25.9
ARG1 AAl MAA 0 ICAM1 AAl MAA 29.49
ARG1 AA2 MAA 36.01 ICAM1 AA2 MAA 28.36
ARG1 AA3 MAA 37.13 ICAM1 AA3 MAA 28.85
ARG1 M1 MM 36.71 ICAM1 M1 MM 27.05
ARG1 M2 MM 37.84 ICAM1 M2 MM 25.97
ARG1 M3 MM 0 ICAM1 M3 MM 26.3
CCL17 Gl Glass 33.99 TNF-a Gl Glass 29.4
CCL17 G2 Glass 36.55 TNF-a G2 Glass 30.43
CCL17 G3 Glass 32.67 TNF-a G3 Glass 28.87
CCL17 H1 HMD 31.65 TNF-a H1 HMD 29.15
CCL17 H2 HMD 31.17 TNF-a H2 HMD 29.34
CCL17 H3 HMD 31.18 TNF-a H3 HMD 30.4
CCL17 AAl MAA 37.15 TNF-a AAl MAA 29.17
CCL17 AA2 MAA 33.94 TNF-a AA2 MAA 28.49
CCL17 AA3 MAA 32.02 TNF-a AA3 MAA 29.07
CCL17 M1 MM 31.58 TNF-a M1 MM 30.09
CCL17 M2 MM 35.35 TNF-a M2 MM 31.05
CCL17 M3 MM 34.34 TNF-a M3 MM 30.64
RPS18 Gl Glass 18.61 TBP Gl Glass 27.62
RPS18 G2 Glass 18.35 TBP G2 Glass 27.37
RPS18 G3 Glass 18.17 TBP G3 Glass 27.22
RPS18 H1 HMD 18.8 TBP H1 HMD 27.91
RPS18 H2 HMD 18.53 TBP H2 HMD 27.83
RPS18 H3 HMD 17.43 TBP H3 HMD 27.15
RPS18 AAl MAA 20.31 TBP AAl MAA 28.95
RPS18 AA2 MAA 19.72 TBP AA2 MAA 28.31
RPS18 AA3 MAA 20.48 TBP AA3 MAA 28.9
RPS18 M1 MM 20.19 TBP M1 MM 29.34
RPS18 M2 MM 18.67 TBP M2 MM 28.28
RPS18 M3 MM 19.47 TBP M3 MM 28.61
Indicates excluded as outliers after analyzing
NRQ values
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Table A-4. 48-hr Cq values for each sample, measured for each gene

48-hour Cq values
Target  Sample Bio group Mean Cq Target Sample  Biogroup Mean Cq
ARG1 Gl Glass 33.27 ICAM1 Gl Glass 24.27
ARG1 G2 Glass 33.55 ICAM1 G2 Glass 24.12
ARG1 G3 Glass 32.69 ICAM1 G3 Glass 24.59
ARG1 HMD1 HMD 32.22 ICAM1 HMD1 HMD 23.09
ARG1 HMD2 HMD 33.82 ICAM1 HMD2 HMD 24.53
ARG1 HMD3 HMD 32.17 ICAM1 HMD3 HMD 24.26
ARG1 MAA1 MAA 32.11 ICAM1 MAA1 MAA 24.77
ARG1 MAA2 MAA 32.7 ICAM1 MAA2 MAA 24.51
ARG1 MM1 MM 33.31 ICAM1 MM1 MM 24.6
ARG1 MM2 MM 35.5 ICAM1 MM2 MM 25.47
ARG1 MM3 MM 33.02 ICAM1 MM3 MM 23.89
CCL17 G1 Glass 33.6 TNF-a Gl Glass 30.76
CCL17 G2 Glass 32.98 TNF-a G2 Glass 31.3
CCL17 G3 Glass 33.54 TNF-a G3 Glass 31.28
CCL17 HMD1 HMD 34.31 TNF-a HMD1 HMD 27.91
CCL17 HMD2 HMD 37.18 TNF-a HMD2 HMD 28.28
CCL17 HMD3 HMD 36.08 TNF-a HMD3 HMD 28.75
CCL17 MAA1 MAA 33.79 TNF-a MAA1 MAA 30.8
CCL17 MAA2 MAA 34.22 TNF-a MAA2 MAA 29.49
CCL17 MM1 MM 33.45 TNF-a MM1 MM 30.34
CCL17 MM2 MM 33.71 TNF-a MM2 MM 31.24
CCL17 MM3 MM 34.56 TNF-a MM3 MM 28.26
RPS18 Gl Glass 17.44 TBP Gl Glass 26.08
RPS18 G2 Glass 17.05 TBP G2 Glass 25.96
RPS18 G3 Glass 17.97 TBP G3 Glass 26.65
RPS18 HMD1 HMD 17.41 TBP HMD1 HMD 25.38
RPS18 HMD2 HMD 18.23 TBP HMD2 HMD 26.42
RPS18 HMD3 HMD 18.35 TBP HMD3 HMD 26.33
RPS18 MAA1l MAA 17.14 TBP MAA1l MAA 25.89
RPS18 MAA2 MAA 17.09 TBP MAA2 MAA 25.67
RPS18 MM1 MM 17.3 TBP MM1 MM 25.97
RPS18 MM2 MM 18.58 TBP MM2 MM 26.51
RPS18 MM3 MM 17.38 TBP MM3 MM 25.21
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Appendix B: HL60 supplementary staining data

B.1 HL60 immunocytochemistry
HL60 cells were seeded onto coated and uncoated coverslips with 50 nM PMA for 24 and 48 hours
and medium was replaced without PMA after 24 hours. NucBlue was used to stain for cell nuclei, Sytox
Green to stain for extracellular DNA, and citrullinated histone H3 (citH3) antibodies to detect NETS.
Representative images of HL60 cells incubated on copolymer coated coverslips at 24 hours are shown in
Figure B-1.
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Figure B-1. Representative images of HL60 cells on uncoated and coated coverslips after
48 hours incubation. NucBlue (blue) stains for cell nuclei, Sytox Green (green) stains
extracellular DNA and citH3 (red) stains for citrullinated histone H3 to indicate NETosis.

Magnification = 20x, scale bar = 200 pm.
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B.2 Quantification of viable and citH3-positive HL60 cells incubated with coatings
The live cell counts were quantified by counting cells that stained only for NucBlue as seen in
Figure B-2. At 24 hours, MAA had significantly fewer live cells than all other samples: Glass (p = 0.019),
MMcolDA (p = 0.025) and HMD-MMcoIDA (p = 0.008). This differed to 48-hour samples due to the
overall increased adherence noted on HMD-MMcolDA. At 48 hours, HMD-MMcolDA had significantly
more live cells than all other samples: Glass (p = 0.005), MMcoIDA (p = 0.001) and MAACcoIDA (p =

0.001).
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Figure B-2. Absolute values of live cells on coated and uncoated samples at 24 and 48 hours. Medium was
replaced at 24 hours with medium without PMA. Error bars represent standard deviation (n=3, * = p <
0.05).

24-hour citH3 stains were performed on separate days for MAAcoIDA, and MMcolDA and HMD-
MMcolDA, shown in Figure B-3. Total cells were counted in both experiments shown in Figure B-3,
however an additional experiment with all coatings was done to stain for adherence and viability and this
data is shown in Figure 4-4 in the main text and Figure B-2 above. The ratios shown in Figure 4-6 in the
main text are of the citH3 and adhered cells counted within the same experiment as HL60 cells incubated
with uncoated glass were used as a control on both days for the normalized data. One glass sample was

stained in the MMcoIDA and HMD-MMcolDA experiment and therefore does not have a standard
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deviation. Statistics were performed using a two-tailed Student’s T-test assuming equal variance. At 2 hours

MAACcoIDA had significantly less citH3-positive cells than glass samples (p = 0.002) and MMcolDA had

significantly less than HMD-MMcolIDA (p = 0.012).
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Figure B-3. Absolute counts of citH3 expressing cells per test group after a 24-hour incubation with PMA.
Error bars represent standard deviation (n=3, * = p < 0.05).

The 48-hour citH3 stains were performed together and are shown in Figure B-4. HMD-MMcolDA

again had increased citH3-positive cells than all other surfaces: Glass (p = 0.001), MMcolDA (p = 0.00)

and MAAcoIDA (p = 0.00).
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Figure B-4. Absolute counts of citH3 expressing cells per test group after a 48-hour incubation. Cells were

seeded with PMA and medium was replaced without PMA after 24 hours. Error bars represent standard
deviation (n=3, * = p < 0.05).
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Appendix C: Murine BMDN

C.1 BMDN immunocytochemistry
BMDN were stained at both 2 and 16 hours. Representative images of 2-hour stains are shown in

Figure C-1.
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Figure C-1. Representative images of PMA-stimulated and unstimulated BMDN on
uncoated and coated coverslips, respectively, after 2 hours incubation. NucBlue (blue) stains
for cell nuclei, Sytox Green (green) stains extracellular DNA and citH3 (red) stains for

citrullinated histone H3 to indicate NETosis. Magnification = 20x, scale bar = 200 um.
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C.2 Quantification of viable and citH3-positive BMDN incubated with coatings

Murine BMDN were incubated for 2 and 16 hours with coatings or agents. Data is shown in Figure
C-2 as the absolute live cells counted per area for each sample. At 2 hours, there are no significant
differences significantly less live cells adhered to MAAcoIDA coatings than MMcolDA (p = 0.048) and
LPS-treated (p = 0.048) samples. After 16 hours, the LPS-treated cells demonstrate significantly more

viable cells than untreated cells on glass (p = 0.045), MAAcoIDA (p = 0.020) and HMD-MMcolDA (p =

0.025).
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Figure C-2. Absolute counts of viable (NucBlue positive) cells visualized on coatings and from PMA (100
nM) or LPS (25 ug) treated cells after 2-hour (left) and 16-hour (right) incubations (£SEM, 2-hour time-
point: n=4 for Glass, PMA and LPS, n = 3 for MM, MAA and HMD. 16-hour time-point: n = 4 excluding
MAA where n = 3. * =p < 0.05).

Figure C-3 shows the number of citH3-positive cells adhered in each sample group. At 2 hours
there are no significant differences, although more cells incubated with PMA, MMcolDA and HMD-
MMcolDA are citH3-positive, on average. By 16 hours, there are significantly more citH3-positive cells

incubated with HMD-MMcoIDA relative to MAAcoIDA (p = 0.043), further demonstrating the differences

between these coatings.
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Figure C-3. Absolute values of citH3-positive cells visualized on coatings and from PMA (100 nM) or
LPS (25 ug) treated cells after 2-hour (left) and 16-hour (right) incubations (+tSEM, 2-hour time-point: n=4
for Glass, PMA and LPS, n = 3 for MM, MAA and HMD. 16-hour time-point: n = 4 excluding MAA where
n=3.*=p<0.05).

C.3 BMDN protein release when incubated with coated coverslips
The concentrations of IL-13, MCP-1, MIP-1a, MIP-2, and IL-10 released by BMDN incubated on
coatings and from cells treated with PMA and LPS are summarized in Table C-1. Results were highly

variable between samples data are visually shown in Figure 4-15 and Figure 4-16.

Table C-1. Summary of average concentrations of cytokines detected in cell-free supernatant (+SEM, n=3).

2hr
LPS (25 ug) PMnAM()loo Glass MM MAA HMD
IL1b 226 £1.45 -- - - - -
MCP1 - - - - - -
MIPla 5454 +7.2 -- -- -- -- --
24.54 +
MIP2 18.72+£239 | 34.60+12.73 13.15 19.41 +19.41 | 10.89+9.43 | 13.28+6.95
IL-10 - - - - - -
16 hr
IL1b 60.5+7.21 -- 1.22£0.60 - - -
MCP1 49.6 £9.28 -- - - - -
141355+ 32.78 +
MIP1a 293,69 53.58 +2.16 997 15.46 +5.23 9.75+9.75 19.36 £ 1.39
28.55
MIP2 82.04+£22.08 | 44.17+17.34 15.86 38.48+19.26 | 17.83+17.83 | 21.72 + 11.09
IL-10 59.17£8.91 -- - - - -
= detected in 1/3 samples, average low and SEM high as two 0 pg/mL samples are included
= detected in 2/3 samples and potentially not in both technical replicates, at greater than 15
pg/mL, average is low due and SEM high to inclusion of 0 pg/mL for third sample
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